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arsenate and fluoride from water
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Abstract

BACKGROUND: Simultaneous removal of arsenic and fluoride anions from water by adsorption remains a challenge for envi-
ronmental remediation practice. To address this issue, four mesoporous bimetallic oxides (MBOs) were prepared via
the evaporation-induced self-assembly (EISA) method and studied as adsorbents for the co-uptake of arsenate (As(V)) and flu-
oride (F~) from synthetic wastewater. Adsorption envelope and equilibrium experiments were performed to investigate the
adsorption behaviors and properties.

RESULTS: These composites possessed high surface areas (e.g. 200 m? g~ for meso-Ti/Al) and well-defined mesopores, enabling
high adsorption capacities for both As(V) and F~. The maximum adsorption capacities of mesoporous titanium-lanthanum oxide
(meso-Ti/La) were as high as 81.42mg g~' and 44.37 mg g~ for As(V) and F-, respectively. Surface complexation modeling
indicates that As(V) removal mainly involved bidentate surface complexation with surface =Me-OH, while F~ was retained by
formation of monodentate surface complexes.

CONCLUSION: The removal mechanisms were confirmed by X-ray photoelectron spectroscopy. These MBOs were found to be
effective for simultaneous removal of arsenic and fluoride from water. This study also demonstrated that the incorporation
of multi-components and mesoporosity into one composite is an efficient strategy for design and application of high-efficiency
adsorbents for environmental remediation of aqueous contaminants.

© 2018 Society of Chemical Industry

Supporting information may be found in the online version of this article.
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INTRODUCTION

Co-occurrence of arsenic (As) and fluoride ion (F7) in both nat-
ural aquifers (e.g. groundwater, and mine water) and industrial
wastewaters (e.g. effluents from electroplating plants) is found in
many countries throughout the world.’~* Groundwater with both
As and F~ was found in Argentina,” China,® India,” Mexico,® and
Pakistan,® most of which have been suffering environmental and
health risks, since co-exposure to As and F~ even at very low con-
centrations has severely synergistic adverse consequences for ani-
mals and/or humans.'®~2 A wide range of point-of-use treatment
techniques has been developed in past decades to remove both
anions (i.e. Asand F~) from waters, including reverse osmosis (RO),
nanofiltration (NF),'® ion exchange,''* electrocoagulation,'>'® and
adsorption.'217-28 Of these techniques, adsorption is the most
cost-effective technique with high performance.! 182325
Adsorption of As(V) or F~ from aqueous solution has been exten-
sively studied over the last two decades with a focus on devel-
opment of high-efficiency, low-cost and environmentally-benign
adsorbents.>'7-28 A wide variety of adsorbents were developed

to remove As(V) and F~ from drinking water, e.g. Al-based adsor-
bents including activated alumina (AA)," aluminium hydroxide,?®
and mesoporous alumina?' have been used to remove As(V) and
F~ from aqueous solutions. Fe-based materials such as goethite,’
goethite- and hematite-coated sand,'® and granular ferric oxides
(GFO)™® have also been employed as adsorbents for aqueous
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As(V) and F~. Besides, bond char,''® activated red mud?? and
industrial solid wastes?> were observed to adsorb As(V) and F~
from wastewater. However, these adsorbents, especially Al- and
Fe-based adsorbents, have a higher affinity for As(V) than F, lead-
ing to an undesired performance for simultaneous removal of
both As(V) and F~. In general, arsenic has a high affinity to
metal (oxyhydr)oxides especially Al-, Fe-based (oxyhydr)oxides
and titania,?'?>2°3% whereas fluoride is likely to bind to solids
containing rare earth elements.?? Jing et al.?° developed a novel
TiO,-La granular composite adsorbent that exhibited high adsorp-
tion capacities for As(lll) (114 mg g~') and F~ (78.4 mg g™'). Phillips
etal?’ compared the performance of two metal-loaded resin
beads (i.e. Haix-Fe and Haix-Fe-Zr) in adsorptive removal of As(lll/V)
and F~ and concluded that Haix-Fe-Zr resin beads were more
effective in removing F~ from the spiked groundwater compared
with Haix-Zr resin beads. It would be, therefore, a good strat-
egy to combine two or more functional groups (e.g. metal-based
hydroxyls) into one composite adsorbent for simultaneous seques-
tration of both As(V) and F~. However, there have been only
a few attempts to investigate the co-uptake of both As(V) and
F~ by adsorbents containing two components (e.g. Fe and Al,?°
Ti and lanthanum,??® Fe and zirconium,?” and Ti and cerium?3'),
and no systematic studies to evaluate the effectiveness of other
bimetallic composites for the co-uptake of As(V) and F~ have been
reported yet.

Recently, it was shown that mesoporous alumina has an adsorp-
tion capacity as high as 450mg g~' for F~ while maintaining
a superb As removal capacity meantime.?' It has also demon-
strated that introduction of mesoporosity into adsorbents can not
only enhance the adsorption capacities for contaminants, but also
accelerate the adsoption kinetics.3%32-34 |n this context, few works
have been performed on the simultaneous removal of As(V) and F~
by mesoporous composite adsorbents, and the underlying mech-
anism at the molecular scale remains to be uncovered.

In this study, four mesoporous bimetallic oxides (MBOs) were
prepared via the evaporation-induced self-assembly (EISA)
method followed by calcination. The co-uptake characteristics
and mechanisms of the MBOs for adsorptive removal of both
As(V) and F~ were investigated using batch adsorption experi-
ments, spectroscopy, and surface complexation modeling (SCM).
Our study demonstrated the feasibility of simultaneous removal of
As(V) and F~ by MBOs with higher adsorption affinity for As(V) and
F~ compared with other bimetallic oxide composites. In addition,
this work may also provide a strategy for contaminant-oriented
high efficiency adsorbent development and deepen our under-
standing of the adsorption mechanisms of co-uptake of As(V) and
F~ on dual-functional composite adsorbents.

