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Non-woven, high surface area photocatalytic cellulosic electrospun fibers were fabricated for solarlight-driven water treatment purposes and tested for photocatalytic decomposition of the potent
cyanobacteria toxin microcystin-LR (MC-LR). Electrospun fibers of cellulose acetate were converted
to succinylated cellulose and then loaded with titania nanoparticles using a simple solution based
technique. It was found that the type of titania nanoparticle (visible light activated or UV light
activated), the surface area of the fiber mat, and loading solution pH all have an effect on the
distribution of titania along the fibers. The titania coverage and surface area of the fiber mats were
found to correlate well with the degree of MC-LR degradation under both visible and solar light
irradiation. The difference in titania coverage, determined using X-ray photoelectron microscopy
(XPS), was two to three times smaller in the lower surface area samples. These photocatalytic
electrospun fibers could be advantageously used for drinking water and wastewater treatment
applications using solar light as a renewable source of energy.

Introduction
The need for low cost and efficient water treatment strategies is
an ever increasing necessity given various sources of pollution
attributed from industrial and natural sources.1–6 Solar light
driven photocatalysis with nanoparticles (such as titania, TiO2)
show tremendous promise as a simple and energy efficient technology for water purification and treatment.7,8 Metal oxide
photocatalysts readily generate hydroxyl and oxygen radicals
upon exposure to light exceeding the band gap energy which can
degrade organic contaminants at the surface of the photocatalyst.9 The titania nanoparticle variant P-25, in particular,
exhibits the highest photocatalytic degradation of most organic
contaminants of the commercially available metal oxide photocatalysts. This is due to longer charge-pair recombination lifetime and faster interfacial charge transfer rate.9 Titania is also
a fairly inexpensive nanomaterial and is chemically stable, thus
allowing it to be implemented in a wide variety of
applications.10–15
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The controlled immobilization of titania nanoparticles is
a major obstacle in the successful use of these materials for water
purification. Nanoscale titania particles are difficult to recover
from free suspensions due to their intrinsically small sizes. Simple
immobilization of the photocatalytic materials onto conventional substrates reduces the available surface area due to the
interactions between the photocatalyst and substrate, limiting
the rate of photocatalytic activity. Another issue with more
common variants of titania is the inefficient absorption of the
solar spectrum as these nanoparticles typically only absorb UV
light. This only encompasses 5% of the solar spectrum, which
limits the amount of available sunlight that can be used for
photocatalysis. To circumvent this issue, methods have been
developed to extend the photon absorption properties of titania
into the visible light region of the solar spectrum. These include
dye sensitization16–18 and doping with metal19–21 and nonmetal22–29 elements. In water treatment applications, the use of
dyes and metal dopants are not suitable for long term usage due
to potential leaching of these materials from the photocatalyst,
which could pose serious environmental and health issues.
Doping with non-metal elements, such as carbon, nitrogen,
fluorine, and sulfur, serves as an environmentally benign alternative to increase the photon collecting efficiency of solar light
driven photocatalyst in titania.
The immobilization of titania onto a membrane-like substrate
is of interest in water treatment applications as it could circumvent
issues associated with using nanoparticle colloids and could still
potentially have a high surface area to volume ratio. Furthermore,
if the substrate was from a biodegradable, renewable and inexpensive source it would have added environmental and
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economical benefits. Cellulosic materials could serve as environmentally friendly substrate candidates for titania given the low
cost, biodegradable/renewable and chemical robustness of these
materials.30 Cellulosic materials can be modified with the appropriate functionalities to have higher affinity for titania nanoparticles. Titania based photocatalytic textile-like materials could
also be useful in other applications, such as protective/selfcleaning clothing. Various groups have reported on the use of
commercially available cellulosic textiles as substrates for
titania.31–33 An issue with these substrates is a relatively low
surface area to volume ratio given the large fiber diameter used in
commercial textiles. Non-woven three-dimensional meshes containing nano and sub-micron sized fibers can be easily obtained
using the electrostatic fiber deposition process known as electrospinning.34,35 Electrospun photocatalytic fibers have been previously made from titania sol/polymeric fibers (which after
calcination yields pure titania),36–38 electrospun polymeric fibers
with layer-by-layer assembly of titania nanoparticles post-electrospinning,39,40 and by coaxial electrospinning.41
In this study, we report on the use of photocatalytic cellulosic
non-woven nanofiber mats created by electrospinning for the
degradation of the potent toxin microcystin-LR (MC-LR). MCLR is one of the most commonly found cyanobacteria toxins
generated by the more frequently occurring cyanobacteria algae
blooms in various water sources across the world. The toxin
natural proximity to drinking water sources, high water solubility, modest chemical stability, and high hepatotoxicity have
made MC-LR contaminated water a serious health risk.42,43 To
address this problem, high surface area photocatalytic cellulosic
fibers are formed by first electrospinning solutions of cellulose
acetate (CA) into non-woven fiber meshes. The CA fibers are
then converted to succinylated cellulose fibers through a series of
simple reactions. Next, the succinylated fibers are loaded with
titania from aqueous dispersions. Visible light activated titania is
used to absorb a larger portion of the solar spectrum. The fiber
mats’ surface area, and titania surface coverage, were found to
have the most dramatic effect on the overall MC-LR degradation. These high surface area non-woven photocatalytic mats can
effectively degrade MC-LR and show promise for photocatalytic
drinking water treatment using solar light.

