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a b s t r a c t

This study concentrated on the direct immobilization of anatase nano titanium dioxide particles (TiO2,
10 nm particle size) into or onto a biodegradable polymer, polycaprolactone, by solvent-cast processes.
The self-cleaning, namely photocatalytic properties of the produced materials were tested by photocat-
alytic removal of methylene blue as model compound and antimicrobial properties were investigated
using Candida albicans as model microorganism. Produced TiO2 immobilized polymer successfully
removed methylene blue (MB, 1 × 10−5 M) from aqueous solution without additional pH arrangement
eywords:
iodegradable polymer
olycaprolactone
elf-cleaning materials
hotocatalytic degradation
ethylene blue

employing a UV-A light (365 nm) source. Almost 83.2% of dye was removed or decomposed by 5 wt%
TiO2 immobilized into PCL (0.08 g) and removal percentage reached to 94.2% with 5 wt% TiO2 immobi-
lized onto PCL after a 150 min exposure period. Although removal percentage decrease with increased
ionic strength and usage of a visible light source, produced materials were still effective. TiO2 immobilized
onto PCL (5 wt%) was quite effective killing almost 54% of C. albicans (2 × 106 CFU/mL) after only 60 min

ble lig
ffecti
andida albicans

exposure with a near visi
absence of light were ine

. Introduction

Polymers are very important materials being used to produce
aily use items such as packaging, household appliances, build-

ng materials, paints, plastic sheets and laminates. Combining self
leaning properties would gain additional benefit. Biodegradable
olymers are a class of polymer, which are decomposed by an
nzymatic route and the products released to the environment
o not cause negative effects. Often non-degradable polymers
re substituted with biodegradable ones particularly in environ-
ental applications, agriculture, food industry and medical use

1]. Polycaprolactone (PCL) is an example of a biocompatible,
iodegradable, and non-toxic synthetic aliphatic polyester that is
ompletely biodegradable inside the body after interaction with
ody fluids, enzymes, and cells, and therefore suitable for biomed-

cal applications [2,3]. On the other hand, biodegradable polymers

re preferred in tissue engineering which cells may be seeded, and
hich are introduced into a patient where the material gradually

esorts, leaving behind a matrix of connective tissue and cells with
he appropriate structural and mechanical properties [4,5]. These

∗ Corresponding author. Tel.: +90 462 377 25-32; fax: +90 462 325 31 96.
E-mail address: msokmen@ktu.edu.tr (M. Sökmen).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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ht source. Control experiments employing PCL alone in the presence and
ve under the same condition.

© 2011 Elsevier B.V. All rights reserved.

types of polymers are used to produce compostable bags, bottles for
household cleaning materials since microbial decomposition and
mineralization occurs when they are deposited into the environ-
ment.

Apart from other metal-oxide materials, titanium dioxide (TiO2)
particles have excellent photocatalytic properties and applications
of this material have recently received great attentions owing to
its chemical stability and high reactivity under UV light irradia-
tion (� < 390 nm). Produced hydroxyl radicals via charged holes (h+)
and excited electrons (e−) are the main reactive species for oxida-
tive/reductive degradation of a wide range of organic pollutants and
details of the degradation process had been extensively discussed
by Carp et al. [6].

Titanium dioxide particles can be utilized in the form of thin film
which coated on a surface at nanometer scale. This is one of the most
widely used materials in industrial applications since their unique
dielectric, capacitor, transparent ferromagnetic and material prop-
erties serve in various applications such as corrosion protection,
solar cells, gas sensors, and photocatalytic self-cleaning surfaces.

Especially self cleaning properties being directly related to photo-
catalytic nature of TiO2 particles are important to produce advance
materials being used in everyday life.