MATERIALS AND METHODS
Chemicals
Pluronic P123 was obtained from Sigma-Aldrich Trading Co. Ltd
(Shanghai, China). Iron(lll) chloride (FeCl;, >99%), aluminum
isopropoxide (CgH,,AlO;, >98%, (Aladdin Chemical, Shanghai,
China)), lanthanum nitrate hexahydrate (La(NO,);-6H,0, 99%,
Aladdin Chemical) and titanium tetrachloride (TiCl,, > 98%) were
used as precursors for the synthesis of mesoporous bimetallic
oxides (MBOs). Milli-Q ultrapure (18.2 MQ-cm) water was used to
prepare solutions.

Arsenate stock solution (1000 mg L=") was prepared by dissolv-
ing a specified amount of sodium arsenate dibasic heptahydrate
(Na,HAsQ,-7H,0, > 98%, JT Baker Chemical, Phillipsburg, NJ, USA)

FLietal
Al/La EISA Calcination
Precursor — —
40 °C, 48h 500 °C, 6h 4
P123 ~
P123/Mesoporous Mesoporous
Bimetallic Oxides Bimetallic
EtOH + HNO, -) Hybrid Oxides (MBOs)

Scheme 1. Schematic illustration of preparation of MBOs via the EISA
method followed by calcination.

with ultrapure water and stored in a refrigerator at 4 °C for further
use. A given amount of sodium fluoride (NaF, > 98%, Sinopharm
Chemical, Shanghai, China) was dissolved in ultrapure water to
yield fluoride stock solution (100 mg L™") that was also stored in
a refrigerator for further use.

Preparation of mesoporous bimetallic oxides (MBOs)

Four MBOs including mesoporous Fe/Al oxide, mesoporous Fe/La
oxide, mesoporous Ti/Al oxide and mesoporous Ti/La oxide
were prepared via the evaporation-induced self-assembly (EISA)
method.> Briefly, in the case of preparation of mesoporous Fe/Al
oxides, 2 g of P123 was dissolved in 40 mL of anhydrous ethanol
(EtOH) under stirring until a homogeneous transparent solution
was obtained. To this solution, 1.622g (10 mmol) of FeCl; (Fe
precursor) was added. After stirring for 0.5 h, 2.04 g (10 mmol) of
CyH,,AlO; (Al precursor) was introduced under stirring for 2 h and
followed by addition of 1.6 mL of concentrated HNO, (67 wt.%).
The mixture was stirred for 2-5h prior to the EISA process in
a 40°C oven for 48h. The dry solid sample was collected and
calcinated at 500 °C in a tube furnace (ramp rate 1 °C min~') for
6 h and then recollected and stored for further use after cooling
to room temperature. The synthetic mesoporous Fe/Al oxide
was termed meso-Fe/Al. By replacing the Fe/Al precursors with
other chemicals with the same dosages (in mmol), other MBOs
were also prepared following the above procedures and termed
meso-Fe/La, meso-Ti/Al, and meso-Ti/La, respectively (Scheme 1).

Characterization of MBOs

The crystallography information of MBOs was obtained using
an X-ray diffraction (XRD) analyzer (XRD-6100, Shimadzu, Tokyo,
Japan) at a tube voltage of 40 kV and a tube current of 30 mA using
Cu-Ka radiation. The morphological structures were recorded on
SU1510 (Hitachi, Japan) scanning electron microscope (SEM) at an
accelerating voltage of 1.5 kV. The Brunauer-Emmett-Teller (BET)
surface areas, pore volumes, and the Barrett—Joyner—Halenda
(BJH) pore size distributions of MBOs were measured by N,
adsorption-desorption at —196 °C using a gas adsorption ana-
lyzer (iQ-AG-MP, Quantachrome, Boynton Beach, FL, USA). Prior to
the measurement, the samples were degassed at 105 °C for at least
12 h. Zeta ({) potential data were collected on a Zetasizer Nano
ZS 90 apparatus (Malvern, Worcestershire, UK) using 10 mmol
LT of NaNO; solution as background electrolyte. X-ray photo-
electron spectroscope (XPS) (PHI 5000 Versa Probe, UIVAC-PHI,
Japan) equipped with a monochromatized Al Ka X-ray source
(hv=1486.6eV) and a hemispherical electron analyzer was
employed to evaluate the surface properties of these samples.
The C,, peak (284.6 eV) was used for the calibration of binding
energy values.
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Batch adsorption experiments

Both adsorption envelope and isotherm experiments were per-
formed at room temperature (c. 25°C). In a typical adsorption
envelope experiment, a set of suspensions containing 1 mg L™’
(or 30mg L") As(V), 10mg L™"F~, and 2g L' adsorbent (i.e.,
MBOs) were prepared in 15-mL capped polyethylene centrifuge
tubes (Corning, Hartford, CT, USA). After adjusting to a desired pH
over the range 3-12 with 0.1 mol L'" NaOH and 0.1 mol L' HNO,,
the suspensions (10 mL) were bubbled with pure N, for 5 min to
exclude dissolved CO, and then mixed on a Labquake tube rotator
(Thermo Scientific, Waltham, MA, USA) for 24 h. The supernatant
was collected by centrifugation (12 000 rpm for 15 min) and filtra-
tion with 0.45 um PES filter (Navigator, Tianjin, China) for the mea-
surement of As(V) and F~. A background electrolyte of 10 mmol L™
NaNO; was employed in the experiment.

Adsorption isotherm experiments were conducted in a back-
ground electrolyte (10 mmol L' NaNO;) at pH 6.5 + 0.2. The adsor-
bent dosage was fixed at 2 g L~!, whereas the concentrations of
As(V) and F~ were varied from 0.1-100mg L="and 0.1-50 mg L',
respectively. The As(V) concentration was determined by hydride
generation-atomic fluorescence spectrometry (HG-AFS, Skyray,
AFS200, Kunshan, China). The F~ concentration was measured by
ionic chromatography (ICS5-2000, Dionex, Sunnyvale, CA, USA).36
The solution pH values were measured on a Sartorius pH meter
(PB-10) calibrated with standard pH 4.00, 7.00 and 10.01 buffers
(Thermo, Waltham, MA, USA).

