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1. Introduction

Novel electroblowing synthesis of submicron
zirconium dioxide fibers: effect of fiber structure on
antimony(v) adsorptiont

Johanna Paajanen, © 1*2 Satu Lonnrot, © 12 Mikko Heikkila, 2 Kristoffer Meinander,?
Marianna Kemell, ©2 Timo Hatanpaa, © 2 Kaisu Ainassaari,® Mikko Ritala®
and Risto Koivula®?

Both stable and radioactive antimony are common industrial pollutants. For antimonate (Sb(v)) removal
from industrial waste water, we synthesized submicron zirconium dioxide (ZrO,) fibers by electroblowing
and calcination of the as-electroblown fibers. The fibers are amorphous after calcination at 300 and
400 °C and their average diameter is 720 nm. The fibers calcined at 500 to 800 °C have an average
diameter of 570 nm and their crystal structure transforms from tetragonal to monoclinic at the highest
calcination temperatures. We investigated Sb(v) adsorption capacity of the synthesized ZrO, fibers as
a function of pH, adsorption isotherm at pH 6 and adsorption kinetics at pH 7. The tetragonal ZrO, fibers
calcined at 500 °C exhibited the best potential for Sb(v) remediation with Sb(v) uptake of 10 mg g~* at

1

pH 2 and a maximum Sb(v) uptake of 8.6 mg g~ in the adsorption isotherm experiment. They also

reached 30% of 7 days' Sb(v) uptake in only a minute. The adsorption kinetics followed the Elovich model.

gamma rays potentially causing a significant radiation dose to

Large quantities of antimony are used industrially in different
applications. Addition of antimony to lead increases the hard-
ness and mechanical strength of the alloy. Antimony is also
used in pigments, as an oxidation catalyst and in therapeutic
agents. The majority of antimony is used as a flame retarding
additive in a wide variety of products.’ In total 144 000 tons of
Sb were produced by mines in 2016.> Anthropogenic pollution
comes mainly from mining and smelting of antimony. In highly
polluted areas the concentration of soluble antimony can be
over 100 times the natural level of 1 pg L™".* Antimony is toxic
and carcinogenic, and its removal from contaminated water is
essential. The European Union and the Environmental Protec-
tion Agency of the United States have determined the maximum
allowed concentration of antimony in drinking water to be 5
and 6 ug L™, respectively.>* Antimony is also problematic in the
nuclear power industry. Three antimony isotopes '2*Sb, '**Sb
and '*°Sb are produced through neutron activation of corrosion
products in a nuclear reactor. The isotopes emit high-energy
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the personnel.® It is estimated that in Loviisa Nuclear Power
Plant (PWR, VVER-440), Finland, about 50% of the radiation
dose received by personnel during the annual maintenance is
caused by radioactive antimony isotopes.*’

Antimony exists mainly in the two oxidation states of anti-
monite Sb(ur) and antimonate Sb(v)." Sb(v) is prevalent in oxi-
dising conditions but it is also reported to be found in
anaerobic conditions."® Sb(v) has two hydroxyl species, Sb(OH);
which is prevalent in acidic conditions and Sb(OH)s~ which
exists above pH 3.° Also SbO,", H[Sb(OH)], HSbO; and SbO;~
species have been suggested.’ In a reducing environment,
Sb(m) is prevalent and it has three hydroxyl species, Sb(OH),",
Sb(OH); and Sb(OH),”, which are in the order from acidic to
alkaline.” Sb(m) is relatively easy to remove by conventional
cation exchangers. As a negatively charged ion, Sb(OH)s is
more mobile and soluble than Sb(m) and is not effectively
retained by conventional ion exchangers. For this reason, Sb(v)
was selected as the subject for this study."

Adsorption has proven to be a cost-effective and simple
manner to purify Sb contaminated waters."> Adsorbents can be
divided into inorganic and organic groups that can be produced
by gathering from nature, manufacturing synthetically and
collecting from residue or waste streams. For example, activated
carbon prepared from peanut shell has been used for Cr(vi)
removal,” iron oxide nanocomposites for Pb(u), Cd(u), Cr(u)
and Co(u) separation™** and iron oxide metal-organic frame-
work for U(vi) and Th(v) sequestration.’® Powderous, granular
and fibrous zirconium dioxide have exhibited high Sb(v)
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adsorption capacities.”” ™ ZrO, has a good performance even in
a chemically harsh environment by tolerating acidic and alka-
line as well as oxidising and reducing conditions and it is also
a nontoxic substance.'®*

Nano- and submicron fibers have some unique characteris-
tics such as a good tensile strength and large specific surface
area due to a small diameter and porous structure.***
Mechanical properties of the fibers could make it possible to
use them in flow-through separation columns even with high
flow rates and the large specific surface area could ensure
a good adsorption capacity. Nano- and submicron fibers would
also be an excellent adsorbent for radioactive waste water
treatment in the nuclear industry, as due to their small size they
would significantly reduce the volume of radioactive waste that
requires a permanent repository in the environment. Hence,
zirconium dioxide fibers have potential for an efficient and eco-
friendly adsorbent for various industrial applications.

