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Nuclear power is a clean alternative to fossil fuels. However, the use of nuclear energy generates hazardous
fission products of which °°Sr is the second most important. To remove Sr?* from aqueous solutions, we syn-
thesized submicron TiO; and TiO5/SiO5 composite fibers with Ti : Si molar ratios of 3 : 1 (3TiO2-1SiO2) and 1: 1
(1TiO2-1Si0>) utilizing a novel electroblowing technique. After calcination at 500 °C, the TiO; and 3TiO2-1SiO4
fibers had a predominantly anatase TiO, structure with portions of rutile and brookite but the crystallites in the
3TiO2-1SiO; fibers were smaller due to the SiO; component. The 1TiO2-1SiO; fibers were quasi-amorphous.
Rutile TiO2 nanorods were grown on the fibers by a hydrothermal method. The rods seemed to grow only on
the TiO, domains of the fiber surface, which affected their size and morphology. In batch adsorption experiments
all the fibers had excellent Sr>* uptake with the hydrothermally modified TiO, fibers having the highest dis-
tribution coefficient (Kq) of 3,490,000 mL g’l. The results show that both anatase and rutile TiO; can efficiently
adsorb Sr’" from an aqueous environment. Hardly any damage was observed in the nanorods on the TiO fibers
in a column operation test with flow rates up to 74 mL h™! which is promising for the use of the fibers in in-

dustrial column mode wastewater treatment.

1. Introduction

To reduce greenhouse gas emissions and mitigate climate change,
global energy is increasingly produced from clean low-carbon sources
including nuclear power. However, in nuclear power plants, radioactive
fission and activation products that are hazardous to human health and
the environment are generated. Strontium-90 is the second most
important fission product in nuclear power plant wastewaters [1].
Because of its relatively long half-life of 29 years, °°Sr is highly radio-
toxic for living organisms. In plants, it accumulates in the leaves and in
animals, preferentially in the shells and fish scales [2]. Due to their
chemical similarity, °°Sr can replace calcium in the human bones
causing cancers of the bone, bone marrow and soft tissues around the
bone [3]. In order to protect human health and other living organisms,
%05t must be removed from nuclear waste effluents.

For separation of harmful metal ions from aqueous solutions, there
are various techniques including chemical precipitation, membrane
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filtration, ion exchange, adsorption, electrochemical methods and phy-
toremediation [4,5]. Adsorption has some benefits over the other
methods such as a good uptake efficiency even from dilute solutions,
simple design, less toxic sludge formation and cost-effectiveness [4,6].
Adsorbents comprise both organic and inorganic materials that may be
synthetic or of natural origin, such as agricultural by-products. Inor-
ganic materials suit well for industrial wastewater treatment due to their
high resistance to decomposition at elevated temperatures and upon
exposure to ionizing radiation, and operation in a wide pH range.
Additionally, inorganic adsorbents tend to have superior selectivity to-
wards the target metal ions compared with organic materials.
Titanium dioxide is a nontoxic, chemically stable and fairly inex-
pensive material that has versatile applications. Nanoscale TiO exhibits
photocatalytic activity and is used for example for degradation of
organic pollutants in wastewaters. Bare and modified anatase [7-14]
and rutile [15,16] TiO, nano- and microparticles have also proved as
efficient adsorbents for metal ions from water. However, when used in a
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dynamic flow-through column, metal oxide particles have drawbacks
such as poor mechanical stability, pressure build-up in the column and
slow adsorption kinetics [17]. Utilization of small and fragile particles is
also quite difficult in industrial scale column operation. These problems
can be overcome by engineering the material into a fibrous form [17].
Metal oxide submicron and nanofibers could be optimal sorbents for
purification of industrial wastewaters. Inorganic fibers have large sur-
face area due to a high surface-to-volume ratio and porosity, and this
gives rise to a good adsorption capacity. Mechanical strength of the fi-
bers can be further enhanced by incorporating an amorphous compo-
nent, such as silicon dioxide [18]. Moreover, inorganic submicron and
nanofibers would be ecological and economical materials for the treat-
ment of nuclear power plant wastewaters, as they would reduce the
volume of solid radioactive waste that requires permanent repository.

Recently, there has been research on fibrous TiO, for heavy metal
separation from aqueous solutions. Nevertheless, in the published re-
ports, TiOs is present only as a minor component in a polymeric matrix
[19-21] and reports on bare TiOy fibrous sorbents are lacking. Bare
metal dioxide and composite metal dioxide/silicon dioxide submicron
fibers have efficiently and selectively adsorbed Sb®* and Co®" from
aqueous solutions [17,18,22]. The efficient and selective adsorption is
based on both the crystalline structure and large surface area of the fi-
bers. The surface area, in turn, is affected by both the crystallite size and
morphology of the fibers. The adsorption performance of metal oxide
fibers can be optimized by combining the desired crystalline structure
with a morphology customized to maximize the surface area. One
approach to customize the morphology and increase the surface area of
inorganic fibers is to prepare hierarchical structures, that is, to grow
secondary structures on the primary fibers. For instance, TiO2 [23] and
V205 [24] nanorods were grown on TiO; fibers resulting in increased
surface area and improvement in the antibacterial [23] and photo-
catalytic [24] activity. Commonly, the primary fibers have been pre-
pared by electrospinning and the secondary nanostructures on them by
hydro- or solvothermal methods.

