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Abstract

Silver tungstate (a-Ag2WO0Os), sieve molecular mesoporous (SBA-15), and a-Ag2WO4/SBA-15 x% (x is mass ratio of 5, 10, and
20% of a-Ag2WOs4to SBA-15) were synthetized by sonochemical, hydrothermal, and post-synthesis methods, respectively. The
materials were characterized by powder X-ray diffractometry (XRD), field emission electron microscopy (SEM), N2
adsorption/desorption, X-ray photoelectron spectroscopy (XPS), and zeta potential. The characterizations verify that silver tungstate
(0-Ag2WO4) and nanocomposite a-Ag2WO4/SBA-15 x% were obtained. The performance of a-Ag2WO4/SBA-15 x% in adsorption
of RhB depended on percentage of a-Ag2WOs. The RhB adsorption behavior onto adsorbents was well fitted to pseudo-second order
kinetics and Langmuir isotherm model. The removal efficiency of a-Ag2WO4/SBA-15 20% (1.050 g L) was 100% for RhB 50
ppm at 30 min. Moreover, 80% of RhB was recuperated from adsorbents at neutral pH.
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1. Introduction

Water pollution is global concern that causes
numerous diseases. Dyes are among the major
pollutants in wastewater (Rachna et al., 2018). Diverse
dyes are used in textiles, leather, papermaking, plastic,
food, and cosmetics industries, which are stable
resisting light, heat, oxidizing agents, and generally
non-biodegradable (Hayeeye et al., 2017; Zhou et al.,
2019). The major source of dyes is the textile industry,
which discharges large amounts of industrial
wastewater (Errais et al., 2010; Shen and Gondal,
2017). The release of pollutants into public streams is
a serious environmental problem, owing to the
treatment for reuse and the toxicity to human and
animals (Errais et al., 2010; Shen and Gondal, 2017).

Rhodamine B (RhB) is commonly used in the
leather, plastic, graphics, and textile industries (Cheng
et al., 2018; Silva et al., 2020a). RhB in water is an
irritant to the eyes and skin and has a carcinogenic
effect (Silva et al., 2020a). Other kinds of toxicity such
as reproductive and neurotoxicity have been proven
due to exposure to dye (Dutta et al., 2018; Silva et al.,
2020b). Dyes produce an aesthetically unpleasant
appearance on water, and about 1 ppm of dye tinges
water (Qin et al., 2009). During dyeing operation,
about 10 to 50% of the dyes are loss into wastewater,
which can harm biological organisms and ecosystems.
Therefore, Rhodamine B must be eliminated from
water before discarding it into the environment
(Cheng et al., 2018; Li et al., 2019; Qin et al., 2009).

Among the several methods to treat
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wastewater, adsorption is promising due to its
feasibility, flexibility, operation simplicity, cost-
effectiveness, and efficiency for removing dyes and
heavy metals (Silva et al., 2020a; Zhou et al., 2019). A
good adsorbent has high capacity for adsorption, can
quickly stabilize adsorption equilibrium, is effective
for a wide range of dyes, and may easily be
regenerated (Dutta et al., 2014; Zhou et al., 2019).

The literature reports the study of several
adsorbents including activated carbon (Zhang et al.,
2020), natural adsorbents (Periyaraman et al., 2019;
Chaouki et al., 2020), zeolites (Cheng et al., 2017),
magnetic CoFe,O./grapheme oxide (GO) (Chang et
al., 2020), natural and modified clay (Hamza et al.,
2018), and Ag,WO, (Silva et al., 2020b). Silver
tungstate presents the phases: alpha (a), beta (B), and
gamma (y), among which the phase o is the
thermodynamically stable (Chen and Xu, 2014; Dutta
el al., 2014; Roca et al., 2015).

a-Ag.WOq is versatile, and it presents several
applications: antimicrobial (Foggi et al., 2017),
photocatalysis (Bernard Ng and Fan, 2016), sensors
(Chen and Xu, 2014), bactericide (Dutta et al., 2014),
and adsorbent (Dutta et al., 2014; Silva et al., 2020b).
The properties of Ag;WO, in photocatalysis have been
widely investigated (Andrade Neto et al., 2019; Li et
al., 2016; Roca et al., 2015; Senthil et al., 2020; Xu et
al., 2018; Zhu et al., 2017). The support g-C3N4 has
been used to improve silver tungstate activity (Li et al.
2017; Zhu et al., 2017). The SBA-15 (Santa Barbara
Amorphous) is an excellent support, it is type of silica
with pore structure organized two-dimensional
hexagonal displaying pore volume (up to 2.5 cm® g ),
external area (~1000 m? g%), pore diameter (values of
2 until 10 nm), silica thicker wall (3 to 6 nm), and good
thermal and hydrothermal stability (Silva et al., 2019;
Singh et al., 2018; Zhao et al., 1998b).