The competitive effects of co-anions including CI=, NO;~, SO,
C0O,?%, and PO,3~, were also investigated individually following a
well-defined method.?® The initial concentration of these anions
was set to the same as those of arsenate and fluoride anions
(10 mmol L), e.g., the molar ratio of As(V): F~: CI~ was 1:1:1in the
case of using CI~ as a competitive anion. The competitive experi-
ments were conducted individually at pH 6.5 + 0.2 and 25 °C.

Surface complexation modeling
A charge distribution multi-site complexation (CD-MUSIC) model
was employed to fit the adsorption envelopes of As(V) and F~ on
meso-Fe/Al and meso-Ti/La. The 1-pK TPM adsorption option was
used to calculate the reactions of As(V) and F~ with the adsorbents.
The non-protonated bidentate binuclear geometry (BB) was
used for surface complex formation of As(V) with surface hydroxyl
groups (i.e. =Fe-OH~"2 of meso-Fe/Al, =Ti-OH*'"? of meso-Ti/La),
whereas a monodentate geometry was used for F~ adsorption by
surface hydroxyl groups (i.e. =Al-OH~"2 of meso-Fe/Al, =La-OH~"/2
of meso-Ti/La) in a ligand exchange manner.2 The proton affinity
constant =Fe-OH~""2 was set to 8.3 (pHpy of meso-Fe/Al), and the
proton affinity constants =Al-OH~"2, =Ti-OH*'? and =La-OH~"/?
were obtained from previous references.?” The CD values for
different complexes were obtained from previous reports.237:38
The adsorption constants of both As(V) and F~ were obtained
by best fitting model-calculated values to the experiment data.
The calculation was performed by using the chemical equilibrium
program Visual MINTEQ 3.1 to simulate the adsorption and the
aqueous reactions with a fixed ionic strength of 10 mmol L
NaNO;. The surface parameter and species used in the CD-MUSIC
modeling are summarized in Table S2.

RESULTS AND DISCUSSION

Properties of MBOs

The XRD patterns of MBOs are given in Fig. 1. It is obvious that the
MBOs show a set of quite different reflections as their compositions

meso-Fe/Al
meso-Fe/La
meso-Ti/Al
meso-TilLa

Intensity (cps)

0 10 20 30 40 . 50 60 70
29 (U)

Figure 1. XRD patterns of synthetic mesoporous bimetallic oxides (MBOs).
(A: anatase, H: hematite, L;: La,03, L,: La,0,CO3, R: rutile).

varied from Fe-Al, Fe-La, Ti-Al to Ti-La. A group of well-defined
peaks assignable to hematite (JCPDS #33-0664) was observed
for meso-Fe/Al (red curve in Fig. 1), and no peaks corresponding
to alumina were found, implying that all Al atoms have proba-
bly entered into the lattices of hematite and occupied the same
spacial positions as Fe atoms. Two major phases La,0; (JCPDS
#05-0602, marked L,) and La,0,CO; (JCPDS #37-0804, marked L,)
have been confirmed for meso-Fe/La (black curve in Fig. 1). The
peaks at 260 =10.7°, 16.3°, 18.8°, 19.4° are probably derived from
Fe-La complexes formed during the calcination process.> The XRD
pattern of meso-Ti/Al showed some broad peaks attributed to
anatase (JCPDS #21-1272) and no peaks of Al-containing phases
were observed, suggesting that Al oxide was probably in amor-
phous forms (olive curve in Fig.1). As indicated in Fig. 1 (blue
curve), meso-Ti/La was a mixture of rutile (JCPDS #21-1276), La, O,
and La,0,C0O;, amorphous LaOOH and titania were also proba-
bly formed as evidenced by the broad reflection at 26 = 25-35°
range.

As shown in Fig. 2, irregular, coarse and aggregated nanoparti-
cles were observed for meso-Fe/Al, meso-Fe/La, and meso-Ti/La
(Fig. 2 (A, B and D)). Well-defined hexagonal anatase crystals were
also observed for meso-Ti/Al (Fig. 2(C)). The particle size distribu-
tions (PSDs) were also analyzed with ImageJ (version 1.51), shown
as the insets in Fig. 2. The mean particle sizes were 18, 21, 31, and
4 um for meso-Fe/Al, meso-Fe/La, meso-Ti/Al, and meso-Ti/La,
respectively. Figure3 depicts the N, adsorption-desorption
isotherms and corresponding pore size distributions. The pore
size distributions were calculated with the BJH method using the
desorption data of the isotherms. It is obvious that they can be
classified as type Il isotherms (IUPAC classification) with hysteresis
loops of type H3, which indicates that the porous structures
of all MBOs were derived from the mesopores (or macropores)
that are formed by non-rigid aggregates of nanoparticles. This
observation confirms the above SEM analysis (Fig. 2). The pore size
distributions were fairly narrow with mean pore diameter values
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Figure 2. SEM images of (A) meso-Fe/Al, (B) meso-Fe/La, (C) meso-Ti/Al, (D) meso-Ti/La. The insets are the corresponding particle size distributions (unit:

um) of MBOs.

of 4.9, 5.6, and 3.9 nm for meso-Fe/Al, meso-Ti/Al, and meso-Ti/La,
respectively (insets of Fig. 3(A, C, D)), suggesting that the pores
are uniform and well-defined mesopores. However, meso-Fe/La
shows a broad pore size distribution (inset of Fig. 3(B)), indicat-
ing that meso-Fe/La is of hierarchical structure containing both
macropores and mesopores. The BET specific surface areas are 83,
13, 200, and 55m? g~' for meso-Fe/Al, meso-Fe/La, meso-Ti/Al,
and meso-Ti/La, respectively, less than those previously reported
for mesoporous metal oxides.® This observation was likely due
to the properties and compatibilities of the precursors of these
MBOs, which in turn results in the collapse of the mesopores and
the dense aggregates upon calcination.