Electrospinning is a conventional technique to prepare inorganic
nano- and microfibers. In a typical electrospinning procedure, a high
voltage is applied to a solution comprising a polymer, one or more sol-
vents and a metal precursor. During the electrospinning process, the
polymeric chains stretch due to repulsive electrostatic forces and deposit
as fibers on a grounded collector. Through post-electrospinning calci-
nation, the polymer is removed and the fibrous inorganic end product,
typically metal oxide, is formed. Different solution compositions and
process parameters allow to control the properties and morphology of
the fibers [25]. Hence, electrospinning is a straightforward and
cost-efficient technique and upscalable for industry [26-30]. By
contrast, solution blowing method utilizes pressurized air to draw fibers
from the precursor solution [31]. Solution blowing is even 15 times
more productive than electrospinning [32] but it usually yields bundles
of aligned fibers whereas electrospinning generates an entanglement of
individual, un-aligned fibers [33,34]. In electroblowing, the fibers are
formed by both electrostatic force and air flow and hence the method
combines electrospinning and solution blowing and their merits. As
compared with electrospinning, the assisting air flow in electroblowing
makes it possible to use more viscous precursor solutions [35] and yields
fibers with smaller diameters and fewer beads [36]. Furthermore,
electroblowing enables 2.5 times faster fiber production than solution
blowing [18,32]. Electroblowing should be as feasible to scale up for
industry as electrospinning.

Here, we report on synthesis of TiO, and composite TiO2/SiO5 sub-
micron fibers by electroblowing and calcination. We also report on
synthesis of TiO2 nanorods on the fibers by a hydrothermal method and
how the amount of SiO5 in the fibers as well as reaction time affect the
synthesis products. Furthermore, we report on 5°Sr?* uptake by the
plain and hydrothermally modified fibers. To the authors’ knowledge,
this is the first report on electroblowing synthesis of TiO5 and TiO2/SiO2
submicron fibers and on synthesis of TiO2 nanorods on composite TiOy/
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SiO, fibers. Moreover, this is the first report on Sr** uptake by the plain
and hydrothermally modified TiO2 and TiO»/SiO; fibers.

2. Experimental
2.1. Materials

The precursor solutions for the electroblowing and the hydrothermal
synthesis were prepared from titanium isopropoxide (TTIP, Ti{OCH
(CHs)2}4, 97%, Sigma-Aldrich), titanium butoxide (Ti(OBu)4, Ti{O
(CH2)3CH3s}s, 97%, Sigma-Aldrich), tetraethoxysilane (TEOS, Si
(OCH2CH3)s4, 98%, Sigma-Aldrich), ammonium acetate (NH4OAc,
NH4CH3CO3, >98%, Merck), polyvinylpyrrolidone (PVP, (CcHoNO),,
My = 1,300,000, Alfa Aesar), ethanol (EtOH, CH3CH;0H, 96 vol%, GPR
RECTAPUR), glacial acetic acid (HOAc, CH3COOH, Fisher Scientific)
and hydrochloric acid (HCl, >37%, Sigma-Aldrich). In the Sr2t uptake
experiments, 8SSrC12, NaNO3 (>99%, VWR Chemicals), HNO3 (70%,
Fisher Scientific), NaOH (1 M, Reagent Ph.Eur., VWR Chemicals), Ca
(OH),, Ca(NO3)204H20 (>99%, Riedel-de Haén), Mg(OH)y (67-70%,
May & Baker), Mg(NO3)206H20 (>99%, Merck), Ba(OH), (technical
grade, ~95%, Sigma-Aldrich), Ba(NO3); (>99%, Sigma-Aldrich), Sr
(NO3)5 (>98%, Riedel-de Haén) and deionized water were used.

2.2. Synthesis of TiO2 and TiO»/SiO; fibers and hydrothermal
modification

TiO4 and composite TiO5/SiO> fibers with different molar ratios of Ti
and Si were prepared by electroblowing the respective precursor solu-
tions followed by calcination of the as-electroblown fibrous mats. The
precursor solution for the synthesis of TiO; fibers comprised 10 wt%
TTIP, 2 wt% NH40Ac, 7 wt% PVP, 58 wt% EtOH and 23 wt% HOAc. The
precursor solution for the synthesis of composite fibers with a Ti : Si
molar ratio of 3 : 1 (denoted as 3TiO2-1Si05) was comprised of 8 wt%
TTIP, 2 wt% TEOS, 2 wt% NH4OAc, 7 wt% PVP, 58 wt% EtOH and 23 wt
% HOAc. The precursor solution for the synthesis of composite fibers
with a Ti : Si molar ratio of 1 : 1 (denoted as 1TiO»-1SiO5) comprised 5
wt% TTIP, 4 wt% TEOS, 1 wt% NH40Ac, 7 wt% PVP, 59 wt% EtOH and
24 wt% HOAc. The solutions were stirred at room temperature until they
were clear and homogeneous.

A self-made apparatus was used for the electroblowing [37]. In a
typical procedure, 12 mL of the precursor solution was withdrawn into a
syringe and a 27 G (¢ 0.21 mm) needle was attached to the syringe tip.
The syringe was placed on a syringe pump (KD Scientific Legato® 101)
and the solution feed rate was adjusted to 15 mL h™!. The feed rate was 4
to 375 times as high as reported for electrospinning of TiO5 [38-45] and
TiO9/Si0O, [45,46] fibers and 1.5 to 3 times as high as reported for so-
lution blowing of TiO; fibers [47]. The needle was pushed through a 3
mm metallic nozzle mounted on a polycarbonate box enclosing a cy-
lindrical side collector and a planar back collector at 80 cm distance,
both made of metal wire mesh. A high voltage power source was used to
set the potential difference between the needle and the grounded col-
lectors to 15 kV. Compressed air was delivered through the nozzle at a
rate of 30 NL min ! and additional air was delivered to the box from the
sides at a rate of 40 NL min~" to enhance solvent evaporation and to
keep the relative humidity within the box below 20%. The solution jet
erupting from the needle deposited as fibers on the collectors. At the end
of the experiment, the fibrous mats were detached and calcined in air at
500 °C for 2 (TiO; fibers) or 4 (TiO2/SiO; fibers) hours with a heating
rate of 1 °C min~! in order to remove the polymer and to form the
desired ceramic fibers. The yields of TiO5 and TiO2/SiO, fibers with Ti :
Si molar ratios of 3: 1 and 1 : 1 were at best 0.41, 0.30 and 0.33 g per
hour of electroblowing, respectively.