Our research group (Silva et al., 2020b) has
investigated the impregnation of a-Ag;WO, on the
SBA-15 support and its potential as an adsorbent. To
date, few studies exist on the use of a-Ag;WO, as an
adsorbent. Dutta and coworkers reported the good
adsorption capacity of a-Ag,WOQO, to cationic dyes
(Dutta et al., 2014). Silva and coworkers reported the
performance of a-Ag.WO4/SBA-15 for adsorption of
rhodamine B dye (Silva et al., 2020b); but, the
influence of percentage (mass ratio) of a-Ag;WO, on
a-Ag2WO4/SBA-15 adsorption capacity has not been
investigated.

Therefore, a-Ag,WO, and nanocomposite o-
AgoWOLSBA-15 x% (x = 5, 10, and 20) were
synthesized by sonochemical and post-synthesis
methods, respectively. These materials were tested to
removal RhB dye from aqueous solutions to
investigate the influence of percentage (mass ratio) of
a-AgoWO;, in the performance of a-Ag.WO./SBA-15
x%. Effect of contact time, pH of the dye solution,
concentration of dye, role of KCI, and temperature
were also studied.
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2. Experimental
2.1. Synthesis and characterizations of adsorbents

a-Ag;WO,s  was  synthetized by the
sonochemical route: 0.001 mol of Na;WQ4.2H,0 and
0.002 mol of AgNO; were placed, individually, in two
beakers with 100 mL deionized water. Citric acid (4.2
x 10° mol) already dissolved was poured to the
AgNO; solution. The solutions of AgNO; and
Na,WO, were mixed and ultrasonicated for 3 h in a
Branson (model CPX-1800H). The precipitate formed
was washed several times (~15) with deionized water
and dried at 65 °C for 10 h.

SBA-15 was made by hydrothermal route, in
which tetraethyl orthosilicate (TEOS), Pluronic P123,
HCIl, and H,O were mixed in the molar ratio
1.00:0.015:2.750:166.0. The mass of reagents was
adjusted based on this molar ratio to yield 100 g of gel.
The reagents P123, HCI and H,O were mixed and
magnetically stirred at 40 °C for 2 h. TEOS was placed
in the mixture, which was preserved in magnetically
stirred at 40 °C for 24 h. The gel yielded was poured
into a Teflon flask, which was inserted in a stainless-
steel autoclave and left to stand for 48 h at 100 °C. The
precipitate obtained was cooled, filtered, washed with
C,HsOH, dried at room temperature, and calcined at
500 °C for 5 h.

0a-AgaWOL/SBA-15 x% (x is mass ratio of 5,
10, and 20% of o-Ag:WOs to SBA-15) was
synthetized by post-synthesis method, in which o-
AgoWO, and SBA-15 were weighed to yield 0.300 g
of nanocomposite (Ag.WO./SBA-15 x%) according
to the aforementioned ratios. Then, the SBA-15 and a-
AgoWO, were dispersed, respectively, into 50 mL and
10 mL of deionized water, and both system were
ultrasonicated in an equipment Branson (model CPX-
1800H) for 30 min. After that, the dispersion of a-
Ag>WO,was poured in dispersion of SBA-15, and the
resulting suspension was magnetically stirred at 80 °C
until the water evaporated, and obtained powder was
dried at 100°C for 6 h.

The adsorbents were characterized by powder
X-ray diffractometry (XRD), N adsorption-
desorption, field emission Scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy
(XPS), and zeta potential. X-ray diffraction were
collected by Rigaku diffractometer with Cu-Ka
radiation, 30 mA and 40 kV. Scanning electron
microscopy (SEM) was executed with instrument FE-
SEM, FEI, Quanta FEG 250. N adsorption-desorption
at 77 K was performed in an equipment ASAP2010
from Micromeritics. The specific surface area and
distribution of the pore size were obtained,
respectively, by BET (Brunauer, Emmett and Teller)
and BJH (Barrett, Joyner and Halenda) methods. XPS
analysis is based in photoelectric effect, which
allowed to know the state of elements on surface of
materials synthetized, well as to investigate
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interactions between components in composites. X-
ray photoelectron spectroscopy (XPS) data were
obtained in instrument Thermo Fischer Scientific,
model K-alpha, using monochromatic radiation of
Mg-Ka (1253.6 eV). Zeta potential was performed
with the equipment Horiba Nanoparticle analyzer SZ-
100, before of analysis, 2 mg of adsorbent was inserted
in plastic tube (Falcon) with 50 mL of deionized water
(pH ~ 6), which was ultrasonicated in an equipment
Branson ultrasonic (model CPX-1800H) for 30 min
with a frequency of 42 Hz.