Physical or chemical methods used to prepare thin films on glass,
metal or ceramic substrates include sputtering, electrophoretic

dx.doi.org/10.1016/j.jhazmat.2011.01.020
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:msokmen@ktu.edu.tr
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eposition, spray pyrolysis, thermal oxidation, chemical vapor
eposition, and wet coating [6,7]. However, most of these tech-
iques cannot be used for TiO2 coatings on polymer substrates since
hey require high temperature calcination to obtain the desired
hotoactive anatase structure. The low surface energy of poly-
ers and the lack of proper binding sites on the surface result in

ow adhesion leading to difficulty surface coating. To date, sol–gel
nd sputtering have been the main low temperature deposition
echniques for coating TiO2 nano particles on polymer substrates
7–13].

Direct immobilization of nano sized TiO2 (n-TiO2) could be a
ractical route for the preparation of these types of materials as
he nano particles can be dispersed into the polymer or directly
prayed onto the surface during polymerization. Moreover, these
aterials could be used to remove contaminants from polluted
ater. Some procedures for the immobilization of TiO2 into or onto
olymers are already present in the literature. For example, photo-
atalyst has been prepared by coating Degussa P25 TiO2 onto UVA
ransparent Plexiglass® (an acrylic polymer) however; the coating
echnique used was not described [14]. Chun et al. [15] reported
hat TiO2 particles were deposited onto metal substrates (stainless
teel, Cu alloy, Al alloy) and polymer substrates (PET, PMMA) by
ano-particle deposition system (NPDS) at room temperature and

ow vacuum condition. Submicron size TiO2 powders were sprayed
hrough the supersonic nozzle and deposited at high deposition
ate without thermal damage to the substrates. The scratch test was
erformed and particle penetration into stainless steel substrate
as reported. NPDS was recommended as a coating technique for
wide number of applications using polymer substrates, including
exible displays and microfluidic devices. However, stability and
urability of nanoparticles on the surface is questionable of this
ype of coating.

A novel photocatalyst based on Pt-doped titanium dioxide-
oated magnetic poly(methyl methacrylate) microspheres was also
repared by Chen et al. [16]. However, this catalyst should be con-
idered as a TiO2 and polymer composite since proportions of TiO2
as either immobilized into or onto polymer surface. A few other

tudies were published recently [17,18] and both materials were
mployed for antibacterial applications. These materials were only
ested for antibacterial properties rather than photocatalytic activ-
ty.

In this study, we report the route for direct immobilization of
natase nano TiO2 particles (10 nm particle size) into (direct addi-
ion of TiO2 nanoparticles suspension into �-caprolactone solution
n chloroform) or onto (direct spraying TiO2 nanoparticle sus-
ension onto partly solidified polycaprolactone) a biodegradable
olymer, polycaprolactone, by solvent-cast processes for producing
aterials that combine biodegradability and self cleaning prop-

rties. The aim of the study was to investigate the photocatalytic
roperties of the produced materials by the removal of the model
ompound, methylene blue, and to assess their antibacterial prop-
rties using Candida albicans as model microorganism. C. albicans
s an eukaryotic organism (ca. 5–10 �m size) surrounded by a
igid cell wall composed mainly of glucan and chitin, which are
ssociated with structural rigidity, and mannoproteins [19] and
pproximately 25–50 times larger than the bacteria. If a mate-
ial is effective for killing C. albicans it should be highly active
or all other less resistant microorganisms. Surface and struc-
ural analyses were also carried out to evaluate possible structural
ariations occurring during the treatment process. Both photo-
atalytic and antimicrobial improvement would be beneficial for

he usage of this biodegradable polymer in packaging or medical
pplications since its environmentally friendly nature. Addition-
lly this material can be used for removal or degradation of many
ollutants present in various environments such as water and
ir.
s Materials 187 (2011) 199–205

2. Experimental

2.1. Preparation of n-TiO2 immobilized PCL

Polycaprolactone, CAPA® 6800, was provided by Perstop Capro-
lactones (Cheshire, UK) as pellets and has a mean molecular weight
of 80,000. Chloroform (Analytical reagent from Merck, Darmstadt)
was used as the dissolving and casting solvent. For the immobiliza-
tion of 10 nm sized n-TiO2 powder (Aldrich, Darmstadt) into or onto
PCL, two different solvent casting techniques were employed.

