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Abstract Functionalised electrospun polyamide-6 (PA-6)
nanofibres incorporating gadolinium oxide nanoparticles
conjugated to zinc tetracarboxyphenoxy phthalocyanine
(ZnTCPPc) as the sensitizer were prepared for the photo-
catalytic degradation ofOrangeG. Fibres incorporating the
phthalocyanine alone or a mixture of the nanoparticles and
phthalocyanine were also generated. The singlet oxygen-
generating ability of the sensitizer was shown to be main-
tained within the fibre mat, with the singlet oxygen quan-
tum yields increasing upon incorporation of the mag-
netic nanoparticles. Consequently, the rate of the
photodegradation of Orange G was observed to increase
with an increase in singlet oxygen quantum yield. A
reduction in the half-lives for the functionalised nanofibres
was recorded in the presence of the magnetic nanoparti-
cles, indicating an improvement in the efficiency of the
degradation process.
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Introduction

The highly conjugated, planar metallo-phthalocyanines
(MPcs) with their 18-π electron system absorb intensely
in the red region of the visible spectrum, where variation
in the central metal and the type, number and position of
substituents attached to the macrocycle have a great
influence on the chemical properties of the MPc
(Rosenthal and Ben Hur 1996; Kadish et al. 2003). This
ability to tailor the phthalocyanines for specific purposes
allows them to be applied in a diverse range of fields
including electrocatalysis (Agboola et al. 2006;
Nyokong 2006), as sensors (Nyokong 2006), photosen-
sitizers in photodynamic therapy (PDT) (Okura 2001)
and photocatalysis (Wöhrle et al. 2004). The Pc’s high
thermal and photo-stability, excellent absorption of vis-
ible light, chemical inertness and the MPc’s proficiency
in producing singlet oxygen from ground state molecu-
lar oxygen in the presence of light are well documented
(Agboola et al. 2006; Okura 2001; Wöhrle et al. 2004;
Marais et al. 2007; Ali and van Lier 1999), making the
Pcs especially promising as photocatalysts. Phthalocya-
nines have been employed as both heterogenous and
homogenous catalysts, both in solution or on solid sup-
port systems such as resins (such as amberlite) (Marais
et al. 2007) and electrospun nanofibres (Zugle et al.
2011, 2012; Mosinger et al. 2009; Tombe et al. 2012.
Lang et al. 2016). Immobilisation onto solid support
systems is particularly attractive since the possibility of
catalyst recycling becomes plausible (Lang et al. 2016).
Electrospinning is a promising technique, since mole-
cules with a variety of functional purposes may be easily
incorporated and the technique itself is convenient,
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simple, cheap and reproducible and the fibres produced
possess large surface areas, high porosity, mechanical
strength and flexibility.

Magnetic nanoparticles have found application in
numerous fields including the biomedical fields such
as drug delivery (Chomoucka et al. 2010), magnetic
resonance imaging (MRI) (Mornet et al. 2006), hyper-
thermia therapy (Bin Na et al. 2009), as well as envi-
ronmental remediation (Elliott and Zhang 2001). Addi-
tionally, the nanoparticle surface allows tailoring of the
NP for specific purposes upon functionalisation (Deng
et al. 2005). Incorporation of magnetic nanoparticles
(MNPs) with phthalocyanines (either by simple mixing
or conjugation to the Pc) has consistently shown an
increase in the triplet quantum yield and therefore the
singlet oxygen-generating ability (measured as singlet
oxygen quantum yields) of the phthalocyanine
(Ledwaba et al. 2015; Modisha et al. 2013a; Idowu
and Nyokong 2012). The increase in the triplet quantum
yield is likely to be due to the enhanced intersystem
crossing of the excited Pc due to the heavy metal atom
effect (Modisha et al. 2013b).

The widespread use of organic dyes, especially azo
dyes such as Orange G (OG), in industrial wastewater is
a serious environmental issue since they are considered

toxic (Stylidi et al. 2004). Various physicochemical and
biological methods such as filtration, coagulation, pre-
cipitation, adsorption, ion exchange and oxidation tech-
niques have been employed for removal of the dye from
wastewater (Aplin and Wait 2000; Neppolian et al.
2002; Sun et al. 2006). However, the cost and low
efficiency of these techniques have precluded their
use. Phthalocyanines have been successfully employed
in the photodegradation of the dye to less harmful by-
products through the use of light and the singlet oxygen
generated by the Pc (Aplin and Wait 2000; Neppolian
et al. 2002; Sun et al. 2006), offering a promising
alternative.