2.2. Adsorption experiments

The adsorption tests were conducted by a
mixture of 7 mg of a-Ago;WOs, a-Ag.WO4/SBA-15
X% (x =5, 10, and 20), SBA-15, and 50 mL of aqueous
solutions of the RhB dye, analogous to research of
Dutta and coworkers (2014). The blend was stirred
(200 rpm at 25 + 1°C), in the dark, until equilibrium
was attained. The RhB concentration was measured in
an UV-vis spectrophotometer. The tests were
performed in triplicate, and adsorption capacity (qe mg
g) was determined using Eq. (1):

o - Exrcly @

m

where, V is volume (L), Co and C. are, respectively,
initial and equilibrium dye concentrations (mg L),
and m (g) is mass of adsorbent.

The removal efficiency (Re%) was defined by

Eq. (2):

(c,-c.)
C

0

Re(%) = x100 (2)

The study about the effect of contact time used
dye concentrations 2.5, 5, 10, 15, and 20 mg L%,
similar to the work of Sousa et al. (2018), pH =3.5, in
5, 10, 20, 40, and 60 min. To test the effect of pH (to
a-AgoWO, and a-Ag,WOL/SBA-15 20%), we fixed
the RhB concentration at 20 mg L™ adjusted and the
pH of the RhB solution (pH =1, 3, 3.5, 5, 7, and 9) by
adding HCI or NaOH (0.5 mol L). Study kinetics
fixed RhB concentration at 20 mg L, pH = 3.5, and
time (2, 4, 6, 8, and 10 min.) for a-Ag>WOs, (5, 10, 15,
30, and 60 min.), for a-Ag;WO4/SBA-15 x% (x = 5,
10, and 20), and SBA-15. Pseudo-first order and
pseudo-second order models were investigated, which
are described by Egs. (3) and (4) (Ho and Mckay,
1998; Sousa et al., 2018):

In(ge-0¢) = Ing.-Kt 3)
t 1 t
= 7t — 4
qt kzqe qt

where: g (mg g?') is adsorption capacity at
equilibrium; g: (mg g?) is adsorption capacity in time

t; Ky and Ky are kinetics constants, respectively, of
first-order and second-order.

To investigate the isotherm type, time was
fixed at 15 min, pH = 3.5, and dye concentrations 2.5,
5, 10, 15, 20, 30, 40, and 50 mg L for a-Ag,WOy;
SBA-15 and a-Ag;WO4/SBA-15 x% (x = 5, 10, and
20), aqueous solutions of RhB (2.5, 5, 10, 15, and 20
mg L) at 60 min. The models Langmuir (Eq. 5),
Freundlich (Eq. 6), and Temkin (Eq. 7) isotherms were
evaluated for adsorption data (Cheng et al., 2018;
Freundlich, 1926; Langmuir, 1916; Sousa et al.,
2018):

Sese, ©
qe qm quL

1
log g, :HIOQ Ce +log K¢ (6)
g. =BInK; +BInC, @)

where gm (Mg g*) and K (L mg?) are, respectively,
Langmuir constants related to the maximum
adsorption capacity and energy of adsorption; K and
n are the Freundlich constants representing,
respectively, the adsorption capacity (L g*') and
adsorption intensity; Kr (L g), R (8.314 J mol! K1),
and T (K) are, respectively, Temkin constants related
to equilibrium binding constant, gas constant, and
absolute temperature, and b is heat of adsorption, B =
RT/b (Hayeeye et al., 2017; Peng et al., 2016; Shen
and Gondal, 2017; Sousa et al., 2018).

The dimensionless separation factor (RL)
indicates the favorability of adsorption (Eq. 8)
(Hayeeye et al., 2017).

Roo L
LT 1+KC,

®)

The study about effect of temperature used the
following specification fixed pH = 3.5; temperatures
of 298, 308, and 318 K; and dye concentration of 40
mg L (a-Ag,WO4/SBA-15 20% and a-Ag,WOsy and
20 mg L (SBA-15). The Gibbs free energy (4G),
enthalpy (4H), and entropy (4S) were calculated by
Egs. (9-11):

4G =- RTInK )
Qe

K=— 10
c (10)

AG = AH-TAS (11)

where K is the equilibrium constant. The parameter
AH and 4S were determined through of graph (In K
versus T-), which the linear and angular coefficient
are, respectively, AS/R and AH/R (Hayeeye et al.,
2017; Inyinbor et al., 2015; Sousa et al., 2018).
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In  dosage tests, a-Ag:WOs or o-
Ag,WO./SBA-15 20% (0.140, 0.176, 0.352, 0.700,
and 1.050 g L) were mixed with 50 mL of RhB 50
mg L, pH 3.5, for 30 min. To investigate the role of
KCl in adsorption, RhB and KCI solutions were mixed
to ensure 50 mL of solution with RhB concentration
equal to 40 mg L? (a-AgaWO/SBA-15 20% and -
Ag,WO0O,) and concentrations of KCI (0; 0.2; 0.4, and
0.8 mol L71); the time of each test was 30 min.
Desorption tests were performed by changing the pH.
The pH of the solution, after the end of adsorption
experiment, was adjusted (to 7, 10, and 12, with NaOH
0.5 molL?), promoting instantly desorption of RhB
from adsorbents. The dye concentration was
determined by UV-vis analysis.