Template immersion in zirconia sol,* electrospinning,
sol-gel method,* high-speed centrifugal spinning* and solu-
tion blowing®' have been utilized for fabricating nano- and
microscale ZrO, fibers. So far, the most common method to
synthesize ZrO, fibers has been electrospinning (ES). In elec-
trospinning, a pump delivers a polymer containing solution
through a needle to which a high voltage power supply is con-
nected. The applied high voltage induces electric charges within
the solution, and the solution jet stretches and travels towards
a grounded collector with a lower potential. During the
stretching of the solution jet, the entangled polymer chains
prevent the jet from breaking up thus maintaining a continuous
fibrous jet. Electrospinning is a favoured technique because the
morphology and properties of the fibers can be controlled, it is
simple and cost-efficient, and the process is reproducible and
upscalable for industry.>?>-3*

Solution blowing (SB) or solution blow spinning (SBS) is
a fiber fabrication process that exploits two parallel concentric
fluid streams: a polymer and other reactants dissolved in
a volatile solvent and a pressurized gas that flows around the
solution, forming fibers that are deposited in the direction of
the gas flow. Generally, an SBS setup consists of a compressed
gas source for delivering the carrier gas and a pump for the
precursor solution.* Solution blow spinning enables deposition
of fibers onto both planar and nonplanar substrates with
a production rate that is up to 20 times faster than the
conventional electrospinning. SBS usually produces fibers that
are aligned in bundles, whereas electrospinning yields un-
aligned, single nanofibers that are tightly packed and highly
entangled. Solution blown fiber mats also have a lower modulus
than electrospun fiber mats.***

In electroblowing (EB, blowing-assisted electrospinning,
electro-blown spinning) fiber formation is driven by both
electrostatic forces and high velocity gas flow.** In other words,
electroblowing is a combined technique of electrospinning
and solution blowing and has the advantages of both. Due to
the assisting gas flow, the production rate of electroblowing
can be even 30 times that of electrospinning.”” In electro-
spinning, the feed rate of the precursor solution is usually 0.1
to 5 mL h™" while in electroblowing the feed rate may be as
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high as 150 mL h™~'.** The applied high voltage causes elec-
trostatic repulsions between the polymer fibers and thereby
prevents the bundling of the fibers as typical for solution
blowing and results in single randomly oriented and highly
entangled fibers.>”** Since electrospinning has proven to be
upscalable to industry, the same should be feasible for elec-
troblowing too.

Herein we report on the synthesis of submicron zirconium
dioxide fibers by electroblowing and calcination of the as-
electroblown material. Moreover, we report on the effects of
the crystal structure of the synthesized zirconia fibers on sorp-
tion of antimony(v) from an aqueous solution. To the authors’
knowledge there are no prior reports on how the crystal struc-
ture of ZrO, fibers affects their ability to adsorb Sb(v).

2. Experimental

2.1. Materials

The precursor solutions for the electroblowing experiments
were made from zirconyl chloride octahydrate (ZrOCl,-8H,0,
Alfa Aesar, 98%), polyvinylpyrrolidone (PVP, (CcHoNO),,, M,, =
1 300 000, Alfa Aesar), ethanol (C,HsOH, 96 vol%, GPR REC-
TAPUR) and deionized water.

In adsorption experiments KSb(OH), (Sigma-Aldrich) and
NaNO; (>99%, VWR Chemicals) were used. 200 mg L™ Sb(v)
stock solution was made by dissolving KSb(OH) in deionized
water. In all solutions and samples deionized water (18.2
MQ cm at 25 °C, Millipore) was used. Samples were diluted for
Sb(v) concentration measurement with hydrochloric acid (30%,
Merck Suprapur) and nitric acid (67-69%, Romil SpA super

purity).

2.2. Synthesis and characterisation of the ZrO, fibers

The precursor solutions for the electroblowing were prepared by
dissolving an appropriate amount of ZrOCl,-8H,O first in
deionized water followed by mixing with a certain amount of
beforehand prepared 12 wt% PVP/EtOH solution. The mass
fractions of the individual components in the precursor solu-
tions were 11 wt% for ZrOCl, - 8H,0, 31 wt% for deionized H,O,
7 wt% for PVP and 51 wt% for ethanol. The solutions were
stirred at room temperature with a magnetic stirrer until they
became clear and homogeneous.

The solutions were electroblown into fibers using a self-
made equipment.” Compressed air was delivered through
a custom-made 3 mm metal nozzle at a rate of 30 NL min~". A27
G (inner diam. 0.21 mm) needle was pushed through the nozzle
and placed at the center of the gas flow protruding ca. 2 mm
from the aperture. The needle was attached to a 10 mL syringe
and the solution was fed through the needle at a rate of 15 mL
h~" with a syringe pump (KDS Legato™). Thus the feed rate was
15 to 150 times as high as reported for the electrospinning of
ZrO,, fibers.?>**?® A voltage of 15 kV was applied to the nozzle
and needle. The solution jet ejected from the needle tip was
collected as fibrous mats on grounded metal grid collectors
comprising a cylindrical collector with a diameter of 50 cm and
a planar back collector at an 80 cm distance from the nozzle.

This journal is © The Royal Society of Chemistry 2019
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The collectors were placed inside a box with an additional
drying air flow (40 NL min~") for enhanced solvent vapour
removal from the box through holes located behind the back
collector. The relative humidity remained below 15% within the
box during the experiments. The electroblowing process worked
well ie. the solution jet remained stable in repeated experi-
ments. The as-electroblown fibrous mats were detached from
the collectors and calcined in an ashing furnace in air at 300,
400, 500, 600, 700 and 800 °C for 6 h with a heating rate of
1°C min~". The yield of pure fibrous ZrO, was at best 0.63 g per
hour of electroblowing.