For the hydrothermal synthesis, a solution containing 3 wt% Ti
(OBu)4, 20 wt% HCI and 77 wt% H,0 was prepared. A piece (0.02-0.1 g)
of the calcined fibrous mat was placed in a 50 mL PTFE vessel and 20 mL
of the solution was added into the vessel. The vessel was placed in a
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stainless steel autoclave and the autoclave was put in an oven set to
150 °C. The duration of the hydrothermal reaction was varied from 1 to
5 h. The synthesis product was filtered using a Biichner funnel and
washed with H30 and a small amount of EtOH until the filtrate was
neutral. The product was dried in an oven at 50 °C overnight.

2.3. Characterization of the TiO2 and TiO2/SiO; fibers

Fiber morphology was characterized by imaging with secondary
electrons (SE) and transmitted electrons (TE) using a Hitachi S-4800
field emission scanning electron microscope (FESEM). Prior to the im-
aging with the secondary electrons, the samples were placed on carbon
tape and sputter coated with a 4 nm layer of Au/Pd alloy to enhance
conductivity. For the imaging with the transmitted electrons, the sam-
ples were placed on a folding support grid made of copper. Elemental
analysis of the fibers was performed by an Oxford INCA 350 energy
dispersive X-ray spectroscopy (EDX) system connected to the Hitachi S-
4800. The average diameters of the fibers as well as the average di-
ameters and lengths of the TiO3 nanorods were determined with a Fiji
ImageJ software. The crystallinity of the fibers was characterized by a
PANalytical X’Pert PRO MPD X-ray diffractometer using Cu Ko radiation
and focusing optics. The fibrous samples were powdered prior to the
characterization. The mean crystallite sizes were determined from the
XRD data by the Rietveld refinement using a MAUD software [48].
Thermogravimetric analysis (TGA) of the as-electroblown fibers was
conducted using a Mettler-Toledo TGA/DSC 3+ thermal analysis sys-
tem. A heating rate of 10 °C min~! in a temperature range of 25 to
1000 °C was used in a flow of air (50 mol%) and N3 (50 mol%, the purge
gas). The specific surface area and porosity of the fibers were measured
by Ny physisorption at 77 K using a Micromeritics ASAP 2020 surface
area and porosity analyser.

2.4. Sr** uptake studies

2.4.1. Effect of SiOz content and hydrothermal modification

sr2t uptake by the TiOy and TiO,/SiO, fibers with and without a
hydrothermal modification was studied at a pH of 11.5. 20 mg of fibers
were weighed into 20 mL scintillation vials and 10 mL of 0.1 M NaNO3
solution containing 100 Bq mL ! 8552+ (1.34-10’12 M) was added into
the vials. NaOH was used to adjust the solution pH to 11.5. The samples
were equilibrated in a constant rotary mixer (50 rpm) for one day after
which the equilibrium pH was measured. The samples were phase
separated by centrifugation at 4000 rpm (2100 g) and syringe filtration
(Acrodisc LC PVDF, 0.2 um). The 8%Sr?>* uptake of each sample was
determined by taking a 5 mL aliquot of the filtrate and measuring the
remaining activity with a PerkinElmer Wallac Wizard 3" 1480 automatic
gamma counter. The 85gp2+ uptake results are presented by means of
distribution coefficient Ky, that describes the distribution of the adsor-
bate between the adsorbent and solution:

("0 - ccq) v
CeqM

Kq= (€9)

where ¢y (Bq L~! or M) is the initial concentration, ceq (Bq L YorM)is
the equilibrium concentration, V (mL) is the volume of the solution and
m (g) is the mass of dry adsorbent. Background activity was subtracted
before the calculations. Uncertainty of K4 was calculated using the error
propagation law.

2.4.2. Effect of pH

85512+ uptake by the TiO, fibers was studied over a pH range of 4 to
12. 20 mg of fibers were weighed into 20 mL scintillation vials and 10
mL of 0.01 M NaNOs solution containing 30 Bq mL~! 85sr?* (4.03-10713
M) was added into the vials. The pH of each sample was approximately
adjusted with HNO3 or NaOH and the samples were equilibrated for 1 h

Chemical Engineering Journal Advances 13 (2023) 100434

after which the pH of each sample was accurately adjusted. The samples
were equilibrated for 24 h and phase separated, and the remaining ac-
tivity was measured as described above. The equilibrium pH was
determined from the remaining sample.

2.4.3. Zeta potential

Zeta potential as a function of pH was determined for the TiO; fibers
after the adsorption of 8%sr?*. 0.8 mL aliquots were taken from the
samples used in the pH effect experiment after the equilibration of 24 h
but before the phase separation. Zeta potential of the samples was
measured using Malvern Zetasizer Nano ZC.

2.4.4. Effect of coexisting ions

Effect of coexisting ions Nat, Mg, Ca?* and Ba®* on the %sr?*
uptake by the TiO fibers was examined at pH of 9. Concentrations of
0.001, 0.01, 0.1 and 1 M were used for Na* and concentration of 0.01 M
for Mg?", Ca®t and Ba®". 85Sr’" concentration was 30 Bq mL!
(4.03~10’13 M). For the experiments on Na®, 40 mg of fibers were
weighed into 20 mL scintillation vials and 10 mL of NaNO3 was added
into the vials. The pH of the samples was adjusted to 9 with NaOH. The
samples were equilibrated and phase separated and the remaining ac-
tivity was measured as described before. For the experiments on Mg2*,
Ca®* and Ba?*, 20 mg of fibers were weighed into 20 mL scintillation
vials and 10 mL 0.01 M Mg(OH),, Mg(NOs),, Ca(OH), or Ba(OH); was
added into the vials. The final pH adjustment was done with the cor-
responding metal hydroxide solution and also NaOH for the Ca®* sam-
ples and one of the Ba>" samples. The samples were equilibrated and
measured as described earlier.