3. Results and discussion
3.1. Powder X-ray diffractometry (XRD)

Diffractograms at small and wide angle XRD
patterns of adsorbents are presented in Fig. 1.

The three XRD peaks referring to (100), (110),
and (200) planes are assigned to the hexagonal
arrangement mesoporous and pore of structures
peculiar to SBA-15 (Silva et al., 2020b; Zhao et al.,
1998a). The diffractogram of a-Ag;WO4/SBA-15 x%
(x =5, 10, and 20) like pure SBA-15 matrix reveals
conservation of the mesoporous structure of SBA-15
(Jinetal., 2019). The diffractogram of silver tungstate,
Fig. 1b, agrees well with a-Ag.WO, crystals without
any deleterious phase, orthorhombic structure, space
group (Pn2n), and the point group symmetry (Ca\)
(Inorganic Crystal Structure Database - ICSD card N°.
4165) (Macedo et al., 2018; Skarstad and Geller,
1975). SBA-15 presents a broad XRD peak, at 20 ~
22.6°, characteristic of amorphous silica (SiOy). a-
Ag:WOL/SBA-15 x% presents peaks relative to SBA-
15 and a-Ag,WO,. The diffractograms verify that of
SBA-15, a-Ag2WOsand a-Ag,WO4/SBA-15 x% were
obtained.

3.2. Scanning electron microscopy (SEM)

The micrographs of SEM are presented in Fig.
2. 0-Ag;WO, nanocrystals usually  present
morphology of rods (Foggi et al., 2017; He et al.,
2016; Longo et al., 2014), but Fig. 2a shows several
agglomerated nanocrystals without defined format,
which must be related to the use of citric acid in the
formation of a-Ag,WO,4. Fig. 2b displays the
characteristic structure of SBA-15, which is skeletal
formats and unidirectional cylindrical channels (Costa
etal., 2018; Silva et al., 2020b). Figs. 2(c-e) illustrates
that o-Ag2WOWSBA-15 x%  maintained the
arrangement of SBA-15 with the external surface
impregnated of a-Ag,WO. nanocrystals. This result is
in harmony with XRD.

3.3. Nz adsorption-desorption

Table 1 presents the properties textural and zeta
potential of adsorbents. Table 1 shows that a-Ag,WO,
has a surface area of 21.0 m? g%, similar to the surface
area of AgsPO4 (Chai et al., 2015). a-Ag.WO4/SBA-
15 x% (x = 5, 10 and 20) presents textural properties
(micropore volume (Vmicro cm? g1), pore volume (Vpore
cm® g1), micropore area (Smicro M? g%), and surface
area (Sger m? g)) smaller than SBA-15. This indicates
that a-Ag2WO4 promotes the blockage of pores in the
SBA-15, because it was mostly impregnated on the
external area of support (SBA-15) (Aradjo et al., 2016;
Costa et al., 2018; Silva et al.,, 2020b). This is
corroborated by SEM analysis (Fig. 2(c-¢)).

All zeta potentials (Table 1) are negative.
Thus, in solution, the adsorbents have a negatively
charged surface. The dissolution of a-Ag,WO;, in
WO,* and Ag* generates the negative potential of
silver tungstate (Dutta et al., 2014; Silva et al., 2020b;
Xu et al., 2015). The negative potential of SBA-15 is
attributed to the groups of deprotonated silanols and
OH- bonded on the external surface of the support
(Szewczyk et al., 2019).
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Fig. 1. Small (a) and wide (b) angle XRD patterns of adsorbents
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Fig. 2. SEM for (a) a-AgzWOs, (b) SBA-15, (C) a-AgzWO4/SBA-15 5%, (d) a-Ag2WO4/SBA-15 10%, and
(€) a-AgzWO4/SBA-15 20%

3.4. X-ray photoelectron spectroscopy (XPS)

The signal characteristics of Ag, W, O, and Si
in the spectra illustrated in Fig. 3 demonstrate the
coexistence of a-Ag;WO, and a-Ag;WO4/SBA-15
x%. The carbon present in all samples may be derived
from the carbon containing compounds used as the
internal standard (Xu et al., 2018). a-Ag>;WO4/SBA-
15 x% exhibit signals present in SBA-15 and o-
Ago:WO,4, which corroborate the obtaining of
supported nanomaterial.