Owing to the efficient photocatalytic degradation of
OG previously reported by our group using a zinc
tetracarboxyphenoxy phthalocyanine (ZnTCPPc) con-
jugated to Gd2O3 nanoparticles (MNPs) (Ledwaba
et al. 2015), we report on the immobilisation of this
conjugate (Fig. 1) in a polyamide-6 (PA-6) electrospun
fibre. The functionalised fibres were subsequently
employed for the photodegradation of Orange G, where
the fibre is simply suspended in a solution. The results
obtained were related to those where the conjugates
were not embedded in the fibre. Although several stud-
ies (Sun et al. 2006; Tombe et al. 2013) have reported on

Fig. 1 Proposed structure for the ZnTCPPc-MNP (conjugate)
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the photodegradation of OG, incorporation of the
ZnTCPPc-Gd2O3 NP conjugate embedded in a polyam-
ide electrospun fibre for the photodegradation of OG has
not been reported.

Experimental

Materials

PA-6 Ultramide® B grades (i.e. B24, B27, B32 and
B36) were supplied by BASF or Sigma-Aldrich. The
average molecular weights (g/mol) of the polymers were
70,000, 80,000, 90,000 and 100,000 for B24, B27, B32
and B36, respectively. Anthracene-9,10-bismethyl
malonate (ADMA), acetic acid (98%), formic acid
(99.8%), dimethyl sulfoxide (DMSO) and OG were
purchased from Sigma-Aldrich. Water collected from a
Milli-Q water purification system (Millipore Corp.,
Bedford, MA, USA) was used for the preparation of
all aqueous solutions. The amino-functionalised gado-
linium oxide nanoparticles (MNPs) (Ledwaba et al.
2015), ZnTCPPc (Li et al. 2008) and the ZnTCPPc-
MNP conjugates (Ledwaba et al. 2015) were synthe-
sised according to methods documented previously in
the literature. The samples are referred to as ZnTCPPc-
MNP (conj) for the conjugate between the Pc and MNP
and as ZnTCPPc-MNP (mix) for a simple mixture of the
Pc and MNP.

Equipment

A scanning electron microscope (JEOL JSM 840 scan-
ning electron microscope (SEM)) operating at an accel-
erating voltage of 20 kV was used to examine the
morphology of the electrospun nanofibres. Using the
Cell D software from Olympus, the average fibre diam-
eter together with the standard deviations was deter-
mined from 70 measurements. An INCA PENTA FET
coupled to a VAGA TESCAM operating at a 20-kV
accelerating voltage was used to collect the energy-
dispersive X-ray spectroscopy (EDX) data. UV-Vis ab-
sorption spectra were measured at room temperature on
a Shimadzu UV-2550 spectrophotometer using a 1-cm
path length cuvette for the solution studies.

A 300-W halogen lamp together with 600 nm glass
(Schott) and water filters (which were used to filter off
ultraviolet and far infrared radiation, respectively) was
used to determine the singlet oxygen quantum yields.

An additional filter, an interference filter (Intor, 670 nm
with a bandwidth of 40 nm), was positioned in the light
path before the reaction system. Using a power meter
(POWER MAX 5100 Molectron Detector Inc.), the
light intensity reaching the reaction setup was found to
be 1.3 × 1019 photons cm−2 s−1. The photolysis setup
was also used to carry out the photodegradation exper-
iments; however, the intensity of the light reaching the
reaction holder for these photodegradation studies was
higher, at 3.2 × 1020 photons cm−2 s−1.