2.4.5. EDX analysis

Elemental analysis before and after adsorption of Sr** was conducted
by EDX for the plain and hydrothermally modified TiO» fibers and plain
TiO4/SiO; fibers. 20 mg of fibers were weighed into 20 mL scintillation
vials and 10 mL of 0.02 M non-radioactive Sr(NO3), was added into the
vials. The pH of the solution was adjusted to 11.5 using NaOH. The
samples were equilibrated for five days, phase separated, washed with
deionized water and dried in an oven at 70 °C overnight.

2.4.6. Durability in column operation

Durability of the hydrothermally modified TiO, fibers (3 h reaction)
was tested in column operation. 200 mg of fibers were mixed with 0.01
M NaNOj and packed into a ¢ 1 cm column. After this, 0.01 M NaNOj
was fed through the column with increasing rates of 4.6, 9.2, 18.6, 36.9
and 73.5 mL h™! with a time of one hour for each rate.

3. Results and discussion
3.1. Thermogravimetric analysis of the TiO2 and TiO2/SiO3 fibers

Fig. 1 shows photographs of as-electroblown TiO2/PVP and TiOy/
Si0,/PVP fibers as well as TiO5 and TiO,/SiO-, fibers after calcination at
500 °C. The calcined fiber mats have shrunk because the polymer has
been removed. The white color of the calcined fibers implies that there
are no significant amounts of carbonaceous residues so the combustion
of the polymer has been quite complete.

As can be seen from the TG curves (Fig. 2), the mass decrease of the
as-electroblown fibers is the most intense at 300-500 °C which is due to
the release and combustion of pyrrolidone substituents and decompo-
sition and combustion of polyenic sequences of PVP [49]. In the mixed
air/Ny atmosphere used in the TG analysis, the mass decrease is
completely over at 600, 650 and 700 °C for TiO,, 3TiO2-1SiO, and
1Ti02-1Si0;, fibers, respectively (Fig. 2). The amorphous SiO2 compo-
nent in the composite fibers might be more prone to retain the amor-
phous polymer compared with the crystalline TiO5 fibers and thereby
could retard its combustion, which is supported by our previous results
[18].
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Fig. 1. As-electroblown TiO5/PVP (a), 3TiO,-1SiO5/PVP (b) and 1TiO-1SiO4/PVP (c) fibers as well as TiO, (d), 3TiO,-1SiO5 (e) and 1TiO>-1Si0, (f) fibers calcined
at 500 °C on 150 mm silicon wafers. The calcined fiber mats have shrunk as the polymer has been removed.
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Fig. 2. Thermogravimetric curves of as-electroblown TiO5/PVP and TiO,/SiO,/PVP fibers in air (50 mol%) and N (50 mol%, the purge gas).

Fig. 2 also shows that the residual mass, i.e. the mass of the bare confirm that the calcination temperature of 500 °C and calcination time
ceramic fibers, is ca. 20% for TiO3 and 3TiO,-1SiO5 fibers while it is ca. of 2 h for the TiO, and 4 h for the 3TiO2-1Si03 and 1TiO2-1SiO; fibers in
17% for 1TiO5-1SiO4 fibers. This is in accordance with the measured the air atmosphere should be sufficient to remove the PVP and form the
weights of the as-electroblown and calcined fibers and indicates pure desired ceramic materials. Both the bare TiO, and composite TiO5/SiOy
synthesis products. The color of the calcined fibers and TG results fiber mats were robust and elastic and could be bent without breaking.

180 nm

Fig. 3. FESEM images of as-electroblown TiO,/PVP (a) and 3TiO,-1SiO,/PVP (f) fibers and TiO, (b—e), 3TiO»-1Si0, (g-i) and 1TiO>-1SiO, (j-1) fibers calcined
at 500 °C.
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The robustness and elasticity of the fibers are demonstrated in the video
“Bending experiments with the TiOz and TiO,/SiO; fibers”.

3.2. Electron microscopy and EDX analysis of the TiO2 and TiO2/SiO2
fibers

FESEM images of the as-electroblown TiO2/PVP and 3TiO2-1SiOy/
PVP fibers as well as the calcined TiO5, 3TiO2—1SiO5 and 1TiO2-1SiO5
fibers are presented in Fig. 3. The calcined fibers appeared smooth and
had a dense structure, as revealed by TEM images (Fig. 4). The as-
electroblown TiO5/PVP and 3TiO5-1SiOy/PVP fibers had some
conjoined fibers probably owing to incomplete solvent evaporation and
the fibers remained conjoined after calcination. Huang et al. also
observed that as-electrospun TiO2 and TiO/SiO» fibers with a TiOg
content of 75 and 90 mol% were ribbon-shaped with a dumbbell-shaped
cross-section [45]. The average diameter of the as-electroblown fibers
containing PVP was ca. 1 um and the average diameters of the calcined
fibers were 440, 380 and 290 nm for TiO5, 3TiO5-1SiO, and
1TiO2-1Si0;, fibers, respectively.