0,15

:

-Ag, WO,/SBA-15 20%

Intensity (arb. units)

ot
a-Ag, WO SBA-15 10%, |
a-Ag, WO, /SBA-15 5% |-~ S|

SBA-15 A

T T T T T
1000 800 600 400 200
Binding energy (eV)

Fig. 3. XPS spectra of adsorbents

XPS spectra at high resolution of O 1s can
show interactions between the a-Ag,WO, and SBA-
15. In previous work by our research group (Silva et
al., 2020b), the spectra at high resolution of O 1s to a-
Ag;WO,; and SBA-15 were reported. The
deconvoluted spectrum of O1s of a-Ag;WO4 shows
three components with binding energy 530.2; 530.7
and 532 eV related, respectively, to Ag—O, W-0O, and
O-H bonds (Bernard Ng and Fan, 2016; Silva et al.,
2020b; Zhu et al., 2017). The deconvoluted spectrum
of O 1s to SBA-15 shows two components of binding
energy 533.3 and 534.6 eV (Silva et al., 2020b), which
are related to the OH of water molecules chemisorbed
on the surface of SBA-15 and Si—O-Si bonds (Qiang
et al., 2019; Silva et al., 2020b; Zhu et al., 2017). Fig.
4(a-c) presents peaks of a-Ag;WO4/SBA-15 x% (x =
5, 10, and 20) with binding energies between 533 and
540 eV, which are associated to the interactions of
molecule surface water with the crystal surface and the
bonds O-Ag-O, Si-O-Si, and O-W-0O. These
energies of bonds are higher than those reported in the
literature to a-Ag,WO4and SBA-15 (Bernard Ng and
Fan, 2016; Qiang et al., 2019; Silva et al., 2020b;
Wisniewska et al., 2019; Zhu et al., 2017). This should
be related to neighborhood effect due to chemical
interactions (Ag, W, O and Si atoms). Therefore, XPS
analysis corroborated the coexistence of a-Ag;WOQO,
and SBA-15 support in the nanocomposites (-
Ag,WO./SBA-15 x%), as indicate by deviations of
energy values associated to the different environment
chemical generated by Ag, O, W, and Si atoms.
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Table 1. Textural property and zeta potential of adsorbents

SgeT Sexternal Shmicro Vporo Vmicro Dp C
Adsorbents (g | (migh) | (mg!) | (emigh) | (emigh) | (m) | (mv.pHE)
SBA-15* 677.0 572.7 104.3 0.86 0.04 6.4 -63.3
a-Ag2WOs* 21.0 22.9 154 0.12 - 31.81 -66.9
a-Ag2WO4/SBA-15 5% 532.5 463.7 68.8 0.80 0.04 6.7 -76.9
a-Ag2WO4/SBA-15 10% 577.7 485.7 91.9 0.81 0.04 6.6 -67.6
a-Ag2WO4/SBA-15 20% 521.9 455.8 66.2 0.75 0.02 6.7 -60.4

* Reprinted with permission from Springer Nature Customer Service Centre GmbH (Silva et al., 2020b). COPYRIGHT 2020 Springer Nature

3.5. RhB adsorption study

Figure 5a shows that adsorption capacity of a-
AgoWO/SBA-15 20% and a-Ag2WO4are similar and
far superior to that of adsorbents SBA-15, o-
Ag.WO4/SBA-15 10%, and o-Ag;WO/SBA-15 5%.
The adsorption equilibrium time was 5 minutes for a-
Ag:WO, and 20 minutes for SBA-15, a-
Ag:WO4/SBA-15 5%, a-Ag,WO4/SBA-15 10%, and
a-Ag:WO4/SBA-15 20%. This equilibrium time is
consistent with other studies of Rhodamine B
adsorption reported in literature (Cheng et al., 2017;
Cheng et al., 2018; Dutta et al., 2014). The good
performance of a-Ag,WO, and o-Ag,WO4/SBA-15
20% indicates that the mass of a-Ag,WOy, is important
in removal of RhB from aqueous solutions.

Figure 5b shows the influence of pH in
adsorption of RhB. Adsorption is high, at pH < 3.7
(value of RhB pKa), because the predominate cationic
form of RhB is easily attracted by negative charge of
the adsorbents. The literature reports high adsorption
of RhB at pH 3-4 (Hayeeye et al., 2017; Inyinbor et
al., 2015; Silva et al., 2020a). Adsorption of RhB
decreases at pH > 3.7, due to repulsion between the
negative charges of the adsorbent and the dye. The
study of pH indicated that electrostatic interaction is

the determining factor in adsorption.

Table 2 shows that the adsorbents are selective
because they all have high adsorption capacity at low
concentrations of RhB dye (2.5 mg L). 0a-Ag;WO,
and a-Ag:WOL/SBA-15 20% have adsorption
capacity related to concentration of RhB dye solution
(25, 5, and 10 mg L™). The adsorbents of a-
Ag2WOL/SBA-15 x% (x = 5 and 10) and SBA-15 are
not following this tendency, which could be related at
lower adsorption capacity of SBA-15. The lower
performance of SBA-15 for adsorption of RhB can be
understood by the mechanism and thermodynamic
parameters of adsorption (Silva et al., 2020b). The
SBA-15 owing her groups silanols interact with water
molecules creating positive charge, which can to repel
of positive groups of RhB (-N*) yielding little
adsorption of RhB (Silva et al., 2020b)

The adsorption capacity of a-Ag,WO4/SBA-15
20% is no similar to a-Ag,WOQ;, at concentrations of
RhB 15 and 20 mg L. This suggests that the
concentrations of 15 and 20 mg L saturate the active
sites of a-Ag.WO/SBA-15 20%, which has lower
adsorption capacity of RhB at the aforementioned
concentrations. o-Ag;WO4/SBA-15 20% presents
removal efficiency close to 98% similar to a-Ag,WO,
at 10 mg L't RhB concentration.