Point of zero charge

Figure4 presents zeta potential versus solution pH values
obtained for MBOs in the presence of a background electrolyte of
10 mmol L' NaNO, and/or additional T mmol L NaF or Na,HAsO,.
The point of zero charge (pH;,c) of meso-Fe/Al occurred at pH 8.3
(Table S1), consistent with previous report data.*® The presence of
1 mmol L' NaF shifted the pHp,c value of meso-Fe/Al from pH 8.3
to ~ 8.1, whereas the occurrence of 1 mmol L' Na,HAsO, shifted
the PZC from pH 8.3 to pH ~ 7.9 (Fig. 4(A)). These phenomena are
indirect macroscopic evidence of inner-sphere surface complex
formation of both F~ and As(V) on meso-Fe/AL*' The pHpyc value
of meso-Fe/La was found to occur at pH 8.2 (Fig. 4(B)), and shifted
to pH 9.3 with the appearance of 0.1 mmol L' F~ and shifted to
pH 7.8 in the co-occurrence of 0.1 mmol L' As(V), suggesting that
F~was likely to form outer-sphere surface complexes while As(V)
was bound as inner-sphere surface complexes on meso-Fe/La. The
pHpzc values of meso-Ti/Al and meso-Ti/La occurred at pH 8.9 and
7.8, respectively (Fig. 4(C, D)). They shifted to lower pH values in
the presence of 0.1 mmol L' F~ or As(V), indicating that the forma-
tion of inner-sphere surface complexes of either F~ or As(V) took
place. The shift in pHp, for As(V) adsorption (pHpc aqy) = 7.1) was

greater than that for F~ adsorption (pHp,cr = 7.3) on meso-Ti/Al,
implying stronger adsorption for As(V) on meso-Ti/Al.

Adsorption envelopes

Two As(V) concentrations (1mg L™" and 30mg L") and one
F~ concentration (10 mg L™") were used to study As(V) and F~
adsorption on MBOs over a pH range of 4-12 as suggested in
reference.?® Single- and dual-adsorbate systems were adopted and
the adsorption envelopes are indicated in Fig. 5 for Fe-based MBOs
and Fig. S1 (Supporting information) for Ti-based MBOs. Generally,
the adsorption process is governed primarily by the point of
zero charge of adsorbents. As shown in Fig. 5(A), on meso-Fe/Al,
As(V) adsorption exhibited pH-independence at pH < 8.3 (pHp,c
of meso-Fe/Al, Table S1) for either low initial As(V) concentration
(1 mg L") or high initial As(V) concentration (30 mg L™"). For the
low initial As(V) concentration case, the pH-independent trend of
As(V) adsorption can expand even to pH ~ 9, which is the pHp,c
value for meso-Fe/Al in the presence of 1 mmol L' As(V) and
10 mmol L background electrolyte (Table S1). Both As(V) and F~
are negatively charged in these pH range, suggesting that pHp,c
controls As(V) adsorption on meso-Fe/Al. At pH above pHpyc,
the As(V) adsorption efficiency decreased with increasing pH
values due to the electrostatic repulsion between the negatively
charged surface of meso-Fe/Al and the negatively charged As(V).
Moreover, also note that the presence of 10 mg L= fluoride ions
has no influence on As(V) adsorption on meso-Fe/Al, implying
that As(V) has a higher surface affinity than F~ to meso-Fe/Al.
On meso-Fe/Al (Fig. 5(B)), F~ adsorption exhibited an increase in
pH 4-6.0 to a narrow maximum in pH 6.0-7.5 and then decreased
gradually with increasing solution pH due to electrostatic repul-
sion and a possible competitive adsorption of hydroxide ions.
Similar pH-dependent, adsorption behavior has been observed
previously for F~ adsorption on amorphous Al hydroxides.? It is
obvious that the presence of 1 mg L™" of As(V) as a co-adsorbate
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Figure 3. N, adsorption—desorption isotherms and BJH pore size distributions (insets) of (A) meso-Fe/Al, (B) meso-Fe/La, (C) meso-Ti/Al, (D) meso-Ti/La.

will slightly decrease F~ adsorption at pH < 7.5 probably due to
the competition from As(V) for the binding sites (surface hydrox-
yls, =Me-OH), while the presence of 30 mg L~' As(V) will promote
F~ adsorption slightly at pH > 7 (Fig. 5(B)). This is possible due to
the lower electrostatic repulsion of F~ than As(V) and the more
binding sites left due to the rapid decrease in As(V) adsorption at
pH > 8 (Fig. 5(A)).

On meso-Fe/La, both As(V) and F~ adsorption displayed similar
behaviors to those of meso-Fe/Al (Fig. 5(C, D)). Nevertheless, the
competitive effect of As(V) on F~ adsorption was more obvious
compared with meso-Fe/Al (Fig. 5(D)). A similar observation was
also reported in a previous study of F~ adsorption on red mud.?
On Ti-based MBOs (i.e. meso-Ti/Al and meso-Ti/La), both As(V) and
F~ adsorption exhibited analogous trends to Fe-based MBOs (Fig.
S1). Our results suggest that, (i) both As(V) and F~ adsorption
on the four MBOs are pH-dependent in the pH range studied
(i.e, pH4-12); (i) As(V) shows a higher surface affinity than F~
on MBOs; and (iii) As(V) can compete with F~ for the binding
sites effectively, while F~ has little influence on As(V) adsorption
on MBOs.

Adsorption isotherms

Adsorption isotherm experiments were performed at 15°C
and 30 °C respectively to investigate the influence of experimen-
tal temperature (T) on adsorption capacity of MBOs. As shown in
Figs 6 and 7, the adsorption capacities increased with increasing
initial As(V) and F~ anion concentrations and reached a plateau,
which represents the maximum adsorption capacity of the MBOs.