Photographs of TiO; and 1TiO2-1SiO, fibers after a 3 h hydrothermal
synthesis of TiO, nanorod layer are shown in Fig. S1. Fig. 5a-g show
FESEM images of hydrothermally modified (3 h reaction) TiOo,
3Ti02-1Si0, and 1TiO2-1Si0; fibers. FESEM images of TiO fibers after
hydrothermal modifications of 1, 2, 4 and 5 h are shown in Fig. 5h-1. The
morphologies of the TiO3 and 3TiO,-1SiO5, fibers after the 3 h hydro-
thermal modification resemble each other whereas the 1TiO51SiO fi-
bers have a different morphology. On the TiO5 and 3TiO2-1SiO; fibers,
the TiO, nanorods were tetragonal or tapered and quite uniform in size
forming a compact layer. Nanostructured TiO5 that has been synthesized
on a rutile or anatase substrate in acidic hydrothermal conditions typi-
cally adopts a tetragonal or tapered rod-like morphology [50-55]. On
the 1TiO,-1SiO;, fibers, the TiO3 nanorods were more sparse and mainly
tapered and some of the rods were star-shaped or branched with smaller
rods protruding from them. TiO, was also deposited as small 30-100 nm
grains on the 1TiO»-1SiO, fibers. The average lengths of the TiO,
nanorods were 430, 850 and 1130 nm and the average diameters were
70, 100 and 200 nm for the TiO,, 3Ti02-1Si05 and 1TiO5-1Si0,, fibers,
respectively. The TiO2 nanorods grew the larger the more SiO5 the fibers
contained (Fig 5d-g and Fig. 7). The results imply that in the
3Ti02-1SiO, and especially 1TiO»-1SiO5 fibers, the SiO, component
limits the nucleation and growth of TiO2 nanorods on the pristine fiber
surface and instead, TiO, is deposited on the existing nanorods as the
hydrothermal reaction proceeds. On the 3TiO-1SiO; fibers, the depo-
sition of TiO2 on the nanorods seems to result in a growth of the length
and diameter of the rods. On the 1TiO2-1SiO, fibers, the deposition of
TiO4 on the nanorods appears to result in both growth of the rods and
formation of the star-shaped and branched rod structures. The results
suggest that TiO» nanostructures grow on the TiO2 domains but not on
the SiO, domains of the fiber surface. Further evidence for this was
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provided by hydrothermal syntheses on bare SiO; fibers, after which no
growth of TiOz nanostructures on the fibers was observed (Fig. S2).
Similarly to the fiber substrates, the TiO3 nanorods had a dense char-
acter as confirmed by TEM analysis (Fig. 6).

The duration of the hydrothermal synthesis affected the amount,
length and diameter of the TiO, nanorods deposited on the TiO» fibers
(Fig. 5h-1). A reaction time of 1 h produced scattered TiO3 nanorods that
were ca. 100 nm long and 30 nm in diameter while a reaction time of 5 h
resulted in a compact layer of TiO2 nanorods that were ca. 600 nm long
and 100 nm in diameter. The dependence of the TiO5 nanorod size on
the hydrothermal reaction time is illustrated in Fig. 8. We also per-
formed a hydrothermal synthesis of 3 h twice for the same fibers. After
the second synthesis, the TiO5 nanorods had grown on average 70% in
length and 10% in diameter. After two syntheses, the nanorod layer on
the fibers also appeared thicker than after one synthesis (Fig. S3). The
results suggest that during the second hydrothermal reaction, TiO; is
mostly grown on top of the existing TiO, nanorods but new nanorods
possibly also grow on available fiber surface. The fibers endured two
hydrothermal reactions well, since hardly any damage such as fractures
was observed in the fiber substrates or the nanorods after the second
reaction (Fig. S3d-f).

EDX spectra and semiquantitative elemental analysis results of the
plain and hydrothermally modified TiO, fibers and the plain
3Ti02-1Si03 and 1TiO2-1SiO; fibers are shown in Fig. S4-S7. Due to
possible variation in sample homogeneity and difficult quantification of
light elements by EDX, and because the detected carbon may also
originate from the environment, the quantified molar percentages of
silicon and oxygen as well as residual carbon cannot be considered
reliable. However, the relative amount of detected silicon is higher in
the 1TiO»-1SiO5 than 3TiO2-1SiO;, fibers, as expected.

3.3. Crystal structure analysis of the TiO2 and TiO2/SiO; fibers

X-ray diffractograms of the plain TiOp, 3TiO2-1SiOy and
1TiO2-1Si0;, fibers and of the fibers after a hydrothermal modification
of 3 h are presented in Fig. 9. The determined crystalline phases and
crystallite sizes and the weight ratio of each phase are presented in
Table 1. The crystallinity of the plain fibers increased along with their
TiO, content. The 1TiO2-1SiO; fibers were quasi-amorphous lacking
any long-range crystalline order and no crystalline phase or crystallite
size could be determined for them. The 3TiO-1SiOy fibers were
moderately crystalline and the TiO, fibers were highly crystalline.
Anatase was the predominant phase in the plain TiO5 and 3TiO2-1SiO;
fibers. This is in accordance with results on electrospun TiO; submicron
and nanofibers calcined at 450-600 °C [38-45] and electrospun
Ti02/Si0O, submicron and microfibers with a TiO5 content of 50-90 mol
% calcined at 1000 °C [45], with a TiO, content of 64 mol% calcined at
600 °C [46] and with a TiO5 content of 72-89 mol% calcined at 700 °C
[56]. In this study, in the plain TiO fibers 13 wt% rutile and 11 wt%

Fig. 4. TEM images of TiO, (a and b), 3TiO»-1SiO, (c and d) and 1TiO»-1SiO, (e and f) fibers.
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Fig. 5. FESEM images of TiO, (a—c), 3TiO-1SiO (d and e) and 1TiO»-1SiO, (f and g) fibers after a hydrothermal synthesis of 3 h as well as TiO, fibers after 1 (h), 2

(i), 4 (j) and 5 (k and 1) hours of hydrothermal synthesis.

Fig. 6. TEM images of hydrothermally modified (3 h) TiO, (a and b), 3TiO5-1SiO, (c and d) and 1TiO»-1SiO (e and f) fibers.