Electrospinning methods

Identical procedures were followed for all four polymer
grades (i.e. PA-6 grades B24, B27, B32 and B36) to
obtain the electrospun fibres. The PA-6 pellets were
dissolved in formic acid and acetic acid in a 1:1 ratio
to give a 14 wt% solution and stirred for 24 h at room
temperature. The unfunctionalised electrospun fibres for
each of the grades were then prepared using a 5-mL
syringe fitted with a hypodermic needle (inner diameter
of 0.1 mm) at a flow rate of 0.2 mL h−1 to give the fibre
mats. The solutions were electrospun at 30 kV onto a
grounded collector covered with foil where the solidi-
fied nanofibres were collected at ambient temperature
and 25% humidity. The full characterisation of these
electrospun fibres is given in the supporting informa-
tion. The functionalised fibre mats were prepared as
follows: the samples (a) ZnTCPPc (2 mg), (b)
ZnTCPPc-MNP (conj) (3 mg) or (c) ZnTCPPc/MNP
(mix) (3 mg) were added to the polymer solution
(14 wt%, B32 grade) in formic acid and acetic acid
(1:1 ratio) and stirred overnight. The functionalised
electrospun fibres were then prepared using the same
parameters as before to give the (a) PA/ZnTCPPc, (b)
PA/ZnTCPPc-MNP (conj) and (c) PA/ZnTCPPc-MNP
(mix) fibre mats. These fibre mats were immersed in the
Orange G solution for 30 min prior to the photocatalytic
experiments being carried out.

Results and discussion

Characterisation of the ZnTCPPc-MNP conjugate

The characterisation of the ZnTCPPc-MNP conjugate
itself has been previously described (Ledwaba et al.
2015). Analysis of the TEM data revealed the
silica-coated Gd2O3 NPs to be approximately 15 nm in
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size, with the size increasing slightly to 17 nm upon
conjugation to the ZnTCPPc. The TEM images also
revealed a change in appearance of the sample upon
conjugation and that the nanocomposite is still well
dispersed and uniform in size (Ledwaba et al. 2015),
unlike the Fe3O4 NP conjugates obtained by Modisha
et al. where the samples remained highly aggregated
(Modisha et al. 2013a, b). The information derived from
the XRD powder diffraction patterns for the Gd2O3 NP
conjugates was not useful as significant line broadening
is typically observed with Gd2O3 NPs smaller than
20 nm (Zhou et al. 2012). The UV-Vis spectra of
ZnTCPPc in DMSO (Fig. 2) reveal the presence of the
Q and B bands in DMSO, which do not shift upon
formation of the conjugate with the MNP or with a
simple mixture of the ZnTCPPc and the MNP, although
an increase in the B band at ∼360 nm due to the MNP is
observed. The ground state electronic spectra of the
samples show monomeric behaviour as evidenced by
the single narrow Q band (Idowu and Nyokong 2008),
while the MNPs show a broad absorption peak (Fig. 2)
(i) beginning at approximately 500 nm, and thus, this
increase in absorption for the Pc conjugate (Fig. 2) (iii)
and mix (Fig. 2) (iv) samples is attributed to the pres-
ence of the MNP.

Characterisation of the electrospun fibres

Scanning electron microscopy

The fibre diameter and morphology of the electrospun
nanofibres were assessed using SEM. The average

diameter of the fibres for each sample including the
polyamide polymer (PA) alone (for each of the four
grades B24, B27, B32 and B37) and the fibres
functionalised with ZnTCPPc, ZnTCPPc-MNP (conj)
and ZnTCPPc-MNP (mix) were determined using the
Cell D software fromOlympus following imaging. Prior
to functionalisation, various polymer concentrations
were used to optimize fibre formation, with the SEM
images revealing fibres that possessed junctions and
bundles at lower polymer concentrations, indicating that
the fibres were still wet when reaching the collection
plate. By increasing the solution viscosity (i.e. increas-
ing the polymer concentration), uniform, continuous
single fibres with few beads and junctions were obtain-
ed. As observed in the SEM images, the fibre surfaces
were defect free and possessed consistent fibre diame-
ters (Fig. S1, ESI). The best fibres obtained under the
conditions used were the PA B32 fibres (Fig. S2 and
Table S2, ESI), and the functionalised fibres were thus
produced using the B32 grade polyamide pellets (as
outlined in the experimental BElectrospinning methods^
section). The full characterisation of these fibres is de-
tailed in the supplementary information.

The SEM images obtained for the functionalised and
the unfunctionalised polyamide fibres revealed wholly
uniform fibres that were defect free (i.e. no beads were
present or formed), with controllable diameters (Fig. 3).
The fibre diameters ranged from 200 to 1050 nm in size.

The PA/ZnTCPPc-MNP (conj) fibre (Fig. 3b) shows
a slight increase in fibre diameter as compared to the Pc
alone (PA/ZnTCPPc, Fig. 3a), which may be expected
considering the additional presence of the MNPs in the
former sample. The conjugate is bulkier compared to the
Pc alone, and it is expected to increase the overall
viscosity of the polymer solution. Analysis of the SEM
images obtained for PA/ZnTCPPc-MNP (mix) revealed
a further increase; however, these fibres also showed the
presence of several beads (Fig. 3c), implying that the
fibres were of lower quality.