This increase in adsorption capacities of MBOs is derived from
the higher driving force for mass transfer at higher initial As(V)
and F~ concentrations. The experimental data were fitted by both
Langmuir and Freundlich isotherm models as follows:

— kaLCe (1)
¢ 1+kC,

1
Q. = k.l @

where C, is equilibrium concentration (mg L™"), Q, is the adsorp-
tion capacity (mg g'), Q,, is the theoretical maximum adsorption
capacity (mgg™'),and k, (Lmg™") is the Langmuir constant related
to free energy of adsorption, k. (L g~') and n are empirical con-
stants associated with the Freundlich model. The fitting parame-
ters of both Langmuir and Freunlich model are calculated by Ori-
gin 9.0 (OriginLab Co, Northampton, MA, USA) and tabulated in
Tables 1 and 2, respectively. The high correlation coefficients (R?)
of both Langmuir and Freunlich models indicate than both algo-
rithms can well fit the experimental data.

Temperature has a different influence on As(V) and F~ adsorp-
tion on different MBOs. For example, the As(V) adsorption
capacities (Q,,) of meso-Fe/Al and meso-Ti/La decreased with
increasing temperature, while the Q,, values of meso-Fe/La and
meso-Ti/Al increased notably as temperature was increased from
15°C to 30°C (Fig. 6 and Table 1). However, F~ adsorption onto
MBOs exhibited a different trend as temperature was varied. The
F~ adsorption capacities (Q;) of Fe-based MBOs (i.e. meso-Fe/Al
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L=1,20°C).

and meso-Fe/La) increased with increasing temperature, whereas
the Q; values of Ti-based MBOs (i.e., meso-Ti/Al and meso-Ti/La)
declined as temperature was increased. Generally, the higher
adsorption capacity at higher temperature indicates that adsorp-
tion is an endothermic process, otherwise the adsorption is
exothermic. The isotherm data suggested that As(V) adsorp-
tion on meso-Fe/Al and meso-Ti/La was exothermic, while As(V)
adsorption on meso-Fe/La and meso-Ti/Al was endothermic.
Likewise, F~ adsorption was endothermic for Fe-based MBOs but
exothermic for Ti-based MBOs. Previous data have shown that
As(V) and F~ adsorption on metal oxides can be either endother-
mic or exothermic depending on the experimental conditions and
the properties of adsorbents and adsorbates.34%4243 |t was also
found that the coexistence of As(V) and F~ in solutions played a
crucial role in both Q4 and Q; values of MBOs. Compared with
the cases of single As(V) adsorption by MBOs, the presence of
F~ in As(V) adsorption slurries enhanced As(V) adsorption onto
Fe-based MBOs but depressed As(V) adsorption onto Ti-based
MBOs (Fig. 6). The maximum As(V) adsorption capacities (Q,,.,)
of meso-Ti/Al and meso-Ti/La at 15°C decreased respectively
from 27.12mg g~' to 17.67mg g~' (a reduction of 35%), and
from 81.42mg g~' t0 20.98 mg g~' (a reduction of 74%) (Table 1).
This implies that F~ ions compete with As(V) for the adsorp-
tion sites (=Me-OH) of meso-Ti/Al and meso-Ti/La, and that the
mechanisms for As(V) and F~ adsorption on Fe-based MBOs, i.e.,
meso-Fe/Al and meso-Fe/La, are totally different. Likewise, the
coexistence of As(V) in F~ adsorption slurries improved the Q; of

meso-Fe/La slightly but remarkably reduced the Q; of meso-Fe/Al,
meso-Ti/Al and meso-Ti/La (Fig. 7). As shown in Table 1, the max-
imum F~ adsorption capacities (Q,, ;) of meso-Fe/Al, meso-Ti/Al
and meso-Ti/La at 15 °C reduced respectively from 18.64 mgg~' to
14.54 mg g~ (a reduction of 22%), from 28.20mg g~' to 17.14 mg
g~' (a reduction of 39%), and from 44.37mg g~' to 12.99mg
g~' (a reduction of 71%). Comparison of the reduction in As(V)
and F adsorption capacities on MBOs suggested that As(V) had a
higher affinity than F~ to Fe-based MBOs, and that Ti-based MBOs
exhibited a similar affinity towards As(V) and F~ (Table 1). This
observation is consistent with the above adsorption envelope
results.

The Q,,4 values of meso-Fe/Al, meso-Ti/Al, and meso-Ti/La at
15°Cwere 33.35mgg~',27.12mg g~', and 81.42mg g~! respec-
tively (Table 1), and the Q,, - values of meso-Ti/Al and meso-Ti/La
were 28.2mg g~' and 44.37 mg g~' respectively. These Q,, values
place MBOs among the top adsorbents for As(V) and F~ uptake
(Table 3). The relatively high surface areas, mesoporous structures
of MBOs enable most of their binding sites to be available and
accessible for As(V) and F~, improving their adsorption efficiency
for co-uptake of As(V) and F from aqueous solutions.

To study the recycling performance of MBOs, meso-Fe/Al
and meso-Fe/La were selected as candidates for
desorption—adsorption tests. Typically, after adsorption in a
mixture (10mg L™" As(V)+10mg L™'F~, pH=6.5+0.2), the
exhausted meso-Fe/Al (20 mg) was regenerated with 5mL of
dilute NaOH (0.1 mol L) three times, followed by rinsing with

wileyonlinelibrary.com/jctb

© 2018 Society of Chemical Industry

J Chem Technol Biotechnol 2019; 94: 879-891



Mesoporous bimetallic oxides (MBOs) for enhanced co-uptake of arsenate and fluoride from water WWW.soci.org SCI