Experimental
Electrospinning
Solutions of cellulose acetate (CA, 39.8% acetyl content, Mw ¼
30 000 g mol1, purchased from Sigma-Aldrich) were made in
90% and 80% acetic acid (aq) at a concentration of 17 wt%.44
Electrospinning was performed using a variable high voltage
power supply (Glassman High Voltage) operating at 25 kV using
a 5  5 cm Al collecting plate. CA solutions were fed to a spinneret (18 gauge blunt needle) at a flow rate of 0.5–0.6 mL h1
using a syringe pump (Stoelting Co.). The spinneret to substrate
distance was set to 11 cm for all experiments. All electrospinning
experiments were performed under ambient conditions.
Fiber processing
CA fibers were deacetylated to cellulose using 0.5 N KOH in
ethanol, as described previously.41 After 30 min, the cellulose
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fibers were removed from the ethanol solution and placed in
0.5 N HCl, followed by neutralization using 0.5 N KOH (aq).
The fiber mats were washed in distilled water and dried under
ambient conditions. The fibers were then placed in a 10% (w/v)
succinic anhydride in dimethylformamide (DMF) solution for
succinylation of the hydroxyl groups for two hours at 65  C.45
The succinylated cellulose fibers were then washed extensively
with DMF to remove any un-reacted succinic anhydride and
then washed with water to remove the DMF. Finally, the
samples were loaded with 1 wt% titania nanoparticle dispersions
(sonicated with a probe ultrasonicator prior to loading) at acidic
(pH ¼ 2), near-neutral (pH ¼ 6), and basic (pH ¼ 10) pH for one
hour at 75  C. Acidic and basic solutions were made with HCl
and KOH respectively. Titania dispersions consisted of P-25
(Degussa Aeroxide, purchased from Acros Organics), visible
light activated Kronos vpl 7000 (purchased from Kronos
Worldwide Inc., herein referred to only as Kronos), or nitrogen
and fluorine doped titania (NF–TiO2) made by sol–gel techniques. NF–TiO2 synthesis details can be found elsewhere.23
Titania loaded fiber samples were sonicated in distilled water
immediately after loading to remove any unbound titania.
Photocatalytic degradation of MC-LR
For the photocatalytic evaluation of the electrospun fibers,
double distilled water (pH 5.7) was spiked with an aliquot of
MC-LR standard (Calbiochem) to achieve an initial concentration of 500  20 mg L1 of MC-LR. Each fiber mat was weighed
(25 mg) and introduced to a glass reactor (I.D. 4.7 cm) that
contains the previously spiked solution. A solar simulator
(Newport Corporation) equipped with a 300 W Xe lamp,
atmospheric attenuation (AM 1.5) and an infrared (IR) blocking
filter was introduced. To obtain visible light irradiation only, an
additional UV-block filter was included in the set up. The
average light intensity reaching the reactor was 25 mW cm2 for