2.1.1. n-TiO2 immobilized PCL (PCL-1)
Polycaprolactone (PCL) granules weighing 2.0 g were dissolved

in 20 mL of chloroform. To another 20 mL portion of chloroform was
added the required amount of n-TiO2 and then vigorously mixed
for 20 min. The amount of n-TiO2 was varied; 1%, 5% and 10% rela-
tive to the solid weight of PCL. The PCL solution was then carefully
mixed with the n-TiO2 suspension and left to mix at high speed for
a further 20 min. Aliquots of the PCL-TiO2-chloroform suspension
(10 mL) were cast into glass Petri dishes (75 mm diameter), these
were loosely covered with a lid (diameter 80 mm) and placed in a
fume hood at room temperature for a slow evaporation. The sol-
vent dried polymer film (approx. 0.5 mm) was collected and dried
for 48 h in a vacuum oven at room temperature. This material was
defined as PCL-1.

2.1.2. n-TiO2 immobilized on PCL (PCL-2)
PCL granules were dissolved and the n-TiO2 powder was dis-

persed as above. The amount of n-TiO2 was 5 wt% relative to the
solid weight of PCL. For this solvent casting technique, only the PCL
solution (10 mL aliquots) was cast into glass Petri dishes (75 mm
diameter) and placed in a fume hood at room temperature for a slow
evaporation. Before the PCL films were fully dried (approximately
20 min) the n-TiO2 chloroform suspension was sprayed onto the
partly solidified PCL film using a nanoparticle dispersion system
(at 2–3 atm. pressure, spraying nanoparticle/chloroform suspen-
sion, SATA Minijet HVLP 3 90589). The n-TiO2 treated PCL was then
left to air-dry in a fume hood at room temperature. The air-dried
polymer film was removed from the Petri dish and further dried for
another 48 h in a vacuum oven. This material was defined as PCL-2.

2.2. Characterisation

The surface morphology of the polymer films was studied using
a Nova NANOSEM-Philips scanning electron microscope. Attenu-
ated total reflectance – Fourier transform infrared spectroscopy
(ATR-FTRI) analysis of PCL and n-TiO2 immobilized materials were
carried out on a Nicolet Magna-IR 860 spectrometer with a Graseby-
Specac Golden GateTM sampling accessory. All films used in this
study were handled and processed with due consideration for the
differences between the polymer surfaces. The surfaces that had
been in contact with glass Petri dishes during casting were denoted
the GS surface, whilst those that had been exposed to air were
denoted the AS surface [20]. Surface analyses were therefore per-
formed on both the GS and the AS’s, but n-TiO2 immobilization was
only applied to the AS. Surface deformation during exposure was
tested using a UVC lamp emitting mainly 254 nm wavelength light,
whereas photocatalytic experiments were performed using a UVA
lamp emitting 365 nm. Thermogravimetric analysis (Seiko ExStar
6300 Model TG/DTA) was also performed on the samples before
and after exposure.
2.3. Photocatalytic activity of n-TiO2 immobilized PCL

Photocatalytic efficiencies were tested for the removal of aque-
ous solution of methylene blue (MB). A set of experiments were
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esigned to compare the photocatalytic actions of the n-TiO2
mmobilized PCL films.

Surface or structural variation studies of neat PCL and TiO2
mmobilized PCL (PCL-1 or PCL-2) were carried out in water with a
VC emitting lamp (254 nm, Spectroline ENF-260) at dye’s natural
H. However, MB degradation processes were investigated at pH
–10 range using a UVA emitting lamp (365 nm) or a visible light
mitting sodium lamp. The solution pH was adjusted with 0.1 M
aOH or 0.1 M HCl solutions. A 5 mL portion of 1 × 10−5 M MB was
laced in a quartz cell containing rectangular specimens (approx-

mately 2 × 1 cm, 0.08 g, approx. 0.5 mm thick) cut with a scalpel
lade. Both surface of the polymer was in contact with MB solu-
ion. The absorption of MB at 668 nm (UV–vis. Dr. Lange CADAS
00 Spectrometer) was monitored over 150 min in the presence
nd absence of light or polymer. Photoactivity tests of the films
ere also carried out in the presence of 4.3 × 10−3 M (250 ppm)
aCl solutions contacting both GS and AS.