(A) 100 (B) 100 |-
S 20 M G o2 a0
L =] =1 -q.)e("( e[-‘-. % P () :’b i
o T W e 90 @ o
g 80 =0 - — ©
- | 80t ®
@ -
270t e B @
2 » 2
o [ ~ s 70
® 5o [ i e B
s | © @
1 B L 60|
<50F & imgLAs 2%, -
[ © 1mg/LAs+10mg/LF 50 & 10mglLF
40 0 igﬂgﬁtﬁsmm AP © 10mglLF +1 mglL As
B /L As 9 ® 10 mg/L F +30 mg/L As
30 i 1 i 1 i 1 i 1 L 1 A 1 i 1 i 1 40 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1
4 5 6 T 8 9 10 11 12 4 5 6 7 8 9 10 11 12
pH pH
(C) - - (D) 100 F
r y © g
L abw ¢ % o % o= o = =% °=°_
¢ <o O
90 " o e 2 sof ® ¢ e
e | 0o © -
Raol _70F 5 © "o
- R o0
? Z60f : o o ©
g7of B ’
2 | 250} o
B 2
Seot T 40 a
S | @
= W ool -
<50t 40
Il = 1mglLAs L (
© 1mg/lLAs+10mg/LF 20 & 10mglLF @
40 o 30mglas 10 © 10mgLF+1molLAs 5
I @ 30mg/LAs+10mg/lLF @ 10mg/L F+ 30 mg/L As
30 1 1 1 'l 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1
3 4 5 6 7 8 9 10 11 12 2 3 4 5 6 7 8 9 10 11 12 13
pH pH
Figure 5. Effect of solution pH on As(V) and F~ adsorption on meso-Fe/Al (A, B) and meso-Fe/La (C, D).
(A) 35} (B) S0 3
45t P
S0 a0}
25F 35}
Do} =%
=] Dol
= £ 25
~18r —.20f
a D
&)
10r 15
’ @ @ 15°C 10} @ @ 15°C
514/ @ @ 30°C @ = 30°C
——  Langmuir 5t Langmuir
ok = =+ Freundiich ol —— - Freunlich
0 5 10 15 20 25 30 35 40 45 50 0 2 4 6 8 10 12 14 16 18 20
C, (mg/L) C, (mgiL)
(C) ap; 2 1 2 3 4 5 (D) 00 0.1 0.2 0.3
50}
25¢ -8
401
20
S 630' @ ® 15°C
P 15} =) 2 30°C
E E — Langmuir
g“‘ll] .20} Freundlich
oor o
5t s @ 15%C 10p
@ @ 30°C
—— Langmuir
of = =~ Freunlich 0
G0 0 90 20 30 40 50 0 5 10 15 20
C, (mglL) C, (mg/L)

Figure 6. Adsorption isotherms of As(V) on (A) meso-Fe/Al, (B) meso-Fe/La, (C) meso-Ti/Al, (D) meso-Ti/Lain 10 mmol L"! NaNOj solution at pH = 6.5 + 0.2.
Note: cross and solid circles refer to the single-adsorbate (As) system and the dual-adsorbate (As + F) system, respectively.

J Chem Technol Biotechnol 2019; 94: 879-891 © 2018 Society of Chemical Industry wileyonlinelibrary.com/jctb




O
SCI WWwWw.soci.org FLietal

(A) 5of ) (B)
) 16}
18 /’/é g
16
14} 12f
512} S
g 10t g st
8 T
&) (e}
61 al
4+ @ @& 15°C @ @ 15°C
@ = 30°C @ & 30°C
2r A ——  Langmuir 0 —— Langmuir
ol & —  Freundlich I — — - Freunlich
0 5 10 15 20 25 0 5 10 15 20 25 30 35 40 45 50 55
C, (mg/L C, (mglL)
C s (D)of
22f i
20} 24r
18 o0k
16
D4t o6}
S a5l [=]
<0l =
® &
8t sl .
er @ e 15°C | e 15°C
ar @ = 30°C 4r e = 30°C
2+ Langmuir o ——  Langmuir
ol — — - Freundlich op ¢ e Freunlich
0 E 0 s 0 25 30 05 10 15 20 25 30
CE (mg/L) Ce (ma/l)

Figure 7. Adsorption isotherms of F on (A) meso-Fe/Al, (B) meso-Fe/La, (C) meso-Ti/Al, (D) meso-Ti/La in 10 mmol L™ NaNO; solution at pH = 6.5 + 0.2.
Note: cross and solid circles refer to the single-adsorbate (F) systems and the dual-adsorbate (As + F) systems, respectively.

Table 1. Langmuir parameters for As and F adsorption on MBOs
15°C 30°C
Adsorbent Target adsorbate Solution Q,, (mgg™) K, (Lmg™") R? Q,, (mgg™") K, (Lmg™") R2
Meso-Fe/Al As(V) As 33.35 0.351 0.971 12.07 0.315 0.988
As +F 38.98 0.344 0.912 29.65 0.029 0.925
F F 18.64 0.147 0.964 18.35 0.090 0.907
As+F 14.54 0.186 0.972 16.57 0.134 0.959
Meso-Fe/La As(V) As 25.27 0.210 0.982 54.48 0.083 0.998
As+F 62.70 0.141 0.996 62.10 0.180 0.988
F F 7.67 0.304 0.962 19.82 0.059 0.972
As+F 9.30 0.542 0.971 20.90 0.166 0.994
Meso-Ti/Al As(V) As 27.12 1.655 0.994 38.12 0.465 0.992
As+F 17.67 0.156 0.965 20.97 0.137 0.993
F F 28.20 0.265 0.948 20.19 3.387 0.944
As+F 17.14 0.104 0.987 14.08 0.114 0.949
Meso-Ti/La As(V) As 81.42 6.144 0.935 52.68 0.495 0.972
As+F 20.98 0.058 0.961 14.81 0.155 0.991
F F 44.37 0.110 0.981 31.47 0.231 0.964
As+F 12.99 0.183 0.987 12.80 0.224 0.984

20 mL of ultrapure water before the next adsorption cycle. The  As(V) adsorption efficiencies of meso-Fe/La and meso-Fe/Al
desorption—adsorption experiments were performed at 25 °C for  decreased from ~ 88% and ~ 85% to ~ 60% and 52%, respectively.
five successive cycles and the results are depicted in Fig. S2 (Sup-  F~ adsorption efficiencies of meso-Fe/La and meso-Fe/Al declined
porting information). It is obvious that the adsorption efficiencies  from ~ 72% and ~ 93% to ~ 44% and ~ 60%, respectively. The loss
of both As(V) and F~ decreased as the cycle number increased.  in adsorption efficiencies of both As(V) and F~ is probably due