the visible range as measured by a broad band radiant power
meter (Newport Corporation). For the experiments under solar
irradiation, the UV-block filter was removed and the average
light intensity was 47.1 mW cm2. For reference, the intensity of
sunlight at earth’s surface is approximately 100 mW cm2.46 The
reactor was sealed and cooled down with a fan to prevent
evaporation during irradiation. Adsorption experiments were
carried out under dark conditions to account for MC-LR
absorption onto the photocatalytic fibers. Samples were obtained
at established times and the concentration of MC-LR was
determined by liquid chromatography according to Antoniou
et al.47 A slight variation to the analytical method was done by
introducing a C18 Discovery (Supelco) column with 2.1 mm
particle size in order to reduce the flow rate to 0.2 mL min1 and
the injection volume to 20 mL.
Characterization
Fiber morphology was studied using a FEI/Phillips XL30 fieldemission environmental scanning electron microscope (FEESEM). Average fiber diameter calculations were performed by
taking 20+ line scans over several SEM images. Chemical
modification of cellulosic fibers was characterized using
a Thermo Scientific Nicolet 6700 infrared (IR) spectrometer
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operating in transmission mode. BET analysis of succinylated
cellulose fiber meshes were performed with a Tristar 3000
(Micromeritics) porosimeter analyzer. The samples were vacuum
freeze-dried (Labconco) for 24 h before analysis. X-ray photoelectron spectroscopy (XPS) was performed using an M-Probe
Surface Spectrometer (Surface Science) to determine the surface
Ti/C ratio on the fiber samples. A total of three photocatalytic
fiber meshes were analyzed in three different areas to obtain an
average surface Ti/C ratio. Ti-assay experiments were performed
using a modified method from Sedaira et al.48 Briefly, fiber
samples were dissolved in 50% (w/v) ammonium sulfate in
concentrated sulfuric acid at 100 C. 100 mL of the digested
material was then added to 20 mL of 0.3125% (w/v) 5-chlorosalicylic acid, 0.125 M NaClO4 in 50 : 50 water–ethanol,
adjusted to pH ¼ 3 (0.1) with concentrated ammonium
hydroxide, and diluted to 25 mL with water. The quantification
of Ti was performed by measuring the absorption of the solution
at 355 nm. A standard solution of Ti was made by dissolving
titania nanoparticles in 50% (w/v) ammonium sulfate in
concentrated sulfuric acid to obtain a calibration curve. Each
sample tested was analyzed in triplicate. In order to obtain the
size distribution of titania particles, dynamic light scattering
(DLS) was performed by ALV/CGS-3 using a 22 mW HeNe laser
operating at 632.8 nm with a data acquisition time of 30 s.
Nanoparticle dispersions were tested immediately after probe
sonication.