.4. Photokilling activity of n-TiO2 immobilized PCL

C. albicans (an eukaryotic yeast, ATCC60193, 2 × 106 CFU/mL)
uspended in normal saline was cultured in broth for 16 h, cen-
rifuged, and washed in NaCl solution (0.9%) twice. The required
umber of microorganism was adjusted by dilution with the NaCl
olution (0.9%).

A 5 mL portion of this solution was placed in a quartz cell con-
aining 0.08 g of n-TiO2 immobilized PCL film (PCL-2) and 10 �L
ortions were withdrawn at 15 min intervals during 60 min in the
resence and absence of light. The 10 �L portions were directly
ultivated on sabouraud dextrose agar plates. The plates were incu-
ated for 24 h at 37 ◦C and the numbers of living colonies were
ounted to determine the number of viable cells expressed as the
umber of colony forming unit (CFU/mL) of C. albicans. The control
ample was necessary to confirm the condition of the yeast, and
ct as a benchmark for the survival rate calculation. The method
or testing the control sample was exactly the same as that of the
-TiO2 immobilized PCL samples. Results are expressed as degra-
ation percentage which was calculated from the number of colony
orming units before and after treatment. All experiments were
arried out in triplicate; particular attention was paid to those
xperiments which involved polymeric materials since these were
leaned with sterile water, dried and kept in sterile boxes until
sage. All equipments (Petri dishes, glassware, pipettes and pipette
ips) were sterilized by washing with ethanol and autoclaving at
70 ◦C for 1 h prior to use.

. Results and discussion

.1. Structural analysis n-TiO2 immobilized-PCL

SEM analyses were carried out to determine the structural
hanges related to n-TiO2 immobilization and UV exposure. Mor-
hology of the polymeric materials (neat PCL, PCL-1 and PCL-2)
efore and after exposure to UV light for 48 h is given in Fig. 1.

It is noteworthy to indicate that the air surface appears to have a
ougher surface this is due to the fact that chloroform is evaporated
hrough the AS and not the GS. The SEM images collected before
nd after exposure (Fig. 1a–d) show that PCL does not undergo any
ajor degradation and that both surfaces (AS and GS) still have

used spherule-like aggregates of approximately 100 �m in diam-

ter. These observations are similar to the PCL films not exposed
o UV light prepared by Tang et al. [20]. However, the morphol-
gy of the PCL-GS surface show a depressed surface structure after
xposure compared to the more rounded aggregates prior to expo-
ure. This might be due to some form of localized heating which
s Materials 187 (2011) 199–205 201

deforms/melts the surface during exposure as seen from the SEM
image of GS at a higher magnification (Fig. 1c, at 20 �m). After
long term UV treatment (1 week) slightly sheaf-like features were
observed due to oxidative damage but this should be confirmed by
other analysis techniques such as FTIR or Raman spectrometry [21].

The SEM analyses were repeated with 5% (w/w) n-TiO2 immo-
bilized PCL-1 and PCL-2, the findings are given in Fig. 2. SEM
micrographs obtained from UV treated samples were very similar
to non-treated PCL containing 5 wt% n-TiO2 and are therefore not
presented. It should be noted that the addition of n-TiO2 into PCL
resulted in an uneven surface containing aggregated TiO2 particles
and visible cracks and pinholes (due to a reduction in the adhesion
of the spherules and incompatibility with TiO2 and PCL) in both AS
and GS surfaces (Fig. 2a and b). It looks like the spaces between the
spherule-like agglomerates filled with TiO2 particles. Incidentally,
there are more of these ‘cracks’ on the GS rather than the AS this
due to a sedimentation effect, i.e. the TiO2 particles sedimenting to
the bottom of the Petri dish.