(u) a-Ag, WO, SHA-15 5%

01s §}

Intensity (arb. units)

Tntensity {arb. units)

T T T T
534 536 SM 540

Binding energy (eV)

T T
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T
542

544

()

O1s -AgWO/SBA-1S 10%

T T T T T T T
5218 530 532 534 536 SI S40
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T T
547 544

el
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o-Ag, WOSBA-IS 204

T
532

T
534

T
536

T T T
538 540 541 sS4

Binding energy (eV)

Fig. 4. High-resolution spectra for O 1s of adsorbents: (a) a-Ag2WO4/SBA-15 5%;
(b) a-Ag2WO4/SBA-15 10%, and (c) a-Ag2WO4/SBA-15 20%
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Fig. 5. Effect of contact time (a) and pH (b) on the adsorption of RhB onto adsorbents

Table 2. Adsorption capacity and adsorbents efficiency for the RhB dye

Qe(mg g*) TS
Concentrations (mg L
Adsorbents 25 5 10 5 20
SBA-15* 11.2 17.5 10.3 24.6 20.9
a-Ag2WOs* 16.4 34.2 68.8 105.5 121.2
a-Ag2WO4/SBA-15 5% 11.2 18.0 21.3 27.8 23.3
a-Ag2WO4/SBA-15 10% 16.1 31.6 38.9 37.8 41.3
a-Ag2WO4/SBA-15 20% 16.9 32.7 68.7 90.1 92.3
Adsorbents efficiency
SBA-15* 62.8% 49.0% 14.4% 22.9% 14.6%
a-Ag2WO+* 91.8% 95.7% 98.0% 98.2% 99.1%
a-Ag2WO4/SBA-15 5% 62.6% 50.5% 29.8% 26.0% 16.3%
a-Ag2WO4/SBA-15 10% 90.4% 88.6% 54.6% 35.3% 28.9%
a-Ag2WO4/SBA-15 20% 94.7% 91.7% 97.3% 84.9% 64.6%

* Reprinted with permission from Springer Nature Customer Service Centre GmbH (Silva et al., 2020b). COPYRIGHT 2020 Springer Nature

The better adsorptive performance of o-
AgoWO, and a-Ag;WO4/SBA-15 may be associated
to negative charges of a-Ag,WO, due to the O atoms
attracting the -N* groups of RhB dye (Silva et al.,
2020b). The performance of a-Ag;WO4/SBA-15 is
associated to a-Ag,WO, amount and follows the
order: a-Ag;WO4/SBA-15 5% <Ag,WO.4/SBA-15
10% <Ag,WO4/SBA-15 20%. This suggests that the
negative charges of a-Ag,WO, are proportional to its
mass, which needs to be sufficient to overcome the
repulsions between the positive groups of SBA-15 and
RhB dye. a-Ag,WO, supported on SBA-15 improves
its adsorption capacity, as can be seen in the similar
performance of o-Ag,WO,; and Ag,WO./SBA-15
20%, even the last one having only 20 wt.% of
Ag,WO,. This fact may be related to a better
distribution of activity sites on supported material than
on pure a-Ag2WO,, which can make it more available
to RhB molecules during the adsorption process.

3.6. Kinetics study

The kinetics of RhB adsorption fit pseudo-
second order model as can be seen in table 3. The
linear regression coefficients (R?) are close to one, and
the adsorption capacity (g mg g) determined by
experimental tests and parameter graphic agree.
Therefore, the kinetics of RhB adsorption onto
adsorbents follows pseudo-second order (Cheng et al.,
2017; do Nascimento et al., 2014; Silva et al., 2020b;
Wang et al.,, 2014). Pseudo-second order model

suggests that the mechanism influences the adsorption
capacity of adsorbents. The pseudo-first order model
is not fit for kinetics of RhB adsorption as shown by
R? (correlation coefficients) and discrepancy of
adsorption capacity experimental (Qe ep) and
calculated ((0ecaic.) (Cheng et al., 2017; do Nascimento
etal., 2014).