Results and discussion
To determine the effect of available surface area on photocatalytic performance, the electrospun fiber diameter was varied
by changing the amount of acetic acid in the electrospinning
solution as previously reported.44 Fibers electrospun from
a 17 wt% solutions of 80% and 90% acetic acid (aq) are shown in
Fig. 1. Average fiber diameter and BET surface area for these
samples are given in Table 1. Fibers electrospun from an 80%
acetic acid solution have an average diameter of 230  40 nm,
while fibers electrospun from a 90% acetic acid solution have an

Fig. 1 FE-SEM images of CA fibers electrospun from (a) and (b) 80%
acetic acid solution (aq) (1 mm and 5 mm scale bars respectively); (c) and
(d) 90% acetic acid solution (aq) (1 mm and 5 mm scale bars respectively).
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average diameter of 320  120 nm. This increase in fiber diameter
and range of fiber diameter with increasing acetic acid is
consistent with reported values.44 Fibers electrospun from the
80% acetic acid solution showed an increase in BET surface area
(5.6  0.1 m2 g1 vs. 4.9  0.1 m2 g1) compared to fibers electrospun from the 90% acetic acid solutions (Table 1). The CA
electrospun fibers were then converted to cellulose, followed by
a succinylation reaction to functionalize the cellulosic fibers with
carboxylic acid groups (see Experimental section). SEM images
of fibers with each of the described functionalities are shown in
Fig. 2 for fibers electrospun from 80% acetic acid (aq) solutions.
Conversion of the CA fibers (Fig. 2a) to cellulose fibers (Fig. 2b)
and then to succinylated cellulose fibers (Fig. 2c) resulted in
a slight change in overall fiber diameter and BET surface area of
the fibers (Table 1). Carboxylic acid functionality was used as
these groups are known to bind titania better than acetyl and
hydroxyl groups found in the CA and cellulose fibers.31,45,49 To
illustrate this, identical concentrations of P-25 were loaded onto
cellulose fibers and succinylated cellulose fibers as shown in
Fig. 3. There is a clear difference in the amount of titania loaded
onto the carboxylic acid functionalized fibers (Fig. 3a) than the
hydroxyl containing cellulosic fibers (Fig. 3b). IR spectroscopy
was used to confirm the conversion of the cellulosic fiber materials (Fig. S1†). The initial CA fibers have strong peaks at
1740 cm1 and 1230 cm1 (Fig. S1†, red line) which are associated
with carbonyl stretching and ether bond stretching in the acetyl
group, respectively.50 Following deacetylation, the aforementioned peaks are absent from the spectrum (Fig. S1†, dashed
black line) along with the addition of the broad peak from 3600–
3000 cm1 corresponding to hydroxyl groups. Upon addition of
succinic acid to the hydroxyl groups of the cellulose, the carbonyl
peak reappears at 1715 cm1, while maintaining the broad peak
for the hydroxyl group (Fig. S1†, dashed blue line). The shift to
lower absorption wavenumber from the carbonyl in the acetyl to
carboxylic acid group has been shown previously.51
The electrospun fibers were loaded with three different types of
titania at pH ¼ 6 as described in the Experimental section
(Fig. 4). P-25 absorbs only UV light, while Kronos titania and
NF–TiO2 display absorption spectra into the visible spectrum
(out to 600 and 500 nm, respectively). As seen in Fig. 4, the
fiber coverage of the loaded titania in the cellulosic fiber mats is
vastly different for the three types of titania. Kronos nanoparticles tend to form small sized clusters along the fiber
(100 nm) that are accompanied by larger spherical clusters
(1 to 3 mm) that are typically imbedded in the pores of the fiber
mat. The NF-doped titania also shows smaller and larger clusters. However the larger sized clusters are much bigger than those
seen in the Kronos loaded fiber samples. Furthermore, the
overall amount of titania bound to the fibers appears to have
decreased. Conversely, P-25 nanoparticles bind to the succinylated fibers more uniformly without the large aggregates seen in
the visible light activated samples.
To obtain more quantitative information on the overall
amount of titania in the fiber mats as well as the extent of titania
coverage on the surface of the fibers Ti assays and XPS experiments were performed, respectively (Table 2). An example XPS
spectrum can be found in Fig. S2†. The ratio of surface titanium
to carbon was calculated by the atomic percentages of each
element obtained from XPS. Elemental analysis from XPS shows
This journal is ª The Royal Society of Chemistry 2012

Table 1 Fiber diameter and BET surface area, from non-woven cellulosic fiber mat samples electrospun from varying concentrations of acetic acid
80% Acetic acid