The calcined fibers were imaged by field emission scanning
electron microscopy (FESEM) and scanning transmission elec-
tron microscopy (STEM) with a Hitachi S-4800 field emission
SEM. Elemental analysis of the fibers before and after adsorp-
tion of Sb(v) was conducted with an Oxford INCA 350 energy
dispersive X-ray microanalysis (EDX) system. Prior to the char-
acterization by FESEM and EDX a 4 nm layer of Au/Pd was
sputtered on the samples to improve image quality. The average
diameters of the fibers were determined with an Image]J soft-
ware. The crystallinity and crystalline phases of the fibers were
analysed with a PANalytical X'Pert PRO MPD X-ray diffractom-
eter using Cu Ko radiation and focusing optics. The relative
amounts of different crystalline phases and the mean crystallite
sizes were determined from the XRD data by the Rietveld
refinement using a MAUD software.* The oxidation state of
zirconium, the presence of hydroxyl groups on the surface of the
fibers and the oxidation state of adsorbed antimony were ana-
lysed by X-ray photoelectron spectroscopy (XPS) with an Omi-
cron ARGUS spectrometer operated at a pass energy of 20 eV.
Samples were illuminated using Mg Ko radiation. Binding
energies were calibrated using the C 1s peak of ambient
hydrocarbons at 284.8 eV. Peaks were fitted using a CasaXPS
software. A thermogravimetric analysis (TGA) of the as-
electroblown fibers was conducted with a NETZSCH STA 449
F3 Jupiter® system using a heating rate of 10 °C min~" in
a temperature range of 25 to 1000 °C in air (80 mol%) and N,
(20 mol%, the purge gas). The specific surface areas of selected
samples were measured by N, physisorption at 77 K with
a Micromeritics ASAP 2020 Gas sorption analyser.

2.3. Adsorption studies

Zeta potential. Zeta potential was determined as a function
of pH for ZrO, fibers calcined at different temperatures.
Samples contained 0.5 g L™ " of fibers in 0.01 M NaNO; and pH
was adjusted to a range of 1 to 8 with HCl or NaOH. Samples
were let to equilibrate for 24 h before measurement of equi-
librium pH and zeta potential using Malvern Zetasizer Nano ZC.
In addition, zeta potential of the fibers calcined at 500 °C after
Sb(v) adsorption was determined.

Effect of pH. Sb(v) uptake of ZrO, fibers calcined at different
temperatures was determined as a function of pH. In these tests
10 mg of ground fibers was weighed into 20 mL scintillation
vials and 20 mL of 0.01 M NaNO; solution containing 10 mg L™
Sb(v) was added into the vials. The pH of the solution was set
from 1 to 10 with small amounts of either NaOH or HCI.

This journal is © The Royal Society of Chemistry 2019
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Samples were equilibrated in a constant rotary mixer (50 rpm)
for one day after which the equilibrium pH was measured.
Samples were phase separated by centrifugation at 4000 rpm
(2100g) and syringe filtration (Acrodisc LC 0.2 um PVDF). The
filtered samples were diluted with an acid mixture of HNO; and
HCI before measuring the remaining Sb(v) in the solution with
an Agilent 7800 ICP-MS. Sb(v) uptake was calculated with eqn

1)

Co— Ceq) V
Jeq = %7 (1)

where g4 is the amount of adsorbed Sb(v) (mg g™ ), ¢, and ceq
are the initial and equilibrium Sb(v) concentrations (mg L")
respectively, Vis the sample volume (L) and m is the mass (g) of
the dry adsorbent.

Kinetics. In the kinetic experiments 50 mg of ZrO, fibers was
weighed into a beaker and 100 mL of 0.01 M NaNOj; solution
(pH 7.0) containing 10 mg L™" Sb(v) was added. The solution
was mixed with a magnetic stirrer to keep the material
dispersed. Sample aliquots were taken at defined time intervals.
Phase separation was done by syringe filtration (0.2 pm), and
the samples were diluted and measured as described above.

Isotherm. In the isotherm experiments 1 to 25 mg L™" of
Sb(v) in 0.01 M NaNOj; was mixed with (0.5 g L") fibers calcined
at 300 to 800 °C. The solution pH was adjusted to 6.0 with either
a small volume of NaOH or HCI and the samples were equili-
brated for 24 h before equilibrium pH measurement and phase
separation.

Reusability. Reusability of the ZrO, fibers was studied with
an adsorption/desorption method. In the experiment 0.5 g L™
fibers were loaded for 18 hours in a solution containing
10 mg L™ " Sb(v) and 0.01 M NaNO; at pH 6.0 + 0.2. The material
was rinsed with deionized water and regenerated with 1 M
NaOH for 6 h. After the regeneration step the fibers were washed
with deionized water until a neutral pH was achieved. The
adsorption/desorption cycle was repeated five times.