Dispersion of nanoparticles could be more homogenous and
use other techniques such as autoclaving the n-TiO2/polymer solu-
tion or ultrasonic dispersion before casting can be used. However,
spray nanodispersion of n-TiO2 onto PCL substrate produce more
homogenous and smooth PCL film and immobilization of n-TiO2
particles on air surface is clear seen (Fig. 2c and d). This circle like
islands seen on the surface (Fig. 2c) might be due to air pressure
hit on polymeric surface or the tops of spherules that are devoid of
TiO2. The surface was checked after treatment and TiO2 particles
were still seen on the surface.

ATR-FTIR spectra were collected in the mid-infrared region
(650–4000 cm−1) with a resolution of 4 cm−1 and 64 scans (spec-
trums are not given). There was not any additional IR band
corresponding to UV exposure of polymer for 48 h. Martins-
Franchetti et al. [21] reported that UV irradiation had caused
relatively large changes in the IR spectrum of the PCL film after 10 h
UV exposure using a high potency ultraviolet irradiation directly to
PCL surface. This was observed as a broadening of the strong band
at 1727 cm−1 (carbonyl stretching group) together with a relative
increase in intensity of the 1708 cm−1 band (also carbonyl stretch-
ing), the change was attributed to a change in polymer crystalinity
resulting from irradiation.

Structural changes of PCL before and after UV or visible light
exposure were also investigated by simultaneous thermo gravimet-
ric and differential analysis (DTA-TGA, Fig. 3). Thermo gravimetric
analysis revealed that polymer did not exhibit major deformation
after a long term irradiation resulting a slight shifting of the melt-
ing point. In fact a 6 W UV lamp was used in our experiments
and it seemed not to cause any degradation of PCL itself for a
longer exposure time. This results indicates that PCL is stable dur-
ing photocatalytic process unless contact to enzymes leading to its
bio-decomposition.

3.2. Photocatalytic degradation of MB with PCL-1

Photocatalytic degradation of MB employing PCL-1 is given in
Fig. 4. Degradation or removal percentages were calculated for
150 min exposure period and given in Fig. 5. Almost 36% of MB was
degraded or bleached by UVA light after 150 min exposure. Initially,
MB was adsorbed by PCL and only small fraction was absorbed or
degraded by PCL itself. MB removal from the aqueous dye solution
at pH 9 significantly increased with PCL-1. The percentage of n-TiO2
was an important factor and best removal rates were obtained with

5 wt% n-TiO2.

Photocatalytic processes are usually more effective in acidic pH
ranges and therefore the same procedure was repeated at differ-
ent pH between pH 2 and 10. The point of zero charge (pzc) of
the TiO2 (Degussa P25) is at pH 6.8 and TiO2 surface is positively
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Fig. 1. Effect of UV exposure on the neat PCL surface morphology: (a) AS; (b); GS (c) AS/UV*; (d) GS/UV*. The scale bar shown in each micrograph is 200 �m in length and (e)
PCL-GS/UV* at 20 �m length. *48 h UV exposure with 6 W lamp at � = 254 nm.

Fig. 2. The surface morphology of 5 wt% n-TiO2 immobilized: (a) PCL-1 AS; (b) PCL-1 GS at 200 �m scale (white areas indicate aggregates of TiO2 particles at the size of
<20 �m) and (c) PCL-2 AS; (d) PCL-2 GS at 20 �m scale. Arrows shows cracks and pinholes.
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nd (b) 5 wt% n-TiO2 immobilized PCL (PCL-1) after UV irradiation for 48 h.

charged in acidic media (pH < 6.8), whereas it is negatively charged
under alkaline conditions (pH > 6.8). Since hydroxyl radicals can be
formed by the reaction between hydroxide ions and positive holes
the positive holes are considered as the major oxidation species at
low pH [22]. Degradation or removal percentages were calculated
for 150 min irradiation period and given in Fig. 5a. Removal effi-
ciency at pH 9 was still the highest among the pH ranges studied.
This is an advantage since removal or degradation processes do not
require the commonly practiced, additional pH arrangement.