Fiber diameter (nm)
BET surface area (m2 g1)

90% Acetic acid

CA

Cellulose

Succinylated cellulose

CA

Cellulose

Succinylated cellulose

230  40
5.6  0.1

210  40
6.10  0.08

200  40
6.0  0.1

320  120
4.9  0.1

380  80
4.86  0.05

370  70
4.63  0.08

Fig. 3 FE-SEM images of P-25 loaded fibers from a 17 wt% CA solution
in 80% acetic acid (aq): (a) succinylated cellulose fibers and (b) cellulose
fibers (scale bar equals 2 mm). All scale bars equals 1 mm.

Fig. 2 FE-SEM images: (a) CA nanofibers; (b) cellulose nanofibers; (c)
succinylated cellulose nanofibers. Initial CA nanofibers were electrospun
from an 80% acetic acid solution (aq). All scales bars equal 1 mm.

that P-25 covers the fibers more uniformly than the visible light
activated titania nanoparticles, which is consistent with FE-SEM
observations. The NF-doped titania, in particular, has an order
of magnitude lower surface Ti/C ratio than P-25 and Kronos,
which is due to its comparatively lower dispersibility in water.
This results in large aggregates observed throughout the fiber
mat (Fig. 4). Fibers electrospun from an 80% acetic acid solution
have a higher surface coverage of Kronos and NF-doped titania
This journal is ª The Royal Society of Chemistry 2012

compared to fibers electrospun from 90% acetic acid solutions.
The surface coverage of P-25 from the fiber samples is similar,
which is due to the ability for P-25 to disperse better in aqueous
media. Regarding the total amount of titania loaded into the
fiber mats, the NF–TiO2 generally have the higher titania
percentages compared to P-25 and Kronos. However, the surface
coverage is poor, with large aggregates of titania found within
the fiber mat (Fig. 4), which significantly contributes to the larger
overall titania percentages found in these fibers. The fibers electrospun from 90% acetic acid tend to have larger overall amounts
of titania, although surface coverage of titania is less than those
seen in fibers electrospun from 80% acetic acid. This is likely due
to the larger surface area of these fibers, as the size titania
aggregates are unchanged between the two electrospun fiber
templates.
The photocatalytic degradation of MC-LR by photocatalytic
cellulosic fibers loaded with titania at pH ¼ 6 under visible and
solar light is shown in Fig. 5 and 6, respectively. The extent of
adsorption percentage of MC-LR onto the fiber mats is shown in
Table 3. It is worth noting that the adsorption of MC-LR onto
succinylated cellulose fibers without titania is much higher than
fibers with titania. This is likely due to the high degree of
hydrogen bonding between the succinic acid functionality on the
fibers and the functional groups and peptide bonds in MC-LR.
With the addition of titania, the amount of adsorbed MC-LR is
reduced likely due to the decrease in free acid groups along the
fiber. Under visible light irradiation (>420 nm), the Kronos and
NF-doped titania show significant degradation of MC-LR while
P-25 does not show any photocatalytic activity under these
irradiation conditions (decrease in MC-LR concentration due to
adsorption of toxin, Table 3). The Kronos loaded fiber samples
degrade MC-LR faster at identical photon energies than the NF
doped titania loaded fibers, despite the NF-doped titania
exhibiting comparable degradation rates of MC-LR as pristine
nanoparticles in solution.23 In fibers electrospun from 80% acetic
acid, the Kronos loaded fibers degrade 40% more MC-LR over
the course of experimentation than the NF–TiO2 loaded samples.
J. Mater. Chem., 2012, 22, 12666–12674 | 12669

Fig. 4 FE-SEM images of titania-loaded succinylated cellulose nanofibers. Fibers are electrospun from 17 wt% CA solutions in 80% and 90% acetic
acid (aq). Images are shown for fibers loaded with Kronos, NF–TiO2 and P-25. All scale bars equal 1 mm.
Table 2 Surface Ti/C ratio (as determined using XPS) and percentage of titania in the fiber mats (as determined using a Ti-assay) for fibers electrospun
at two different acetic acid concentrations and loaded with three titania variants. Each experiment was repeated three times on three separately made
samples
P-25