3. Results and discussion

3.1. SEM, STEM and EDX analysis of the ZrO, fibers

As-electroblown ZrO,/PVP fibers and ZrO, fibers calcined at
700 °C are shown in Fig. 1. FESEM images of the uncalcined
ZrO,/PVP fibers and ZrO, fibers calcined at 400, 500 and 800 °C
are presented in Fig. 2 and 3. The uncalcined fibers possessed
the highest average diameter, 1260 nm. As to the calcined fibers,
the average diameter seemed to depend on the calcination
temperature. After calcination at the lower temperatures there
were apparently some polymer residues left since the average
diameters of the fibers calcined at 300 to 400 °C and 500 to
800 °C were 720 and 570 nm, respectively. All the fibers seemed
to be solid and no fused fibers nor many beads were observed.
The solid nature of the fibers was confirmed by scanning
transmission electron microscopy (STEM) (Fig. 4). However,
there were differences in the morphology of the fibers calcined
at different temperatures. The uncalcined fibers as well as the
fibers calcined at 300 to 500 °C were round in cross section and
had a smooth surface. The fibers calcined at 600 to 800 °C were

Nanoscale Adv., 2019, 1, 4373-4383 | 4375
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Fig. 1 As-electroblown ZrO,/PVP fibers (on the left) and pure ZrO, fibers calcined in air at 700 °C (on the right) on 150 mm silicon wafers. The

calcined fiber mats have shrunk due to the removal of the polymer.

\|
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Fig.2 FESEM images at low magnification of the uncalcined ZrO,/PVP
composite fibers (A) and the fibers calcined at 400 °C (B), 500 °C (C)
and 800 °C (D) for 6 hours.

'$4800 3.0KV. 4.4mm x25.0k SE(M)

$4800 3.0KV. 38imm x30.0K SE|

Fig. 3 FESEM images at high magnification showing the surface
morphology of the uncalcined ZrO,/PVP fibers (A) and the ZrO, fibers
after calcination at 400 °C (B), 500 °C (C) and 800 °C (D) for 6 hours.

less round in cross section and their surface was rougher. The
roughness of the surface increased with increasing calcination
temperature; the fibers calcined at 700 and 800 °C seemed to

4376 | Nanoscale Adv., 2019, 1, 4373-4383

consist of nanogranules connected together. The granular
surface of the ZrO, fibers calcined at 800 °C is shown in Fig. 3D.
The results of the elemental analysis of the fibers before and
after adsorption of Sb(v) are presented in the ESI (Fig. S1 to S37).

3.2. Thermogravimetric analysis of the ZrO, fibers

In the TGA curve (Fig. 5) of the ZrO,/PVP composite fibers, the
weight loss up to 100 °C must be due to the removal of residual
solvents water and ethanol. Most of the mass loss, ie.
combustion of the polymer, takes place in a temperature range
of 300 to 500 °C. For bare PVP under air, the complete
combustion takes place in a temperature range of 300 to
700 °C.* Based on the results of the TG analysis, the weight of
the pure ZrO, fibers is 30% of the weight of the initial ZrO,/PVP
composite fibers. This is in accordance with our other experi-
mental results. However, in our studies, the pure ZrO, was
formed already at 500 °C, whereas the TGA curve indicates that
a temperature of 750 °C is required for a complete removal of
the polymer residues. The difference in the temperatures is
probably caused by higher oxygen content in our calcining
furnace in which the atmosphere comprises air instead of air/N,
mixture and a long enough calcination time which together
result in a more effective combustion of the polymer.

3.3. Crystal structure of the ZrO, fibers

X-ray diffraction patterns of the zirconium dioxide fibers
calcined at different temperatures in air for six hours are shown
in Fig. 6. The relative amounts of different crystalline phases
and mean crystallite sizes of the fibers calcined at 500, 600, 700
and 800 °C are listed in Table 1. From the X-ray diffractograms it
may be noticed that the structure of the fibers transforms from
amorphous to the tetragonal between 400 and 500 °C and
gradually from the tetragonal to the monoclinic between 500
and 800 °C. The same kind of crystallization behaviour has also
been observed in previous studies on zirconium dioxide nano-
and microfibers.?>**”

It is seen from Table 1 that the crystallite size of the fibers
increases due to sintering as the calcination temperature is
increased. The large crystallites of around 60 nm in the fibers
calcined at 800 °C are clearly observable by FESEM (Fig. 3D). It
is also evident that as the temperature and crystallite size
increase, the relative proportion of the monoclinic phase

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 STEM images of the ZrO, fibers calcined at 400 °C (A), 500 °C (B) and 800 °C (C) for 6 hours.
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Fig. 5 Thermogravimetric curve of the as-electroblown ZrO,/PVP
composite fibers in air (80 mol%) and N, (20 mol%, the purge gas).

Intensity (A. u.)

26(°)

Fig. 6 X-ray diffractograms of ZrO, fibers calcined at different
temperatures for 6 hours. T and M denote tetragonal and monoclinic
crystalline phases respectively.

increases. The tetragonal phase is predominant up to a calci-
nation temperature of 600 °C. After calcination at this
temperature, the average crystallite size of both the tetragonal

This journal is © The Royal Society of Chemistry 2019

Table 1 Ratio of tetragonal to monoclinic phase and approximate
crystallite sizes of the ZrO, fibers calcined at 500, 600, 700 and
800 °C. T and M refer to tetragonal and monoclinic phases
respectively

/M App. cryst.
Cale. T ratio (wt%) size T/M (nm)
500 °C 89/11 9/13
600 °C 61/39 26/26
700 °C 15/85 29/40
800 °C 0/100 —/63

and monoclinic phase is 26 nm. After calcination at 700 °C, the
majority of the crystals are 40 nm in size and have the
monoclinic phase. Only a minor portion of the crystals are in
the tetragonal phase and their size hasn't increased much
compared to the fibers calcined at 600 °C. The results are well
supported by the theory of Garvie***” who estimated the crit-
ical crystallite size for the stabilization of the tetragonal
zirconia to be approximately 30 nm. Garvie suggested that
owing to the lower surface free energy of the tetragonal ZrO,
and lower bulk free energy of the monoclinic ZrO,, the
tetragonal crystallites are stabilized when they are small
enough to provide a large enough surface area to counteract
the higher bulk free energy.