Energy dispersive X-ray spectroscopy

The chemical composition of the fibres produced as
revealed by the EDX data was expected to indicate
whether the ZnTCPPc and the MNPs were successfully
incorporated into the fibre matrix. The EDX spectra of
the fibres (Fig. 4) confirm the presence of the MNPs as
shown by the presence of Gd in the spectra in Fig. 4a–d.
Interestingly, Fig. 4d also reveals the presence of smaller

Fig. 2 Normalised UV-Vis absorption spectra in DMSO of (i) the
MNPs, (ii) ZnTCPPc, (iii) ZnTCPPc-MNP (conj) and (iv)
ZnTCPPc-MNP (mix) at a concentration of ∼10−6 M
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amounts of Gd in the PA/ZnTCPPc-MNP (mix) sample.
Figure 4b shows the spectrum obtained for the fibre
formed with the ZnTCPPc alone, revealing only C, N
and O as expected for the Pc incorporated into a poly-
amide fibre but also Si, which may be an impurity
obtained from glassware. Si and O are expected for the
conjugate and mix samples, as the MNPs are encapsu-
lated with a silica shell. The additional presence of trace
amounts of Al may be accounted for by the aluminium
foil that is used to collect the fibres during production of
the fibres. Successful formation and incorporation of the
ZnTCPPc-MNP conjugate and ZnTCPPc-MNP mix
samples into the fibres are thus verified by the EDX
data, as were previously confirmed by the UV-Vis spec-
tra (Fig. 2).

Singlet oxygen-generating ability of the functionalised
fibres

Singlet oxygen plays a significant role in photocatalytic
reactions and it is therefore essential to determine
whether the singlet oxygen-generating ability of the

sensitizer (ZnTCPPc) alone, together with the ZnTCPPc
conjugated to, or simply mixed with, the MNPs, is
retained upon incorporation into a nanofibre mat. The
ZnTCPPc-MNP (conj) and the ZnTCPPc-MNP (mix)
samples alone (i.e. not incorporated into a nanofibre)
were previously shown to have singlet oxygen quantum
yields (ΦΔ) of 0.36 and 0.49, respectively, as determined
by use of the singlet oxygen chemical quencher
diphenylisobenzofuran (DPBF) (Ledwaba et al. 2015).
The sensitizer alone (i.e. ZnTCPPc) has been shown to
be highly photo-stable (Achadu et al. 2016; Oluwole
et al. 2016 and Ledwaba et al. 2015), making use of this
phthalocyanine for the photodegradation of Orange G
ideal. The higher the ΦΔ, the greater the ability of the
sensitizer to produce singlet oxygen, and photocatalytic
reactions are therefore expected to be more efficient.
The yields obtained for the conjugate and the mixture
showed an improvement in the ΦΔ obtained for the
ZnTCPPc alone (0.32) upon introduction of the MNPs.
Similar studies using Fe3O4 NPs with zinc octacarboxy
phthalocyanine (ZnOCPc) by Modisha et al. (2013a, b)
also revealed a marked improvement.

Fig. 3 SEM images of the
functionalised nanofibre mats of a
PA/ZnTCPPc, b PA/ZnTCPPc-
MNPs (conj) and c PA/ZnTCPPc-
MNP (mix)
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The singlet oxygen-generating abilities of the various
functionalised nanofibre mats were determined in an
aqueous medium using ADMA as a chemical quencher,
since ADMA is soluble in water. The lower singlet
oxygen quantum yields observed in water in compari-
son to organic solvents is due to the lower solubility of
oxygen in water. Thus, lower singlet oxygen quantum

yields are expected for analyses carried out in water (in
contrast to studies using DPBF as the chemical quench-
er). Data obtained using ADMA is relevant to our stud-
ies since we are exploring the use of these nanofibre
mats as a solid support for the sensitizer and sensitizer
hybrids for the photocatalysis of Orange G, to less
harmful by-products, which may be found in the dye

Fig. 4 EDX spectra of a PA/MNP (conj), b PA/ZnTCPPc, c PA/ZnTCPPc-MNP (conj) and d PA/ZnTCPPc-MNP (mix) nanofibre mats