3.7. Adsorption isotherms

Table 4 shows that the data adsorption of RhB
onto adsorbents fits Langmuir model (Chang et al.,
2020; Cheng et al., 2018). For all adsorbents, ge (mg
g?l) calculated by the Langmuir model and the
experimental data are similar, and linear regression
coefficients (R?) are close to 1. The Langmuir model
indicates monolayer adsorption at particular adsorbent
sites without interaction between substrate molecules
(Chang et al., 2020; Cheng et al., 2017; Cheng et al.,
2018). a-Ag:WO./SBA-15 20% and a-Ag;WO,
exhibit maximum adsorption capacity, extracted from
Langmuir isotherm, equal 55 mg g*and 145 mg g7,
respectively. Although a-Ag,WO./SBA-15 20% has
only 20% of a-Ag:WOQ,, it has about 38% of
performance of a-Ag;WO, pure. This indicates that
the support can improve the performance of o-
AgoWO;, as adsorbent. The values of dimensionless
separation factors (0 < R. < 1) reveal favorable RhB
adsorption. The experimental data of RhB adsorption
in adsorbents do not adjust to Freundlich and Temkin
models (Table 4) because values of R?are far from the
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unit (Cheng et al., 2018; do Nascimento et al., 2014;
Zhang et al., 2018).

3.8. Effect of temperature

Influence of temperature, dosage, and KCI in
adsorption capacity of adsorbents for RhB, as well as
the desorption of RhB are illustrate in Fig. 6. Figure
6a illustrates that increased temperature favors the
adsorption onto a-Ag.WO./SBA-15 20% and o-
Ag,WO,. Temperature increase may facilitate ion
mobility or activate sites (Hayeeye et al., 2017; Sousa
et al., 2018). In SBA-15, the increase of temperature
reduces the adsorption capacity, which indicates that
the process of RhB adsorption on SBA-15 is
exothermic.

Thermodynamic parameters at temperatures of
298, 308, and 318 K are in Table 5. As seen in Table
5, (X-A92W04/SBA-15 20% and U,-A92WO4
adsorbents have positive 4H and A4S, indicating a
reversible endothermic process (Shen and Gondal,
2017; Silva et al., 2020b). SBA-15 has negative AH
and 48, showing that it is exothermic to this adsorbent,
which means reduction in the randomness at liquid-
solid interface of the adsorption (Inyinbor et al., 2015;
Silva et al., 2020b). The 4G reduces with increasing
temperature for a-Ag;WO4/SBA-15 20% and a-

Ago;WO4, which must be associated to the raise of
species mobility in aqueous solution and/or activation
of sites (Hayeeye et al., 2017; Sousa et al., 2018). The
temperature raises promoted increase 4G for SBA-15,
which indicates adsorption is less favorable or
spontaneous in this adsorbent.

The values of thermodynamic parameters (4G,
AH, and 4S) of SBA-15 are coherent with its lower
adsorption of RhB dye. However, the SBA-15 support
facilitates separation between adsorbent and dye and
improves the adsorption capacity owing to the high
specific area, which can disperse a-Ag;WO,
nanocrystals.

3.9. Effect of adsorbent dosage

Fig 6b shows that the dosage of a-AgWO4
(0.352 g L) achieves 100% removal efficiency of
RhB 50 ppm, and the dosage of 1.050 g L* of o-
Ag,WOL/SBA-15 20% exhibits similar results.
Dosage of a-Ag;WO4/SBA-15 20% (1.050 g L?) is
three times the dosage of a-Ag,WO,(0.352 g LY); but
the dosage expected, according with percentage (mass
ratio) of silver tungstate, would be five times. This
reinforces that the support SBA-15 improved the
performance of o-Ag;WOs /SBA-15 20% for
adsorption of RhB.

Table 3. Parameter of adsorption kinetics of RhB onto adsorbents

Adsorbents Pseudo-first order kinetics
Qe calc (mg g'l) Qe exp. (mg g'l) K1 (min'l) R?
SBA-15* 99.46 19.35 0.13 0.47
a-Ag2WOs* 432.29 141.60 0.78 0.85
a-Ag2WO4/SBA-15 5% 197.09 23.78 0.14 0.94
a-Ag2WO4/SBA-15 10% 216.64 35.57 0.068 0.98
a-Ag2WO4/SBA-15 20% 224,73 52.35 0.066 0.89
Pseudo-second order kinetics
Qecac(Mg g*) Qeexp. (Mg g?) Kz (9 mg™* min™) R?
SBA-15* 19.61 19.35 0.053 0.99
a-Ag2WO4* 144.92 141.60 0.25 0.99
a-Ag2WO4/SBA-15 5% 25.05 23.78 0.012 0.99
a-Ag2WO4/SBA-15 10% 36.27 35.57 0.014 0.99
a-Ag2WO4/SBA-15 20% 54.41 52.36 0.0083 0.98

* Reprinted with permission from Springer Nature Customer Service Centre GmbH (Silva et al., 2020b). COPYRIGHT 2020 Springer Nature