Surface Ti/C ratio
TiO2%

Kronos

NF–TiO2

80%

90%

80%

90%

80%

90%

0.5  0.4
10  2%

0.4  0.1
16  10%

0.30  0.05
6  1%

0.10  0.05
19  5%

0.03  0.01
20  8%

0.012  0.006
11  2%

Fig. 5 Photocatalytic degradation of MC-LR under visible light conditions (average light intensity of 25 mW cm2) for Kronos loaded fibers (red
circles), NF–TiO2 loaded fibers (blue triangles), and P-25 (black squares).
The top and bottom graphs correspond to fiber electrospun from 17 wt%
CA solutions in 80% and 90% acetic acid (aq), respectively.
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Fig. 6 Photocatalytic degradation of MC-LR under solar light conditions (average light intensity of 47.1 mW cm2) for Kronos loaded fibers
(red circles), NF–TiO2 loaded fibers (blue triangles), and P-25 (black
squares). The top and bottom graphs correspond to fiber electrospun
from 17 wt% CA solutions in 80% and 90% acetic acid (aq), respectively.

This journal is ª The Royal Society of Chemistry 2012

Table 3 Adsorption of MC-LR onto various fiber mats after 7 h as
determined by taking aliquots of MC-LR from fiber samples under dark
conditions
Fiber sample

NF–TiO2 loaded Kronos loaded P25 loaded No TiO2

80% acetic acid 12.7%
90% acetic acid 6.3%

13.4%
6.8%

14.3%
7.3%

59.1%
28.7%

This difference is reduced to 10% in fiber electrospun from 90%
acetic acid solutions. Under solar light conditions, all samples
tested exhibit enhanced photocatalytic activity as the titania
nanoparticles absorb more light, which causes an increase the
photocatalytic activity. Once again, fiber samples loaded with
P-25 and Kronos degrade MC-LR faster than samples loaded
with NF-doped titania. Kronos and P-25 loaded samples
completely degraded MC-LR for samples electrospun from 80%
acetic acid. Samples electrospun from 90% acetic acid solution
exhibited comparatively lower MC-LR degradation due to the
decreased surface coverage of titania and overall decrease in
surface area.
While it is difficult to calculate accurate rate constants due to
the heterogeneity of the samples (in terms of both chemical
constituency and uniformity), certain metrics obtained from
Table 2 can help explain MC-LR degradation behavior. Under
visible light irradiation, the Kronos loaded samples degrade
MC-LR faster than the NF–TiO2 loaded fibers. This is due to the
more uniform coverage of the Kronos on the fiber mats
compared to the NF–TiO2 despite the larger overall amount of
the NF–TiO2 in the sample. The importance of titania surface
coverage is again displayed for samples tested under solar irradiation, as fibers loaded with P-25 and Kronos exhibit higher
rates of MC-LR degradation compared to samples loaded with
NF–TiO2. In more general terms, fiber mats electrospun from
80% acetic acid degrade MC-LR faster than fiber mats electrospun from 90% acetic acid. The surface coverage of titania on
fibers electrospun from 80% acetic acid are generally higher than
for fibers electrospun from 90% acetic acid despite the fact that
there is generally more titania (for P-25 and Kronos) in the 90%
acetic acid samples (Table 2). This illustrates the relative
importance of titania coverage and substrate surface area over
the total amount of titania.
In order to increase the titania surface coverage in the photocatalytic electrospun fibers, titania aggregate sizes in the
loading solution should be decreased. This was accomplished by
loading titania onto the electrospun fibers at acidic and basic pH.
Solutions used in the data presented up to this point have a pH of
6, which is close to the isoelectric point (IEP) for the titania
nanoparticles used in this study.23,52 Aggregate size of titania at
a pH of 2, 6, and 10 were determined using dynamic light scattering (DLS) and are given in Table 4. P-25 aggregate sizes are