3.4. Specific surface area, pore size and pore volume analysis
of the ZrO, fibers

Specific surface area of the ZrO, fibers was analysed by the
Brunauer-Emmett-Teller (BET) method, and the pore size and
volume of the fibers were analysed by the Barrett-Joyner-
Halenda (BJH) method using nitrogen gas adsorption and
desorption in both analyses. Prior to the analyses, the samples
were ground in order to better correspond to the conditions in

Table 2 BET specific surface area, BJH desorption total pore volume
and BJH desorption average pore diameter of the ZrO, fibers

BJH av. pore
Cale. T BET surface area BJH pore volume diameter
400 °C 0.93m>g ! 0.0044 cm® g ! 15 nm
500 °C 14m>g*! 0.0184 cm® g ! 4.1 nm
800 °C 1.7m’>g ! 0.0179 cm® g ! 15 nm

Nanoscale Adv., 2019, 1, 4373-4383 | 4377
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the adsorption experiments. Both amorphous and tetragonal as
well as monoclinic ZrO, were analysed, calcined at 400, 500 and
800 °C, respectively. The results are presented in Table 2. From
the results it can be observed that the fibers calcined at 500 °C
have the greatest surface area and pore volume. The fibers
calcined at 400 °C have the smallest surface area and pore
volume.

3.5. Surface analysis of the ZrO, fibers by X-ray
photoelectron spectroscopy (XPS)

In order to examine the chemical composition of the ZrO, fiber
surfaces both before and after adsorption of Sb(v) an X-ray
photoelectron spectroscopy analysis was performed. Fibers
calcined at 400 °C were analysed before and fibers calcined at
500 °C were analysed after the adsorption of Sb(v). Survey
spectra of the fibers are shown in Fig. S4.f The detected
elements were Zr, Sb, O and C. Contents of the elements and
different bonding environments of O and C atoms are presented
in Table S1.f The fibers proved to be quite pure as the only
contaminant was carbon. Except for the carbon from ambient
air minor amounts of residual carbon from the polymer were
detected (denoted atypical carbon in Fig. 7). This is in line with
the TG analysis of the as-electroblown ZrO,/PVP composite
fibers, that revealed the total removal of the polymer not to be
complete until at 750 °C (Fig. 5). All the Zr atoms had an
oxidation state of +4 and all the Sb atoms an oxidation state of
+5. A major part of the oxygen signal originated from adsorbed
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hydroxyl groups and water, 70 mol% and 50 mol% for the fibers
analysed before and after adsorption of Sb(v) respectively.

3.6. Adsorption properties of the ZrO, fibers

The calcination temperature is known to have a major impact
on adsorption properties of a material through crystal struc-
ture transformations, morphology and chemical composition.
Therefore, the effect of calcination temperature on Sb(v)
adsorption by ZrO, fibers was studied. The pH affects both
speciation of Sb(v) and properties of the adsorbent. The
optimal uptake pH can be found in an area where the charges
of the adsorbing Sb(v) species and the adsorbent surface are
the opposite. The zeta potential measurement showed that the
surface charges of all the fibers are positive from the most
acidic sample to their point of zero charges (pHpzc), Fig. 8.
Estimated pHpyc values are 5.3, 6.4, 6.8, 6.8, 6.8 and 6.9 in
order of increasing calcination temperature of the fibers. The
pPHpzc of the fibers calcined at 300 °C is clearly and pHpyc of
the fibers calcined at 400 °C is slightly lower than those of the
rest of the fibers. This could be attributed to a higher amount
of polymer residues in the fibers calcined at lower tempera-
tures. According to the Sb(v) uptake results (Fig. 9), the
optimum pH for adsorption is between 2 and 3 for all the
synthesized fibers since in this pH range the surface charge of
the fibers is highly positive and Sb(OH)s~ becomes increas-
ingly prevalent over the neutral Sb(OH); species. Based on
density functional theory (DFT) calculations, Sb(OH)s~
adsorbs on tetragonal and monoclinic ZrO, (111) planes by
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—— Total fit — Total fit
; —2r* 3d,, oy Z** 3dy,
< —2* 3dg, < ——2** 3d
2 3dg,, 5 512
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Fig. 7 High resolution X-ray photoelectron spectra of ZrO, fibers before (calcination 400 °C) and after (calcination 500 °C) adsorption of Sb(v).
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Fig. 9 Sb(v) uptake capacities of ZrO, fibers calcined at 300 to 800 °C
as a function of pH with 10 mg L™ Sb(v) in 0.01 M NaNOs (0.5 g L™*
ZFOZ).

oxygen atoms of Sb(OH)s  binding with Zr atoms.' Two
oxygen atoms bind with one Zr atom on the tetragonal ZrO,
(111) plane and three oxygen atoms bind with three Zr atoms
on the monoclinic ZrO, (111) plane. At the higher pH values
larger concentration of competing OH™ ions probably
hampers the adsorption of Sb(OH)s by creating negative
surface charge on the fibers.