Fig. 5 The UV-Vis spectral
changes observed following the
photolysis of ADMA in an
aqueous solution for 30 min with
15 mg of the PA/ZnTCPPc-MNP
(conj) fibre suspended in solution.
ADMA starting concentration is
3.9 × 10−5 mol dm−3. Irradiation
interval is 5 min
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industry’s waste water and the nanofibre mats were
immersed in the Orange G solution for 30 min prior to
the photocatalytic experiments being carried out. The
singlet oxygen quantum yields (ΦΔ) were thus deter-
mined for the ZnTCPPc and ZnTCPPc-MNP (conj) and
ZnTCPPc-MNP (mix) incorporated into the various fi-
bre mats in aqueous media by monitoring the
photodegradation of ADMA at 380 nm (Fig. 5). Fifteen
milligrams of the modified fibres (PA/ZnTCPPc, PA/
ZnTCPPC-MNP (conj) and PA/ZnTCPPc-MNP (mix))
were suspended in an aqueous solution of ADMA and
irradiated for 30 min at 60 W using the photolysis setup
described in the experimental section. The quantum
yields (ΦADMA) were calculated using Eq. (1) (Spiller
et al. 1998), using the molar extinction coefficient of
ADMA in water, logε = 4.1 (Ogunsipe and Nyokong
2005):

ϕADMAð Þ ¼ CO−Ctð ÞVB

I abs⋅t
ð1Þ

where Co and Ct are the ADMA concentrations at the
start and end of the irradiation period, respectively, VB is
the solution volume, t is the irradiation time and Iabs is
defined by Eq. (2):

I abs ¼ α⋅A⋅I
NA

ð2Þ

where a = 1–10−A(λ), A(λ) is the absorbance of the
sensitizer at the irradiation wavelength, A is the irradi-
ated area (2.5 cm2) and I is the intensity of light
(1.3 × 1019 photons cm−2 s−1), while NA is Avogadro’s
constant. The absorbance used for Eq. (2) is not the
phthalocyanines in solution but the phthalocyanine em-
bedded in the fibre which is placed on a glass slide. The
light intensity measured refers to the light reaching the
UV-Vis cuvette and it is expected that some of the light
is scattered. Thus, the ΦΔ values reported herein for the
nanofibres are estimates. The singlet oxygen quantum
yields were calculated using Eq. (3) (Foote 1979):

1

ϕADMA
¼ 1

ϕΔ
þ 1

ϕΔ
⋅
kd
ka
⋅

1

ADMA½ � ð3Þ

where kd is the decay constant of singlet oxygen and ka
is the rate constant for the reaction of ADMAwith 1O2

(that is 1Δg). The intercept obtained from the plot of
1/ΦADMA versus 1/[ADMA] reveals 1/ΦΔ.

The UV-Vis spectra show the distinctive bands asso-
ciated with ADMA (Fig. 5) but not that of the Pc,
indicating that the Pc is firmly embedded in the fibre
and is not leaching out. As the photolysis proceeds,
there is a decrease in the absorption intensity of the
ADMA owing to the production of singlet oxygen by
the phthalocyanine and the consequent degradation of
the chemical quencher. The results, shown in Table 1,
reveal that the phthalocyanine is indeed still capable of
producing singlet oxygen when incorporated into a fibre
and additionally when conjugated to, or simply mixed
with, the MNPs. The ΦΔ values of the Pc (0.16) are
shown to decrease upon conjugation to the MNP
(0.12), but these values increase when the Pc is
simply mixed with the MNP (0.21) and embedded
in the fibre. This may likely be due to the differing
amounts of the phthalocyanine sensitizer actually
present in each of the fibre mats. The different
amounts may be due to the actual procedures used
in synthesizing and purifying the conjugate, while the
mix sample is simply prepared by adding the sensi-
tizer to the NP (Ledwaba et al. 2015). It is possible
therefore that the conjugate sample contains less of
the phthalocyanine sensitizer than the mix sample,
which accounts for the decrease observed in the sin-
glet oxygen quantum yield. It is also possible that the
polyamide fibre is responsible for the decrease in the
singlet oxygen quantum yield since polyamides have
a lower oxygen permeability in comparison to other
fibres. However, Modisha and Nyokong (2014) and
Goethals et al. (2014) both showed the successful
incorporation of the phthalocyanine into the fibre
without affecting the Pc’s ability to produce singlet
oxygen. This may be due to the greater amount of
sensitizer present on the fibre surface. A similar trend
was observed for the samples not embedded in a fibre
matrix, i.e. the ΦΔ obtained for the ZnTCPPc-MNP
(mix) sample was 0.49, while the conjugate pos-
sessed lower ΦΔ values at 0.36. These latter values