Table 4. Parameters of Langmuir, Freundlich, and Temkin isotherm models

Langmuir
Adsorbents Qmax (mg g*) KL (L mg?) R? RL
SBA-15* 21.71 0.75 0.98 0.072
a-Ag2WOs* 144.93 1.82 0.99 0.0055
a-Ag2WO4/SBA-15 5% 19.04 0.67 0.99 0.069
a-Ag2WO4/SBA-15 10% 24.81 4.03 0.99 0.0010
a-Ag2WO4/SBA-15 20% 54.94 4.67 0.99 0.010
Freundlich Temkin
n Ke(Lg?h R? nt Kr(Lg?h R?
SBA-15* 0.37 3.2x10° 0.90 0.22 1.3 x108 0.88
a-Ag2WO+* 3.90 64.74 0.38 0.059 2.3x10? 0.37
a-Ag2WO4/SBA-15 5% 7.82 18.77 0.49 0.33 20.18 0.91
a-Ag2WO4/SBA-15 10% 3.91 34.38 0.54 0.43 5.7 x 10° 0.51
a-Ag2WO4/SBA-15 20% 3.35 67.58 0.57 0.12 156.02 0.54

* Reprinted with permission from Springer Nature Customer Service Centre GmbH (Silva et al., 2020b). COPYRIGHT 2020 Springer Nature
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Table 5. Thermodynamic parameters for adsorption of RhB onto a-Ag2W04, SBA-15, and a-Ag2WO4/SBA-15 20%

Thermodynamics parameters
Adsorbents AH A4S AG (KJ / mol
(KJ/ mol) (J/ mol K) 298 K 308 K 318K
SBA-15* -8.7 -23.0 -1.9 -1.6 -1.4
a-Ag2WO4* 34.3 132.2 -5.2 -6.3 -7.8
a-Ag2WO4/SBA-15 20% 34.7 125.4 -2.8 -3.8 -5.3

* Reprinted with permission from Springer Nature Customer Service Centre GmbH (Silva et al., 2020b). COPYRIGHT 2020 Springer Nature

3.10. Role of KCI

The effect of KCI was studied in order to
observe the influence of ions on the contaminant
adsorption (RhB) process. In addition, this study
clarifies the electrostatic nature of the interactions
between adsorbent and contaminant. Effect of KCI on
the removal of RhB by a-Ag,WOs; and o-
Ag,WO./SBA-15 20% is shown in Fig. 6¢. a-Ag.WO4
exhibited slightly increased adsorption capacity in
concentration of KCI 0.2 mol L At this
concentration, RhB may be less soluble, facilitating
diffusion or mass transfer to adsorbents (Peng et al.,
2016). For a-AgWOs, adsorption capacity reduced in
concentrations of KCI greater than 0.2 mol L7, this
indicates a competition between ion K* and dye (RhB)
for adsorption sites (Silva et al., 2020a). o-
Ag:WO.SBA-15 20% has adsorption capacity
smoothly affected, which suggest dispersion a-
Ag,WO, nanocrystals in the surface of SBA-15
minimizing the aforementioned competition between
ions and adsorbate.

3.11. Desorption of RhB from a-Ag:WO4/SBA-15 20%
and a-Ag2WO,

The removal of RhB from adsorbents (o-
Ag:WOL/SBA-15 20% and a-Ag.WO,) was efficient

and quick, employing changes of pH. Fig. 6d shows
that 80% and 87% of RhB were recuperated from the
adsorbents a-Ag2WO, and a-Ag,WO4/SBA-15 20%,
respectively, at pH 7. The recuperation attains 93% for
both adsorbents at pH 12. The easy desorption of RhB
evidences that the adsorption is driven mainly by
electrostatic forces.

4. Conclusions

a-Ag2WO4 nanocrystals and a-Ag,WO./SBA-
15 x% (x = 5, 10, and 20) were obtained by
sonochemical and post-synthesis ~ methods,
respectively. o-Ag:WOL/SBA-15 x% maintained
structures of both materials (a-Ag>WO, and SBA-15)
and exhibited textural properties analogous to SBA-
15. The experimental data from adsorption of RhB
onto a-AgoWO,4, SBA-15 and a-AgaWO4x% (X =5,
10 and 20) were well fitted to Langmuir model and
pseudo-second order kinetics. The performance of a-
AgoWO4/SBA-15 x% in RhB adsorption was
dependent on the percentage (mass ratio) of a-
Ag,WO., with the best performance achieved by a-
Ag:WOLSBA-15 20%. The performance of o-
Ag:WOLSBA-15 20% and a-Ag,WO, for RhB
adsorption was uniformly affected by KCI, but highly
pH-dependent (pH ~ 3.5 was the best).
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The process of RhB adsorption was
endothermic, spontaneous, and compatible with
physisorption. For SBA-15, RhB adsorption was
exothermic and less favorable, which clarified its
lower performance. The main step in the mechanism
of the RhB adsorption onto adsorbents must be
electrostatic interactions between the positive and
negative charges of the dye and the adsorbents,
respectively. This study indicated that o-
Ag,WO./SBA-15 x% has improved performance for
adsorption of cationic dyes due to surface area of
support and percentage of a-Ag;WOs,
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