Zeta potential of the fibers calcined at 500 °C decreases after
adsorption of Sb(v) in the studied pH range and pHp,c drops
from 6.8 to approximately 2.0, Fig. 8. Several studies have sug-
gested that the decrease of the adsorbent's zeta potential after
adsorption of anions is related to an inner-sphere complexation
in which chemical bond is formed between Sb(OH)s~ and

This journal is © The Royal Society of Chemistry 2019
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adsorbent surface.'®**** In contrast, an outer-sphere complex-
ation reaction is based on physical interaction between the
anion and positively charged adsorbent surface and does not
change the surface charge of the adsorbent. Our results show
that the zeta potential decreases drastically after Sb(v) adsorp-
tion indicating an inner-sphere complexation reaction.
Adsorption is most efficient in the pH range where charges of
the adsorbent and adsorbate are opposite implying that
adsorption is most probably initiated by electrostatic attraction.
However, the possibility of adsorption partly occurring by outer-
sphere complexation cannot be excluded.

The fibers calcined at 500 °C show the highest adsorption
capacity throughout the studied pH range. At this calcination
temperature, the tetragonal crystal structure is formed. Below
500 °C, the fibers remain amorphous, and when the tempera-
ture is raised further, the monoclinic structure becomes
increasingly prevalent (Table 1). Hence, it is probable that the
tetragonal crystal structure has a significant impact on the
adsorption since the adsorption capacity of the fibers decreases
along with the amount of the tetragonal phase. Similarly, Luo
et al. observed that a high tetragonal to monoclinic ratio of ZrO,
was associated with a large Sb(v) adsorption capacity when
compared to lower ratios."” They suggested this to stem from
a higher adsorption energy of Sb(v) onto the tetragonal than the
monoclinic ZrO, and hence a more stable adsorption. More-
over, as already seen (Tables 1 and 2), the calcination process
leads to the crystallite growth and densification of the structure
and thereby a decrease in the specific surface area. The densi-
fication is probably also destroying sites taking part in the Sb(v)
adsorption by crystal defect removal. Thus, it is possible that the
crystal structure transformation and crystallite growth, which is
decreasing the specific surface area, have a combined effect on
lowering the adsorption capacity when the fibers are calcined
above 500 °C. As regards the fibers calcined at 300 and 400 °C,
the amorphous structure, a small specific surface area, low
porosity and possible polymer residues blocking the fiber
surfaces are likely to weaken the adsorption properties. The
tetragonal structure, large surface area and higher porosity
evidently enhance the Sb(v) adsorption properties of the ZrO,
fibers calcined at 500 °C.

Fast adsorption kinetics is essential for purification of
high volumes of water. To assess if the ZrO, fibers are fast
enough to be used in real processes the adsorption kinetics
was studied (Fig. 10). The tetragonal ZrO, fibers calcined at
500 °C reach 30% of 7 days' uptake in only one minute. The
one minute Sb(v) uptake percentage of the other fibers ranges
from 10 to 40% but higher Sb(v) adsorption capacity (in mg
g~ ") of the tetragonal ZrO, fibers calcined at 500 °C makes
them superior compared to the other fibers. The amount of
Sb(v) adsorbed by the fibers follows the proportion of the
tetragonal crystal structure in the fibers, as seen from Fig. 9.
As revealed by Fig. 10, there are no noticeable differences in
the Sb(v) uptake capacities between the amorphous (calcina-
tion 300 and 400 °C) and completely monoclinic (calcination
800 °C) ZrO, fibers. However, an interesting difference was
observed between the fibers calcined at the lowest and highest
temperatures. Regardless of the calcination temperature, the
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Fig. 10 Sb(v) uptake capacities of ZrO, fibers calcined at 300 to
800 °C as a function of time with initial 10 mg L™ Sb(v) in 0.01 M
NaNOs.

pH began to decrease from 7 at the moment the solution was
brought into contact with the fibers. The decrease in pH was
the greatest for the fibers calcined at 300 °C (pH,q 4.4) and the
smallest for the fibers calcined at 600 to 800 °C (pHcq 6.3). For
the fibers calcined at 400 and 500 °C the equilibrium pH was
6.0.

Three different kinetic models, described below, were fitted
to the kinetic data in their non-linear forms. The pseudo-first-
order (PFO) model was introduced by Lagergren in 1898 to
describe adsorption of oxalic and malonic acid onto charcoal
from the liquid phase. The kinetics is thought to be limited by
an intra-particle diffusion and usually fits the data best at high
initial concentrations.**** The PFO eqn (2) is written in the form

q:r = qeq(l - eiK") (2)

where g, (mg g~ ') is the amount of adsorbed Sb(v) at time ¢ (h)
and geq (mg g ') is the amount of adsorbed Sb(v) at equilibrium.
Ky (h™") is the pseudo-first-order rate constant.>-

The pseudo-second-order model (PSO) assumes that the rate
is limited by a chemical reaction that involves sharing or
exchange of electrons between the adsorbent and adsorbate.
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The adsorption rate is unaffected by a reverse reaction and the
model works particularly well at low concentrations. The PSO
model (3) is expressed in the form

qequzt

= —— 3
1+ qquzt ( )

qt
where K, (g mg h™') is the pseudo-second-order rate
constant.”