______________________________________________________________________________________________________|]
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Table 2. Freundlich parameters for As(V) and F adsorption on MBOs
15°C 30°C
Adsorbent Target adsorbate Solution Kr 1/n R2 Kr 1/n R2
Meso-Fe/Al As(V) As 10.52 0.369 0.984 2.82 0.432 0.992
As+F 14.65 0.274 0.983 8.82 0.304 0.981
F F 4.17 0.555 0.896 7.60 0.350 0.912
As+F 3.08 0.445 0/996 4.47 0.453 0.984
Meso-Fe/La As(V) As 4.41 0.639 0.984 4.48 0.762 0.998
As+F 10.01 0.538 0.990 12.28 0.507 0.987
F F 2.56 0.290 0,949 1.65 0.628 0.988
As+F 291 0.363 0.946 3.72 0.509 0.973
Meso-Ti/Al As(V) As 13.89 0.434 0.972 11.67 0.711 0.984
As+F 4.21 0.353 0.976 4.34 0.387 0.969
F F 5.81 0.550 0.872 11.82 0.321 0.908
As+F 2.31 0.545 0.995 2.62 0.430 0.996
Meso-Ti/La As(V) As 118.52 0.645 0.894 267.40 0.973 0.960
As+F 1.79 0.618 0.987 2.66 0.497 0.988
F F 5.34 0.625 0.951 6.02 0.609 0.922
As+F 2.80 0.425 0.967 311 0.400 0.938
Table 3. Comparison of the maximum As(V) and F adsorption capacities of MBOs with other published data
Qn(mgg™)
Adsorbents Experimental conditions As(V) F Reference
Activated red mud pH=7.0,T=25°C 5.16 3.96 22
Ce-Ti oxide adsorbent pH=6.5,T=25°C 7.5 - 3
B-AI(OH), pH=6.0,T=25°C 14.29 - 47
Nickel/nickel boride nanoparticles pH=7.0,T=20°C 23.4 - 4
Ti and La oxides loaded activated carbon (TLAC) pH=7.0,T=20°C 30.3 27.8 2
Fe-Al mixed oxide pH=6.9,T=20°C - 12.0 40
Fe-Al-Ce trimetal oxide pH=7.0,T=25°C - 12.2 48
Al-Ce hybrid adsorbent pH=6.0,T=20°C - 27.5 49
Meso-Fe/Al pH=6.5T=15°C 33.35 18.64 This study
Meso-Ti/Al pH=6.5T=15°C 27.12 28.20 This study
Meso-Ti/La pH=6.5T=15°C 81.42 44.37 This study

to the loss of adsorption sites during the regeneration process.
Nevertheless, these two MBOs with such recycling performance
are expected to be practically used as alternative adsorbents
for simultaneous removal of As(V) and F~ from aqueous
solution.

Effect of competitive anions

There are also other naturally occurring anions in As(V) and F~ con-
taminated water,2~* which may compete with both As(V) and F~
for the adsorption sites. Herein, the effect of competitive anions
such as CI=, NO;~, SO,2~, CO;%7, and PO,3~ on the adsorption of
As(V) and F~ was studied individually at pH 6.5 + 0.2 and 25 °C
with a molar ratio of 1 (As(V)): 1 (F7): 1 (competitive anion).
As shown in Fig. 8, the adsorption efficiencies of As(V) by both
meso-Fe/Al and meso-Fe/La were hindered by PO,3~ compared
with CI-, NO,;~, SO,%~, and CO,?". Besides, the adsorption effi-
ciencies of F~ by both MBOs were impeded by PO,3~ and SO,?~
compared with other anions tested. Similar effects of phosphate
and sulfate on metal oxide adsorbents for removal of As(V) and
F~ were also observed previously.>'*'® In addition, the suppres-
sive effect of these competitive anions was more noteworthy for F~

than for As(V), implying As(V) has a higher affinity to these MBOs
than F~.2

XPS analysis

XPS analysis has been widely employed to study the interaction
between As(V) and/or F~ and adsorbents at the water/adsorbent
interface 142124264344 The XPS spectra of MBOs was recorded
before and after adsorption of As(V) and F~, and the results are
shown in Fig.9 and Figs S3 — S5 (Supporting information). As
shown in Fig. 9(A), besides the peaks of Fe 2p, O 1s, C 1s, Al 25, Fe
3s and Al 2p being observed in both fresh and spent meso-Fe/Al
(i.e. before and after adsorption), four peaks at binding energies
about 684.5 eV, 227.1 eV, 142.5 eV and 42.7 eV were also observed
for the spent meso-Fe/Al. These peaks can be assigned to F 1s,
As 3s, As 3p, and As 3d, respectively. Likewise, XPS peaks cor-
responding to F 1s, As 3s, As 3p, and As 3d, respectively, were
also observed for spent meso-Fe/La, meso-Ti/Al, and meso-Ti/La
(see Figures S3A — S5A in Supporting information). This observa-
tion indicates that both As(V) and F~ had been adsorbed to the
surface of MBOs, in agreement with the above batch adsorption
results.
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Figure 9. XPS spectra of meso-Fe/Al: (A) survey scans of fresh and spent adsorbent; high-resolution scans of (B) O 1s, (C) As 3d, (D) F 1s of spent adsorbent.