Table 1

Crystalline phases, respective weight ratios and average crystallite sizes of plain
and hydrothermally modified (ht TiO5, 3 h reaction) TiO, and TiO,/SiO- fibers.
A, B, R, is. and anis. denote anatase, brookite, rutile, isotropic and anisotropic,
respectively.

Phase ratio (wt
%)

Av. cryst. size (nm)

Fibers A A anis.” R R anis.? B A R B
is. is. is.
3TiOz—1Si02b 7-9 7-9 7-9 53 10 37
TiO, 21 22 [100] 16 12 76 13 11
12 [001]
1TiO,-1Si0, + 20 13 [100] 25 97 3
ht TiO, 37 [001]
3TiO,-1Si0; + 9 23 16 [100] 8 92
ht TiO, 51 [001]
TiO, + ht TiO, 21 18 13 [100] 17 83
38 [001]

a If anis. value is provided, a better fit was achieved with the anisotropic
crystallite size modeling. In those cases is. value is an average. b: Brookite is
definitely present due to the bump at 30° 20 and the fibers seem to be a mixture
of anatase and brookite with possibly a small fraction of rutile included. Exact
phase composition is difficult to determine and a large error is possible in the
results. The crystallite sizes seem to be between 7 and 9 nm.

brookite were also detected. This mixed anatase/rutile/brookite
composition of TiO, fibers calcined at 500 °C is rather unique, since
previously only traces of either brookite [40] or rutile [44] have been
observed in anatase TiOj fibers calcined at 500-550 °C. However, such a
three-phase mixture has been reported for TiO, powder calcined at
500 °C [57]. In the 3TiO5-1SiO fibers 37 wt% brookite and 10 wt%

rutile were also present besides anatase. All the TiO, phases had d values
matching with literature references which proves that SiO had not
mixed with TiOs. Thus the fibers are a four-constituent composite of
anatase, brookite and rutile TiO5 and amorphous SiOs.

As regards the TiO» fibers, the best fit to the measured XRD data was
achieved with an anisotropic anatase crystallite size of 22 and 12 nm for
the longest and shortest dimension, respectively. An anisotropic anatase
crystallite size of 46 and 23 nm was also reported for TiO powder
calcined at 500 °C [57]. The rutile and brookite crystallite sizes were
isotropic and on average 16 and 12 nm, respectively. In the 3TiO2-1SiOy
fibers the crystallite sizes of all the three phases were isotropic but
smaller, 7-9 nm. The SiO, component presumably hinders the TiOy
crystallite growth, in a similar way to Sn0O,/SiO, composite fibers with
the same Sn : Si molar ratio of 3 : 1 [18]. A mixture of anatase TiO5 and
amorphous SiO3 nanograins was observed in TiO2/SiO3 microfibers with
a Ti: Si molar ratio of 89 : 11 calcined at 700 °C [56]. The 1TiO2-1Si0,
fibers are probably also a mixture of nanogranular anatase and brookite
TiO3 and amorphous SiO; but with a larger amount of SiOs.

As for the hydrothermally modified fibers, the diffraction patterns
were mainly of the rutile phase. In the hydrothermally modified TiO2
and 3Ti0,-1SiO, fibers some anatase was also present owing to the
anatase fiber substrate. In the hydrothermally modified 1TiO2-1SiOy
fibers 3 wt% brookite was detected. This could be due to the small grains
on the fibers that may have the brookite structure (Fig. 5f and g). The
rutile peaks are clearly due to the hydrothermally grown TiO3 nanorods.
It is known that TiO2 nanorods grown in acidic hydrothermal solution on
an anatase [51,52] or rutile [50,53-55] substrate have the rutile struc-
ture. The rutile crystal sizes were anisotropic being 13-16 nm in the
[100] direction and 37-51 nm in the [001] direction. Considering the
average diameter of 70-200 nm and length of 430-1130 nm of the TiO,
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nanorods after 3 h hydrothermal synthesis (Fig. 7), the rods were
polycrystalline. The results indicate that the crystals grow preferentially
in the [001] direction, which is supported by previous studies [52,55].
In nanoscale rutile TiO9, the (001) face grows faster than the other faces
because of the highest number of corners and edges available for sharing
in the TiOg octahedra [55]. On this basis, in the present study, the
crystals in the nanorods are most likely aligned parallel to the longitu-
dinal axis of the rods, as the square cross-section of the rods also implies.
Closer inspection of individual nanorods reveals that the rods are
composed of pillars of ca. 10-20 nm in diameter, which coincides with
the approximated shorter crystal dimensions of 13-16 nm (Fig. S16,
Table 1). The pillars are probably the crystals of the nanorods.

3.4. Specific surface area, pore volume and pore size analysis of the TiO2
fibers

To study the effect of the hydrothermally grown TiO5 nanorods on
the surface area of the fibers and the porosity of both the plain and
hydrothermally modified fibers, specific surface area, pore volume and
pore size analysis was conducted on TiO, fibers without and with a
hydrothermal modification of 3 h. The specific surface area was deter-
mined by the Brunauer-Emmett-Teller (BET) method and the total pore
volume, pore size distribution and average pore diameter by the Barrett-
Joyner-Halenda (BJH) method using nitrogen gas adsorption and
desorption. As shown in Table 2, the specific surface area and pore
volume of the fibers are 5 and 7 times higher after the hydrothermal
modification, respectively. The fibers are mesoporous with 6 and 8 nm
pores for the plain and hydrothermally modified fibers, respectively.
The specific surface area of the plain fibers is somewhat lower than the
values 49-61.5 m? g~ ! reported previously for TiOy submicron fibers
calcined at 500 [40] and 550 °C [41]. This is apparently caused by the
larger average diameter of the fibers in this study. Ny adsorption and
desorption isotherms as well as pore size distribution for the plain and
hydrothermally modified TiO, fibers are presented in Fig. S12-S15.