The Elovich eqn (4) was presented by Zeldowitsch to describe
the chemisorption rate of carbon monoxide on manganese
dioxide. The rate of adsorption decreases exponentially with an
increase in the adsorbed gas. Although the model was devel-
oped for gas adsorption, in recent years, the Elovich equation
has been used to describe adsorption of different ions from
aqueous systems by heterogeneous adsorbents.”

1 1
q = Bln(aﬁ) + Bln(l). (4)

In eqn (4) @ (mg g ' h™") is the initial adsorption rate, and
8 (g mg™") is the desorption constant.*

The goodness of the fit was assessed by the coefficient of
determination (R*) (Table 3) and residual analysis (Fig. S57).
According to these analyses, the Elovich model fits the kinetic
data the best and the pseudo-second-order the second best
meaning that adsorption kinetics in the studied time range
follow logarithmic model.

The highest PFO K; values are observed for fibers calcined at
400, 500 and 800 °C. Similar to PFO model, PSO model's K,
values belonging to fibers calcined at 400 and 800 °C are the
highest. However, the third highest value is observed for fibers
calcined at 300 °C instead of 500 °C. The g4 values of PFO and
PSO models are close to each other but the models seem to
systematically underestimate the experimental equilibrium
values due to poor correlation with the data. With the Elovich
equation the highest adsorption constants are observed for
fibers calcined at 400, 500 and 800 °C and highest desorption
constants for fibers calcined at 300, 400 and 800 °C.

Isotherm experiment was conducted for fibers calcined at
300 to 800 °C to determine the effect of calcination temperature
on adsorption capacity. In the studied equilibrium concentra-
tion area, the tetragonal fibers calcined at 500 °C achieve the
highest adsorption capacity, Fig. 11. This was expected since the

Table 3 Model parameters and coefficient of determination for pseudo-first-order (PFO), pseudo-second-order (PSO) and Elovich models for

ZrO, fibers calcined at different temperatures

PFO PSO Elovich
o
Cale. T K (h™) Geq (Mg g™") R K (gmgh™) Geq (Mg g™") R (mgg'h) (gmg™) R
300 °C 3.4 1.2 0.578 2.8 1.3 0.673 61 7.0 0.859
400 °C 28.2 1.0 0.668 34.9 1.1 0.741 8040 13.4 0.785
500 °C 11.5 6.6 0.720 2.4 6.9 0.843 4072 1.7 0.978
600 °C 4.8 3.4 0.733 2.1 3.5 0.853 521 2.9 0.976
700 °C 1.4 1.9 0.729 0.9 2.0 0.814 36 4.5 0.964
800 °C 31.5 1.2 0.373 22.9 1.2 0.538 1517 9.5 0.899
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Fig. 11 Sb(v) adsorption isotherms for ZrO, fibers calcined at 300 to
800 °C after 24 h. Initial Sb(v) concentration was 1 to 25 mg L™t in
0.01 M NaNOs at pH 6.0.

same fibers had the highest uptake in the pH effect experiments
due to its tetragonal structure and the largest surface area. The
large surface area enables the highest capacity by offering more
adsorption sites for antimony as repulsion between adsorbed
and solute Sb(OH), interferes further adsorption. Based on the
EDX mapping results (Fig. S31) the whole fiber length is taking
part in adsorption maximizing the capacity by decreasing
repulsion between adsorbed and solute Sb(OH)s . The second
highest capacity is observed for fibers with the second highest
portion of tetragonal crystallites (calcination 600 °C) and
correspondingly the third highest capacity, with a small margin,
for fibers with the third highest portion of tetragonal crystallites
(calcination 700 °C). For fibers calcined at 300, 400 and 800 °C
the experimental adsorption capacity is almost the same. Based
on the values at the last data point the maximum capacities in
the calcination temperature order are 3.2, 2.9, 8.6, 5.4, 3.4 and
2.5 mg g~ ". Higher values could be achieved in the optimal pH
range from 2 to 3. However, the obtained adsorption capacities
are in the same order of magnitude as those of inorganic
adsorbents for Sb(v) such as 0.556 mg g~ * for bentonite at pH
6,°11.27 mg g~ for goethite at pH 6.0 (ref. 55) and 8.6 mg g~ * for
TiO, nanoparticles at pH 2.2.°® Even higher adsorption capac-
ities have been achieved with highly porous or high surface area
products such as 60.4 mg g * for Fe-Zr bimetal oxide'® at pH
7.0,57.2 mg g~ for zirconium oxide carbon nanofibers™ at pH
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7.0 and 18.5 mg g ' for ferric hydroxide® at pH 7.0. The
experimental data was evaluated using Freundlich (eq. (5)) and
Langmuir (eq. (6)) isotherm models.*>>?

Geq = kFCeq”n~ (5)
quLCeq

=== 6

feq 1+ kiceq (©)

where geq (mg g~ ') is the amount of adsorbed Sb(v) at equilib-
rium, ceq (mg L") is the Sb(v) concentration at equilibrium, &
(mg' =" LY g1y and n are Freundlich constants, ¢, (mg g~ %)
is maximum monolayer capacity and k;, (L mg™") is Langmuir
constant. Analyzed parameters are listed in Table 4 and model
fittings are presented as ESI (Fig. S67).