Photocatalytic action of the materials was also tested in the pres-
ence of 4.3 × 10−3 M (250 ppm) NaCl (Fig. 5b). In this case alteration

of the ionic strength significantly inhibited both adsorption of the
dye on the polymeric surface and the photocatalytic removal. Active
sites of the surface were possibly occupied by ions and thus dye
adsorption was prevented. In addition, the photocatalytic action
of PCL-1 was tested employing a 40 W sodium light source emit-
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lower in intensity or not present in the spectra obtained from the n-
TiO2 immobilized PCL samples indicating that MB was significantly
or completely decomposed rather adsorbing on the PCL. However
removal rates were lower than 365 nm exposure and not depending
to percentage of TiO2 in PCL.

3.3. Photocatalytic degradation of methylene blue with PCL-2

Experiments discussed above were also carried out with PCL-2
(TiO2 was immobilized on air surface) and results are given in Fig. 6.

Immobilization of n-TiO2 onto PCL produced improved MB
removal percentages, especially for the sample containing 5 wt%
TiO2 since the removal percentage reached 94.2% after 150 min
exposure with a 365 nm light. Naturally, immobilization of the
nanoparticles on polymer surface lowers the mass transfer and this
increases the rate of diffusion of the dye molecules to TiO2 particles.
As a result of this, dye molecules and active sites such as positive
holes or hydroxyl radicals are more in contact. Moreover, for all
the TiO2 containing samples, the removal rates were higher, i.e.
more MB was removed in shorter exposure periods. Percentage of
immobilized TiO2 seems to be an important aspect since overload-
ing occupies all surface area including the small voids between the
polymeric particles that increase the adsorption of MB.

3.4. Antibacterial properties
The reduction efficiencies of PCL-2 were checked for C. albicans,
one of the most resistant microorganisms to conventional disin-
fection methods. Control experiments employing PCL alone in the
presence and absence of light were also carried out under the same
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ig. 7. Inactivation of C. albicans using PCL and 5 wt% n-TiO2 immobilized PCL-2 in
he presence and absence of light.

onditions. As seen from the results (Fig. 7), PCL-2 was quite effec-
ive killing almost 54% of C. albicans after only 60 min exposure with
near visible light source. However, only 18.2% of C. albicans was
illed in the presence of polymer and light alone.

In one of the most important publications in the literature
elated to TiO2, Kühn et al. [14] reported that the reduction effi-
iencies of TiO2 coated Plexiglass decreased depending on the cell
all thickness. They found that Gram-negative microorganisms
ere killed easily, whilst Gram-positive microorganisms were more

esistant. C. albicans was highly resistant to photocatalytic degra-
ation due to its thick eukaryotic cell wall, but in our study, the
umber of living cells was reduced to nearly half that of the initial
mount. This is a promising result especially when considering the
imple preparation route and the incorporation of a biodegradable
olymer.

. Conclusions

Under the light of our findings, some important outcomes can
e summarized. It was shown that it is possible to produce a
iodegradable polymer containing n-TiO2 particles in or onto PCL
timulated by UVA light. Produced materials successfully removed
B from aqueous solution without additional pH arrangement.

emoval of the dye was still effective in the presence of high con-
entration salt. Spectroscopic and structural analyses reveal that
iO2 immobilized PCL was resistant to structural changes and can
e reused until its enzymatic degradation. The polymer which 5%
iO2 immobilized onto PCL (PCL-2) provided high kill-rates for C.
lbicans indicating it might be more effective for less resistant micro
rganisms such as E. coli.
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