3.5. S uptake by the TiO, and TiO,/SiO; fibers

3.5.1. Effect of pH on Sr** uptake and surface charge of the fibers
The effect of solution pH on the Sr?>* uptake by the TiO, fibers and on
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surface charge of the fibers was investigated. Up to pH of ca. 6 the
sorption of Sr%* and K4 values are fairly low but begin to increase rapidly
above this point (Fig. 10). The sorption of Sr>" almost reaches a
maximum at pH of 10 but the K4 values still increase up to pH 12. The pH
of ca. 6 above which the Sr’>" uptake markedly improves coincides with
the isoelectric point (IEP) of 6.1 of the fibers (Fig. 11). The adsorbed Sr2t
is likely to have a negligible effect on the IEP and zeta potential of the
TiO,, fibers, because the concentration of Sr*" is so low and the uptake is
very weak below the IEP. The measured IEP 6.1 is close to the literature
values of 5.4-6.7 for anatase [7,9,10,13,14] and 5.4 for rutile [16] TiO5
particles. Moreover, similar enhancement in Sr** uptake in the basic pH
region above the IEP has been observed previously with anatase [7,9,13,
14] and rutile [16] TiOy particles. As can be seen from Fig. 11, the
surface of the fibers is negatively charged above the IEP which is
explained by growing number of Ti-O~ groups due to deprotonation of
surface Ti-OH groups [13,14]. The enhanced Sr** uptake at pH values
higher than the IEP suggests that the uptake is initiated by electrostatic
attraction between the negatively charged Ti-O~ groups and Sr%*, which
is the prevalent Sr species up to pH of 13 [13,14,58].

3.5.2. Sr** uptake by the plain and hydrothermally modified fibers

The distribution coefficients K4 for Sr?* adsorption on the plain and
hydrothermally modified (3 h reaction) TiO3 and TiO2/SiO, fibers at pH
11.5 were excellent, 338,000-3,490,000 mL g’1 (Fig. 12, Table 3). The
hydrothermally modified TiO, and 3TiO,-1SiOs fibers performed better
than the plain fibers. As regards the 1TiO,-1SiO3, fibers, the K4 values for
the plain and hydrothermally modified fibers were almost the same,
644,000 and 678,000 mL g~ *, respectively. The weaker Sr2* uptake by
the hydrothermally modified 1TiO2-1SiO2 fibers compared with the
hydrothermally modified 3TiO2-1SiO2 and TiO, fibers is probably
owing to the sparse growth and varying morphology of the TiO5 nano-
rods on the 1TiO2-1SiO5 fibers (Fig. 5f and g).

As can be seen from the standard deviation of + 205,000 mL g~! of
the Kq value for the plain TiO fibers, the Sr?* uptake by the TiO, fibers
varied greatly in different experiments. Therefore, a clear comparison of
Sr?t uptake by the plain fibers is difficult. However, the results imply
that the uptake was slightly more effective by the 1TiO2-1SiO5 fibers
than by the TiO; and 3TiO2-1SiO; fibers. The good Sr2t uptake by the
1TiO2-1Si0, fibers might be explained by that besides TiO3, SiO5 also
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Fig. 7. Average length and diameter with standard deviation of hydrothermally grown (3 h reaction) TiO, nanorods on 1TiO»-1SiO,, 3TiO>-1SiO, and TiO, fibers.
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Fig. 9. X-ray diffraction patterns of plain and hydrothermally modified (ht TiO,, 3 h reaction) TiO, and TiO,/SiO; fibers. A, B and R denote anatase, brookite and

rutile, respectively.

Table 2
Specific surface area, pore volume and average pore diameter of plain and hy-
drothermally modified (ht TiO,, 3 h reaction) TiO, fibers.

Fibers Apgr (m* g 1) Vore total (cm® g 1) Dpore (nm)
TiO, 48 0.0080 6.4
TiO, + ht TiO, 24 0.053 8.3

participates in the Sr?* adsorption, since sorption of Sr>* by amorphous
SiO4 is known [59]. Additionally, the amorphous SiO, component may
improve the mechanical properties and durability of the fibers.

The superior performance of the hydrothermally modified TiO, and
3Ti02-1Si0,, fibers compared with the plain fibers is evidently related to
their larger surface area. The large surface area, in turn, stems from the
thick nanorod coating and the polycrystallinity of both the substrate

fibers and the nanorods. Moreover, both anatase and rutile TiO5 are able
to efficiently uptake Sr?t, since the plain fibers consist predominantly of
anatase (53-76 wt%, Table 1) and the hydrothermally modified fibers
consist predominantly of rutile (83-97 wt%, Table 1). This is supported
by previous studies on Sr2t adsorption by anatase [7-9,13,14] and rutile
[15,16] TiO2 nanoparticles and rutile TiO5 single crystals [15]. sr2t
possibly adsorbs on the brookite surface too. EDX spectra and semi-
quantitative elemental analysis results of the plain and hydrothermally
modified TiOq fibers and the plain 3TiO2-1SiO3 and 1TiO2-1SiO; fibers
after adsorption of Sr2* are shown in Fig. S8-S11.