The high-resolution scan of O 1s peak of spent meso-Fe/Al
can be deconvoluted into four different components at bind-
ing energies of 529.9 eV, 531.1 eV, 532.0 eV, and 532.8 eV, respec-
tively (Fig.9(B) and Table S3). The peaks at 529.9eV, 531.1 eV,
and 532.8 eV can be assigned to the lattice metal-oxygen bond
(denoted as O,,), surface hydroxyls bond (denoted as O,,), and
adsorbed water hydroxyl bond (termed as O,,,), respectively.2644
The peak at 532.0 eV is attributed to As—O bonds (denoted as
O,.0) (Fig. 9(B)). For other spent MBOs, the high-resolution scans
of O 1s peak can also be deconvoluted into four components
attributable to O, 0,45, Oao. and O, o bonds respectively (see
Figures S3B — S5B and Table S3), implying the uptake of As(V)

on MBOs. Furthermore, it was also noted that the intensity of O
1s peak increased obviously after adsorption of As(V) and F~ (cf.
Fig. 9(A) and Figs S3A — S5A), suggesting that surface hydroxyls
are likely to associate with both As(V) and F~ adsorption on these
MBOs. Note that the high-resolution scans of As 3d and F 1s peaks
of the spent meso-Fe/Al appeared at binding energies 45.8 eV
and 684.5 eV, respectively (Fig.9(C, D)), which can be assigned
to As(V) and F~.'#2144 Similar observations were made in the
high-resolution scans of As 3d and F 1s peaks of other MBOs (see
Figures S3—S5). This implies that the chemical valences of both
As(V) and F~ remain unchanged after the adsorption.

wileyonlinelibrary.com/jctb

© 2018 Society of Chemical Industry

J Chem Technol Biotechnol 2019; 94: 879-891



Mesoporous bimetallic oxides (MBOs) for enhanced co-uptake of arsenate and fluoride from water

@)
SCI

WWW.S0Ci.org

(A) 100f
90 |
_.80f
)
S0l
o
260}
5 50 Bidentate Binuclear surface complex
3 L
;40 | ﬁFe—D\A;O
<._T‘:n’30 L sre-0” Yo
20
10 © 1mglLAs+10mgLF
[ = model
0 1 1 1 1 1 1 1
5 6 7 8 9 10 11 12
pH
(C) 100
©
90 |
Laol
o
@
]
'5 70 Bidentate Binuclear surface complex
B
© 60 =Ti-0_ ©
/>-. \M,
;:u':’ 50 - =10’ %o
40F © 1mglLAs+10mglLF
= model
30 'l 1 i 1 1 1 1

i n i i i 1 i 1 i 1
4 5 6 7 8 9 10 11 12
pH

(B) 100f
90 o
80
;\‘9‘70 -
- 60|
8
= 50
§ 40 Monodentate surface complex
L 30f Q=P
20
@ 1mglLAs+10mg/lLF
10F — model
D 1 1 1 1 1 1 1

(D) 100
20
80
;,E 70
- 60
&
= 50
% 40l Monodentate surface complex
]
w 3ok SLa-FH
20}
@ 1mglLAs+10mg/lLF
10F — model
0 1 1 i 1 1 i 1 1

P B N
4 5 6 7 8 9 10 11 12
pH

Figure 10. Experimental (symbols) and CD-MUSIC modeling (lines) of As(V) and F~ on (A, B) meso-Fe/Al and (C, D) meso-Ti/La in 0.01 mol L NaNO3

solutions. (As(V) =1mgL~",F- =10mg L™, adsorbent dose =2 g L~").

SCM modeling and adsorption mechanism

Due to the limited adsorption constants available in the litera-
ture, only meso-Fe/Al and meso-Ti/La were chosen to simulate
the adsorption envelopes of a dual-adsorbate system (1 mg L™’
As(V) +10mg L™" F7) in 0.01 mol L' NaNO,. The model assumed
that As(V) was adsorbed by =Fe-OH~"2 and =Ti-OH*'? groups,
and F~ was bound to =AI-OH""2 and =La-OH~"2 groups.? It
should be noted that although Al-containing oxides were not
detected by XRD (Fig. 1), XPS analysis verified the existence of
surface Al atoms on meso-Fe/Al (Fig. 9(A)), which means that the
above model assumption is sensible. It had shown that As(V)
was adsorbed via two bidentate geometries.* On the other
hand, =AI-OH"2 was generally considered as an active site
for binding As(V),*’%® our fitting result of an initial modeling
attempt by introduction of a second bidentate surface complex
(=(Al0),As0,) always overestimated the adsorption envelope at
the high pH range. Therefore, we modeled our data by using only
=(Fe0),As0,, =(Ti0),As0O,, =AIF and =LaFH surface species. The
reactions can be formulated as follows:

2=Fe - OH™'? + AsO,> (ag) + 2H" (aq) < = Fe,0,"
AsO, ™" +2H,0 (/) 3)

=Al—OH"2 4+ F (ag) + H" (aq) & = AIF2+ H,O0() (4)

e 2 3- —Ti -2
2=Ti— OH"'? 4+ AsO,*>" (aq) + 2H" (aq) < = Ti,0,?As0,
+2H,0 (/) (5)

=Lla—OH "2+ F (aq) + 2H* (ag) & = LaFH + H,0())  (6)

As shown in Table S2, the adsorption constants (logK) were
obtained by best fitting the experimental data to the model cal-
culation values. It is noted that the CD-MUSIC model satisfactorily
simulated the adsorption envelopes of As(V) and F~ on meso-Fe/Al
and meso-Ti/La with increasing pH values based on the above
assumption of four surface species (Fig. 10). Our fitting results indi-
cate that the adsorption mechanism of As(V) dominantly involved
the formation of binuclear bidentate surface complexes, whereas
F~ was bound by formation of monodentate surface complexes on
meso-Fe/Al and meso-Ti/La.

CONCLUSIONS

In summary, four mesoporous metallic oxides (MBOs) with vary-
ing components (Fe, Al, Ti, and La) were synthesized through
the evaporation-induced self-assembly (EISA) method. These
MBOs possessed high surface areas and well-defined pore struc-
tures. Adsorption tests for co-uptake of As and F~ indicated
that these MBOs have high affinity towards both As and F-,
and the maximum adsorption capacities of meso-Ti/La were as
high as 81.42mg g~' and 44.37mg g~' for As and F~, respec-
tively, much higher than those of other bimetallic oxides as
reported previously. The adsorption envelopes of As(V) and
F~ on meso-Fe/Al and meso-Ti/La in a 1mg L' As(V) + 10 mg
L' F~ system can be well stimulated by the CD-MUSIC model
with the assumption of four surface species (=(FeO),AsO,,
=(Ti0),As0,, =AIF and =LaFH). This means that these MBOs
could be potential candidates in high-efficiency decontamina-
tion of As and F~-containing wastewaters at environmental pH
ranges.
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