consistent with values reported in the literature,52,53 with large
aggregate size at pH ¼ 6 (around P-25’s IEP) and smaller
aggregate sizes above and below the IEP. This decrease in
aggregate size is due to electrostatic repulsion as titania becomes
charged below (positive) and above (negative) the IEP. This
trend is also exhibited in the NF–TiO2 nanoparticles at larger
sizes. Kronos nanoparticles exhibit a smaller average aggregate
size at a pH of 2, while higher pH values lead to increased
aggregate sizes.
Dispersions at varying pH values were then loaded onto succinylated cellulose fibers initially electrospun from an 80% acetic
acid solution. Ti assays and XPS experiments were again used to
determine the total amount of titania within the fibers mats and
the TiO2 surface coverage for samples loaded at different pH
values (Table 5). The calculated Ti/C ratio from XPS data is
higher at lower pH for all titania nanoparticles tested and
decrease with increasing pH. The NF–TiO2 loaded fibers
exhibited the lowest Ti/C ratio of all the samples tested at pH ¼ 6
and 10, but exhibit a larger comparative increase in Ti/C ratio at
a loading pH ¼ 2. The overall titania coverage in the electrospun
fiber mats, as obtained by Ti assay experiments, was found to be
comparable or slightly higher in samples loaded in acidic
conditions compared to a pH ¼ 6 (within standard deviation)
and much smaller at higher pH. Titania aggregate size and
surface coverage of titania on the fiber mats was observed using
SEM (Fig. 7). The titania morphology within the fiber mats is
consistent with data obtained from DLS and XPS.
The relative distribution and amounts of titania present in the
fiber mats can be understood in terms of titania aggregate sizes as
well as the surface chemistries of the nanoparticles and nanofibers at the three different pH as shown schematically in Fig. 8.
At basic pH, succinic acid functionality in the electrospun fibers
likely displays a carboxylate anion while the dispersed titania
nanoparticles bear a negative charge.52 At pH ¼ 10 the electrospun fibers and the titania electrostatically repel each other and
a decrease in the total amount and surface coverage of titania are
observed. At a pH close to the IEP of titania (pH  6) titania
starts to agglomerate into larger aggregates due to the absence of
electrostatic repulsion. The carboxylate anions are likely still
present at this pH, as the isoelectric point for various succinylated biomacromolecules are in the pH ¼ 4–7 range.54,55 At lower
pH, titania becomes positively charged and forms smaller
aggregates while the succinic acid functionality is neutral. At
acidic pH more titania will bind to the fibers as protonated
carboxylic acids have been found to have a higher affinity for
titania than un-protonated carboxylic acids.56,57 This enhanced
binding coupled with the smaller aggregates sizes lead to
increased surface coverage of titania in electrospun fiber mats
loaded at acidic pH.
Electrospun fibers mats loaded at different pH were tested for
MC-LR degradation. Solar light degradation is shown in Fig. 9

Table 4 Average diameter of titania aggregates in aqueous solutions at different pH as determined by DLS
P25

Kronos

NF–TiO2

Titania type
pH

2

6

10

2

6

10

2

6

10

Diameter (nm)

127  26

690  97

400  425

450  20

1220  40

1420  30

930  540

1400  770

390  90
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Table 5 Surface Ti/C ratio (as determined using XPS) and percentage of titania in the fiber mats (as determined using a Ti-assay described in the
Experimental section) for fibers electrospun from 80% acetic acid loaded with titania at different pH values. Each experiment was repeated three times on
three separately made samples
P-25