3.5.3. Effect of competing ions

Selectivity towards a specific ion is essential for an effective adsor-
bent. This is especially important for nuclear wastewater treatment as
there is usually only a trace concentration of the target radionuclide
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among much larger concentrations of other ions. Nat, Mg?*, Ca®* and
trace amounts of Ba®" exist in natural and in most nuclear wastewaters,
and Na*, Mg?* and Ca* are the major competing ions in the radionu-
clide removal. As alkaline earth metals, Mg?*, Ca®" and Ba?" also have
similar chemical properties as Sr?*. Therefore, the interfering influence
of the four ions on the Sr** uptake by the TiO, fibers was studied at pH 9.
Sr2* sorption at the same Na' concentration as used in the pH effect
experiment (Fig. 10), 0.01 M, was set as a reference value and the results
were compared with it. Concentration of 0.01 M was used for Mg?",
Ca?* and Ba®' and concentrations of 0.001, 0.01, 0.1 and 1 M were used
for Na*t. 85Sr?* concentration was 30 BqmL ™. As shown in Fig. 13, Na™
and Mg interfered with the Sr*>* uptake only moderately while Ca%*
and Ba?" interfered more. This is promising for the use of the fibers for
nuclear wastewater purification because Nat and Mg2?* are more
abundant (0.47 and 0.05 M in sea water, respectively) than Ca%" and
Ba" (0.01 M and 0.09 uM in sea water, respectively). In a nuclear waste
effluent in the pH range of 10-12 where the Sr2* uptake by the TiO

fibers is the best, Ca>* and Ba2* are not likely to interfere as much as in
the laboratory experiment at pH 9 because of the lower water solubility
of Ca(OH)- than that of Sr(OH), and the small concentration of Ba%*.
Sodium nonatitanate (Na4TigO29-nH20) powder for instance has been
reported to adsorb more Sr?* than Ca?* at pH 10 [60].

3.5.4. Durability of the hydrothermally modified fibers in column operation

In industrial wastewater treatment, a continuous column mode
operation with packed sorbent beds is more effective than operation in a
batch mode [61]. Hence, the durability of the hydrothermally modified
TiOs, fibers (3 h reaction) packed into a flow-through column was tested
(Fig. S17). FESEM images of the fibers before packing into the column
are shown in Fig. S18a-c. Fig. S18d-f show the fibers after packing but
before solution flow and no damage caused by the packing of fibers can
be seen. After the solution flow, only minor damage to the fibers such as
detachment of individual nanorods was observed at flow rates up to 19
mL h™! (Fig. S18g-i). This was confirmed by determining average
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Table 3

Sorption and distribution coefficient (K4) of 855r2* on plain and hydrothermally
modified (ht TiO,, 3 h reaction) TiO, and TiO,/SiO; fibers in 0.1 M NaNO3 at pH
11.5 (2 g L! adsorbent, 100 Bq mL ! 8gr%™),

Fibers

Sorption (%) Kq(mLg™h)

1TiO,-1Si0, 99.89 + 0.02 644,000 + 54,000
3Ti02-1Si0, 99.85 £ 0.01 338,000 + 16,000
TiO, 99.86 + 0.07 447,000 + 205,000
1TiO2-1SiO, + ht TiO, 99.89 + 0.02 678,000 + 92,000
3Ti0,-1Si0; + ht TiO, 99.97 £ 0.002 1,642,000 + 252,000
TiO; + ht TiO, 99.99 + 0.002 3,490,000 + 551,000
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Fig. 13. Effect of 0.001-1 M Na™ and 0.01 M Mg>", Ca®* and Ba®*" on 8°sr?"
sorption by TiO, fibers at pH 9 (4 g L™! TiO, for Na™, 2 g L™! TiO, for Mg?*,
Ca®* and Ba2+, 30 Bq mL ! 85r?"). The dashed line shows the reference value
at the same Na™ concentration as used in the pH effect experiment (Fig. 10).
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lengths and diameters of the nanorods before and after the test with a
Fiji ImageJ software. For the flow rates 5-19 mL h™! the nanorod
average dimensions didn’t change during the test. Slightly more exten-
sive damage such as detachment of a larger number of nanorods was
observed to the fibers that were exposed to flow rates of 37 and 74 mL
h~! (Fig. S18j-0). Image analysis also revealed that the nanorods had
become on average somewhat shorter and thinner after being exposed to
the higher flow rates which implies that there may have been some wear
of the nanorods. The results are encouraging for the industrial use of the
hydrothermally modified fibers since in the adsorption column opera-
tion, the optimum throughput performance is achieved by using flow
rates as low as possible [61].

4. Conclusions

By a novel facile and efficient electroblowing technique, we have
prepared high-quality submicron TiO; and composite TiO5/SiO, fibers
with Ti : Si molar ratios of 3 : 1 (3TiO2>-1Si0O5) and 1 : 1 (1TiO2-1Si05).
All the fibrous mats were durable and elastic, but the amorphous SiO,
component improved the mechanical properties of the 1TiO>-1SiO fi-
bers. After calcination at 500 °C, the TiO, and 3TiO,-1SiO, fibers had a
predominantly anatase structure with portions of brookite and rutile
whereas the 1TiO-1SiO, fibers were quasi-amorphous. The SiO,
component hindered the crystal growth of the TiO,/SiO; fibers. A layer
of rutile TiOy nanorods was grown on the fibers by a hydrothermal
method. The rods seemed to grow solely on the TiOz domains of the fiber
surface which affected their size and morphology. In batch adsorption
experiments, all the fibers showed excellent Sr** uptake and the hy-
drothermally modified fibers performed better than the plain fibers. The
hydrothermally modified TiOy fibers had the highest Kq value of
3,490,000 mL g~!. The superior Sr?* uptake by the hydrothermally
modified fibers is evidently based on their larger surface area owing to
their morphology. The Sr?* uptake results suggest that Sr>* can adsorb
on both anatase and rutile TiO,. When exposed to dynamic flow-through
column conditions, only slight wear was observed on the hydrother-
mally grown nanorods on the TiO; fibers which is promising for the use
of the fibers in industrial scale column operation. The TiOy and TiOy/
SiO9 submicron fibers with and without TiO2 nanorod layers could be
sustainable and cost-effective materials to remove °°Sr from nuclear
wastewaters.
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