Table 1 Singlet oxygen quantum yields of the variously
functionalised nanofibres

Sample Fibre diameter (nm) ΦΔ (in water)

PA/ZnTCPPc 225 0.16

PA/ZnTCPPc-MNP (conj) 575 0.12

PA/ZnTCPPc-MNP (mix) 1025 0.21
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are higher, and it is expected for reactions carried out
in organic solvents, since the solubility of oxygen in
water is lower. Modisha et al. using Fe3O4 nanopar-
ticles revealed similar results where the sensitizing
ability of the Pc was retained and improved by the
presence of the MNPs upon electrospinning
(Modisha and Nyokong 2014). The PA/ZnTCPPc-
MNP (mix)-functionalised fibre is therefore expected
to be efficient in the photodegradation of Orange G.
The singlet oxygen generated that reacts with the
singlet oxygen trap is likely only taking place mostly
on the surface of the fibre, since any singlet oxygen
generated inside the fibre (where already the oxygen
content would be lower) would have to diffuse to the
surface of the fibre mat since the singlet oxygen trap
is not likely to diffuse into the fibres. The values
obtained for these fibres are thus surprising. Howev-
er, several reports by our group have previously
shown incorporation of the phthalocyanine sensitizer
without serious deleterious effects on the singlet ox-
ygen quantum yield, i.e. the singlet oxygen-
generating abilities of the sensitizer remained intact
(Zugle et al. 2011, Tombe et al. 2012, 2013; Masilela
et al. 2013, Modisha and Nyokong 2014, Masilela
et al. 2013 and Mafukidze et al. 2016). This was
further demonstrated by their successful application
of these fibres in antimicrobial reports in the photo-
dynamic antimicrobial chemotherapy (or PACT)
studies (Masilela et al. 2013; Osifeko and Nyokong
2014). An unmodified electrospun fibre (PA alone)
was also produced and evaluated for its singlet
oxygen-generating ability. In the absence of the Pc
sensitizer, the fibre, as expected, did not produce any
singlet oxygen.

Photodegradation of Orange G

Spectroscopic characterisation

Figure 6 shows the UV-Vis absorption spectral changes
observed upon irradiation of a solution of OrangeG at 5-
min intervals with the PA/ZnTCPPc-MNP (conj)
nanofibre suspended in solution. The absence of the
characteristic Q band of the Pc at 680 nm indicates that
there is no leaching and the Pc is securely fixed in the
nanofibre. The degradation of Orange G was easily
monitored by observing the decrease in the dye’s ab-
sorption band at 478 nm (Deng et al. 2006). Similar UV-
Vis absorption spectra were obtained for the PA/
ZnTCPPc and PA/ZnTCPPc-MNP (mix) samples. The
photolysis of OG involves aryl group hydroxylation,
oxidative cleavage of the azo group and desulfonation
(Meetani et al. 2011). The oxidative cleavage of the azo
group is most likely responsible for the change in solu-
tion colour from orange to a colourless solution. The
PA/ZnTCPPc-MNP fibre mat, in the absence of irradi-
ation or the phthalocyanine as the sensitizer, showed no
significant change in the absorption spectrum of Orange
G due to degradation. The latter therefore confirms that
the observed photocatalytic activity is due to the
ZnTCPPc and that the Pc is embedded in the fibre.

Photodegradation kinetics

The graphs obtained for the variation of the OG con-
centration versus irradiation time are shown in Fig. 7 for
PA/ZnTCPPc-MNP (mix) and the kinetic data obtained
is listed in Table 2.

Fig. 6 Absorption spectral
changes observed during the
photocatalytic degradation of
1.93 × 10−5 mol L−1 solution of
Orange G using a 15-mg PA/
ZnTCPPc-MNP (conj) fibre
sample. Irradiation
intervals = 10 min
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The plots for ln(Co/C) versus irradiation time for the
PA/ZnTCPPc-MNP (conj) and PA/ZnTCPPc are given
in the supplementary information (Fig. S4). These plots
give a clearer indication of the degradation of OG for
each of the nanofibre samples, and the linearity obtained
indicates that the reaction followed first-order kinetics.