Surface Ti/C ratio
TiO2%

Kronos

NF–TiO2

pH ¼ 2

pH ¼ 6

pH ¼ 10

pH ¼ 2

pH ¼ 6

pH ¼ 10

pH ¼ 2

pH ¼ 6

pH ¼ 10

1.0  0.2
15  3%

0.5  0.4
10  1%

0.2  0.1
7.8  0.2%

0.5  0.2
13  1%

0.30  0.05
6  1%

0.21  0.07
9.5  0.1%

0.16  0.07
10  0.7%

0.03  0.01
20  8%

0.03  0.01
7.6  0.4%

Fig. 7 SEM images of succinylated cellulose nanofibers formed at pH of 2
and 10 loaded with P-25, Kronos, and NF–TiO2. All scale bars equal 1 mm.

and visible light degradation shown in Fig. 10. Under solar light,
Kronos and P-25 titania degrade MC-LR completely for fibers
loaded with titania at pH ¼ 2 and 6. For fiber mats loaded at
basic pH, P-25 based fiber mats still show sufficient MC-LR

Fig. 8 Schematic depicting the surface chemistry, aggregation state and
fiber chemistry at pH ¼ 2, 6, and 10.
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Fig. 9 Photocatalytic degradation of MC-LR under solar light conditions (average light intensity of 47.1 mW cm2) for Kronos loaded fibers
(red lines), NF–TiO2 loaded fibers (blue lines), and P-25 (black lines) at
pH ¼ 2 (squares), pH ¼ 6 (circles), and pH ¼ 10 (triangles).

degradation, while Kronos loaded fiber mats at a basic loading
pH show a reduced amount of MC-LR degradation compared to
acidic and near neutral loading pH. Data from Table 4 and Fig. 7
show that at pH ¼ 10, P-25 aggregates are 1/3 the size of
Kronos. As such, more titania surface is exposed and thus a large
amount of MC-LR is degraded. For electrospun fiber mats
loaded with NF–TiO2 nanoparticles, there are notable different
in MC-LR degradation vs. loading pH. At a loading pH of 2, the
NF–TiO2 loaded fibers exhibit improved MC-LR degradation.
This can be attributed to the relatively higher titania surface
coverage compared to samples loaded at pH of 6 and 10 (Table
5). This effectively illustrates the importance of loading pH of
titania onto fibrous substrates. Electrospun fiber mats loaded at
pH ¼ 6 show improved MC-LR degradation properties
compared to fiber mats loaded at pH ¼ 10 despite the identical
titania surface coverage. However, there is a two-fold increase
in the total amount of titania in the fibers loaded at pH ¼ 6 vs.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 10 Photocatalytic degradation of MC-LR under visible light
conditions (average light intensity of 25 mW cm2) for P-25 (black lines),
Kronos loaded fibers (red lines), and NF–TiO2 loaded fibers (blue lines)
at pH ¼ 2 (squares), pH ¼ 6 (circles), and pH ¼ 10 (triangles).

pH ¼ 10. For fibers loaded with P-25, the lack of change in
photocatalytic activity at varying loading pH may be attributed
to both the small nanoparticle cluster sizes and P-25’s more
efficient use of UV light compared to Kronos and NF–TiO2.
Visible light degradation of MC-LR exhibits similar trends with
samples loaded at varying pH yet with an overall decrease in the
amount of MC-LR degradation, with the exception of samples
loaded with visible light inactive P-25.

Conclusions
Photocatalytic cellulosic fibers were made from electrospun
fibers by a simple titania surface loading technique using UV and
visible light activated titania nanoparticles. These photocatalytically viable fiber mats were tested for potential usage as
decontamination membranes for the degradation of MC-LR,
a potent cyanobacteria toxin. Surface area, titania surface
coverage, and overall titania concentration for the electrospun
fibers were correlated to MC-LR degradation. The surface
coverage of titania and fiber mat surface area are more crucial to
effective MC-LR degradation than the overall amount of titania
in the fibers. These photocatalytic non-woven high surface area
membranes could be advantageously employed for drinking
water and waste water treatment applications using solar light as
a renewable source of energy.
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