Based on the R> values and residual analysis Freundlich
model (R*> 0.907-0.981) describes isotherm data better than
Langmuir model (R* 0.698-0.936) with all fibers (Fig. S6). This
indicates that adsorption would occur as multilayer adsorption
on heterogeneous sites rather than approaching full monolayer
coverage. Due to a low correlation with Langmuir model,
maximum monolayer capacities (g.,) are significantly different
from experimental values. Model seems to overestimate
maximum capacities of fibers calcined at 300 and 400 °C but
then again model underestimates the maximum capacities of
fibers calcined at 500 and 600 °C. However, model succeeds to
evaluate capacities of fibers calcined at 700 and 800 °C that
experimental values are close to Langmuir monolayer
capacities.

Reusability of ZrO, fibers calcined at 500 and 600 °C, which
had the highest capacities in the isotherm experiment, was
studied for five adsorption/desorption cycles using 1 M NaOH as
a desorption agent due to a good regeneration performance of
NaOH in the literature.*>*”* The initial Sb(v) uptakes of the fibers
calcined at 500 °C and 600 °C are 6.2 mg g ' and 3.9 mg g ',
respectively. In the second cycle, the uptake dropped to 54% and
52% of the first cycle's values, respectively, and on the last cycle
uptake of both materials was 40% of the initial uptake. Thus, the
decrease in the uptake of these two materials is rather similar
despite their different capacities and structure. The fact that the
material is only partially regenerable is probably due to the
different adsorption sites: strong chemical sites (inner-sphere
complexes) and weak physical sites (outer-sphere complexes).
Elution of chemically bound Sb(v) is difficult but regeneration of
the weak sites is possible with OH™ which is observed also for La-
doped magnetic biochars®® and Mg/Al layered double

Table 4 Freundlich and Langmuir model parameters and R? values obtained from Sb(v) isotherm data fitting

Freundlich Langmuir

Cale. T kg (mgt~ ™ L g1 n R? gm (mg g™ kL (Lmg ™) R

300 °C 0.39 1.5 0.970 6.4 0.040 0.936
400 °C 0.49 1.7 0.944 4.9 0.068 0.932
500 °C 4.6 5.0 0.981 7.2 3.1 0.746
600 °C 2.3 3.9 0.972 4.7 0.88 0.698
700 °C 1.1 2.9 0.949 3.3 0.33 0.756
800 °C 0.69 2.6 0.907 2.6 0.22 0.747

This journal is © The Royal Society of Chemistry 2019
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Fig. 12 The Sb(v) uptake of the fibers calcined at 500 °C and 600 °C in
five adsorption/desorption cycles. In the adsorption cycle 0.5 g L™ of
ZrO; fibers is loaded with 10 mg L™tin 0.01 M NaNOs at pH 6.0 for 18 h
and regenerated with 1 M NaOH for 6 h between adsorption cycles.

hydroxide.>® The regeneration ability of NaOH from the weak
adsorption sites bases on deprotonation of the material surface
which is leading to electrostatic repulsion between negatively
charged surface and Sb(OH)s .*® Due to a reasonable regener-
ability of the fibers, the reuse of the materials is possible with
some compromise in the adsorption capacity (Fig. 12).

4. Conclusions

For removal of Sb(v) from industrial waste water, we have
synthesized ZrO, fibers with an average diameter of 570 to
720 nm. The fibers were prepared by electroblowing and calci-
nation of the as-electroblown fibers. The throughput of the fiber
preparation was considerably improved compared to electro-
spinning. The calcination temperature affects both the
morphology and crystallinity of the fibers. Up to a calcination
temperature of 500 °C the fibers are smooth and their structure
transforms from amorphous to the tetragonal between 400 and
500 °C. The fibers coarsen and the amount of the monoclinic
phase increases at the higher calcination temperatures. The
fibers turn completely to the monoclinic between 700 and
800 °C. Moreover, the size of the crystallites in the fibers
increases with increasing calcination temperature due to sin-
tering which is lowering the specific surface area.

The effect of the crystal structure of the ZrO, fibers on Sb(v)
adsorption was investigated. The fibers with the largest
proportion of the tetragonal crystal phase, calcined at 500 °C,
have the highest Sb(v) uptake throughout the studied pH range
and the highest adsorption capacity in the isotherm experi-
ment. The uptake decreases with decreasing proportion of the
tetragonal phase in the fibers. In the amorphous ZrO, fibers the
low Sb(v) uptake capacity is possibly due to the lack of the
tetragonal crystallites and presence of residual polymer that
might be blocking the surface of the fibers. The adsorption
kinetics of all the synthesized fibers is fast. However, the
highest adsorption capacity of the fibers calcined at 500 °C
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makes them most promising for Sb(v) separation. The superi-
ority of this material is probably due to the tetragonal crystal
structure, a large specific surface area and high porosity. In the
zeta potential experiment the pHp,c of these fibers declined
drastically after adsorption of Sb(v) indicating an inner sphere
complexation reaction. However, in the reusability test some of
the adsorption sites were regenerable also indicating a presence
of a weaker outer sphere complex formation which enables the
reuse of the material. Due to their ease of preparation and small
size, the submicron ZrO, fibers have potential for a novel, effi-
cient and sustainable adsorbent for various industrial
applications.
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