The photodegradation rate of Orange G decreased
with an increase in OG concentration, with fastest rates
observed for the PA/ZnTCPPc-MNP (conj) sample at
low OG concentrations. The presence of the MNPs
appeared to boost the photodegradation rate of OG as
induced by the sensitizer for both the conjugate and
mixed samples, an observation that may be directly
correlated to the enhancement in singlet oxygen gener-
ation observed. Table 2 also reveals reduced half-lives
for the OG oxidation on the ZnTCPPc-MNP nanofibre
samples as compared to the ZnTCPPc fibre alone,

implying that the effect is due to the presence (either
as a conjugate or a mixture) of the MNPs since the
singlet oxygen quantum yields improved upon incorpo-
ration of the MNPs. Interestingly, the photodegradation
rates of the sensitizer or sensitizer hybrids embedded in
nanofibres are faster than that for the ZnTCPPc alone or
ZnTCPPc-MNP (conj) samples, though this may be due
to the differing amounts of Pc present in solution and in
the fibre. The half-lives, on the other hand, are shorter
for the embedded Pc or Pc conjugates or mixtures
(Ledwaba et al. 2015), although the quantities of the
photocatalyst employed in these studies may again be
different. These data imply that overall the photocata-
lytic degradation process for OG is more efficient when
ZnTCPPc is embedded in a nanofibre. Similar results
were obtained by Modisha and Nyokong (2014), where
the presence of Fe3O4 NPs to enhanced the

Fig. 7 First-order kinetic plots
for the degradation of Orange G
carried out at different
concentrations: (i)
2.3 × 10−5 mol L−1, (ii)
3.5 × 10−5 mol L−1 and (iii)
4.8 × 10−5 mol L−1 using the PA/
ZnTCPPc-MNP (mix) nanofibre
samples

Table 2 The initial rate, rate constant (kobs) and half-life (t1/2) of the various initial concentrations of Orange G using the functionalised
electrospun fibres

Catalyst [OG] (× 10−5 mol L−1) kobs Initial rate (×10−7 mol L−1 min−1) Half-life (min) R2

PA/ZnTCPPc 2.3 0.050 (0.008) 11.5 (1.8)* 14 (87) 0.984

3.5 0.006 (0.006) 2.1 (2.0)* 116 (119) 0.882

4.8 0.002 (0.001) 1.0 (0.5)* 347 (693) 0.780

PA/ZnTCPPc-MNP (conj) 2.3 0.028 (0.030) 6.4 (6.9)* 25 (25) 0.969

3.5 0.016 (0.010) 5.6 (3.5)* 43 (69) 0.877

4.8 0.004 (0.002) 1.9 (1.0)* 173 (347) 0.977

PA/ZnTCPPc-MNP (mix) 2.3 0.014 3.2 50 0.979

3.5 0.006 2.1 116 0.963

4.8 0.003 1.4 231 0.999

The values in brackets* were obtained for the sample sensitizer samples not embedded in the nanofibres (Ledwaba et al. 2015)
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photocatalytic ability of the phthalocyanine both upon
embedding in a nanofibre and in solution.

Conclusions

The conjugates of ZnTCPPc with gadolinium oxide
nanoparticles (MNPs) were successfully incorporated
into electrospun nanofibres using the polymer PA-6
(B32 grade). The polymer PA-6 B32 was chosen for
further study due to the superior quality of the
electrospun nanofibres obtained, as well as the fact that
the polyamide polymer is well known for its resistance
to heat, durability and strength, making it ideal for
filtration purposes. The singlet oxygen-generating abil-
ity of the functionalised fibres, as determined by use of
the singlet oxygen quencher ADMA, indicated that the
functionality of the ZnTCPPc and the ZnTCPPc-MNPs
remained intact within a solid fibre core since decent
singlet oxygen quantum yields were obtained. The fi-
bres were used to degrade the common water pollutant
Orange G, with the highest rates (kobs) achieved by the
PA/ZnTCPPc-MNP (conj) fibres. Pseudo-first-order ki-
netics were followed in the photodegradation of OG for
all three functionalised nanofibres. This study has
shown that these functionalised mats may be used for
water purification purposes, in filtration (due to the
presence of the pores in the nanofibre mats) and photo-
catalytic applications.
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