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Abstract: This study discusses the possibility of immobilization of colloidal
TiO, nanoparticles (NPs) onto poly(e-caprolactone) (PCL) beads and foams
that could be utilized for the removal of textile dyes from water by photodeg-
radation. PCL foams were fabricated by environmentally friendly treatment of
PCL beads in supercritical carbon dioxide. PCL beads and foams loaded with
colloidal TiO, NPs were used as photocatalysts for the removal of the textile
dyes C.I. Acid Orange 7 and C.I. Basic Yellow 28 from aqueous solutions (10
mg L!) under illumination that simulated sunlight. Unlike the PCL beads, the
PCL foams provided complete discoloration of the dye solution within 24 h of
illumination. The PCL foams also exhibited excellent floatability that was
maintained for more than four weeks. Additionally, their photocatalytic activity
was preserved within three repeated photodegradation cycles, indicating that
the floating photocatalyst provided superior photocatalytic activity compared to
the non-floating PCL beads.

Keywords: poly(e-caprolactone); TiO, nanoparticles; dye photodegradation;
supercritical foaming.

INTRODUCTION

Photocatalysis on semiconductor surfaces has gained much scientific attent-
ion due to their great potential for solving serious environmental problems.
Among the metal oxide semiconductors, TiO, nanoparticles (NPs) are the most
widely used for the degradation of organic pollutants. By absorbing UV light
(Eg = 3.2 eV), TiO NPs generate electron-hole pairs that migrate to the particle
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surface and react with surrounding molecules, such as H,O and O,, producing
very reactive radicals (OH®, O;°"). These reactive oxygen radicals in combin-
ation with valence band holes successfully degrade a wide range of organic
contaminants (phenols, pesticides, surfactants, dyes, efc.) and kill a variety of
microorganisms (bacteria and viruses) in wastewater.l2 For the purposes of
wastewater treatment, TiO, NPs are usually applied in powder form posing a
problem of their post treatment separation. In order to overcome this drawback,
various substrates (glass, silica, zeolite, hydrogels, fibers, clay and activated
carbon) have been explored as potential supports for the immobilization of TiO;
NPs.3-13 Recently, floating substrates, such as expanded perlite or polystyrene,
have become very attractive since their floatability ensures maximum UV light
utilization and oxygenation of the photocatalyst, simple exploitation and post
treatment recovery.!415 It should be stressed that most of these materials are
non-biodegradable which means that after their exploitation secondary pollution
is generated. Hence, from environmental standpoint, it would be desirable to rep-
lace these materials with biodegradable ones!® that are decomposed via enzym-
atic routes without any toxic products. Papers related to biodegradable polymers
as supports for TiO» NPs are still scarce. It was reported that poly(caprolactone)
film could be employed as a substrate for direct immobilization of TiO, NPs and
removal of Methylene Blue dye and 4-chlorophenol from water.17-18 It was also
reported that fibrous poly(L-lactide) textile material functionalized with nano-
-sized ZnO was successfully employed for photocatalytic degradation of Methyl-
ene Blue and some reactive dyes.?

Taking into account the non-toxicity and biodegradability, of poly(e-capro-
lactone) beads (PCLy), they were chosen as a substrate for immobilization of
TiOy NPs in this study. On the other hand, bearing in mind the advantages of
floating photocatalysts, non-floatable PCLy, was converted into the form of a
floatable foam (PCLy). Intrigued with the studies reported by Fanovic and
Jaeger20 and Ivanovic et al.,2! which highlighted the applicability of compressed
CO, for PCL foaming, it was decided to fabricate PCL¢ in supercritical CO;
(scCO»). Unlike conventional less environmentally friendly foaming agents
(chlorofluorocarbons, hydrochlorofluorocarbons and volatile organic compo-
nents) scCO» is non-toxic, chemically inert, non-flammable and enables working
in a clean and safe environment.22:23 Qur first attempt in the utilization of PCL¢
as a substrate for the fabrication of a floating photocatalyst was governed towards
immobilization of commercial Degussa P25 TiO, NPs.24 The presence of both
rutile and anatase crystalline structures in these NPs made the process of dye
photodegradation in water successful. However, in the present study, the possi-
bility of the fabrication of a floating photocatalyst by immobilization of colloidal
TiOy NPs with the anatase crystalline structure was investigated. In fact, the
photocatalytic behavior of TiO, NPs immobilized on both PCLy, and PCL¢ were
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in parallel studied by the evaluation of textile dyes (C.I. Acid Orange 7 and C.I.
Basic Yellow 48) removal from aqueous medium under simulated sun-like illu-
mination.

EXPERIMENTAL
Materials and Methods

PCL beads (PCL;, M,=80,000 g mol-') were purchased from Sigma—Aldrich, Germany.
Commercial carbon dioxide of purity 99 % was supplied by Messer-Tehnogas, Serbia.

The supercritical foaming of PCLy by CO, was conducted in a previously described
high-pressure view cell (Eurotechnica GmbH, Germany) using the static method.?> The exp-
erimental set-up is presented in Fig. 1. Individually wrapped beads in Teflon fabric were
placed in the cell and heated to 40 °C. Afterwards, CO, was introduced into the cell by
opening valve V1. All valves were closed when the pressure had elevated to 20 MPa using the
pump (Milton Roy, France). After 2 h of PCL,, exposure to scCO,, valve V2 was gradually
opened and CO, was released from the cell at the decompression rate of 0.5 MPa min-!.
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Fig. 1. Experimental setup for a high pressure foaming process: 1 — view chamber, 2 — light
source, 3 — pump, 4 — cryostat, 5 — camera (T] — temperature indicator; PI — pressure
indicator).
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Colloidal TiO, NPs were synthesized by acidic hydrolysis of TiCl,.2¢ All chemicals used
in the synthesis were of analytical grade and used as received without any further purification.
Milli-Q deionized water was used as the solvent. TiCly (Fluka) at —20 °C was added dropwise
to cooled water (at 4 °C) under vigorous stirring and kept at this temperature for 30 min. The
pH of the solution was zero. Slow growth of the particles was achieved by dialysis against
water at 4 °C until the pH of the solution reached 3.5. The concentration of TiO, colloidal
solution was determined from the concentration of the peroxide complex obtained after dis-
solving the particles in concentrated H,SO,4.27 In order to improve the crystallinity and overall
photocatalytic efficiency of the generated TiO, NPs, the colloid was thermally treated under
reflux at 60 °C for 16 h.28 Mostly irregularly shaped single crystals of the TiO, NPs with
average dimensions of 6 nm were observed by HREM.28 The electron diffraction pattern and
Raman spectroscopy measurements confirmed the formation of anatase crystalline structure.?’

PCLy, and PCL; were dip-coated with colloidal TiO, NPs according to the following pro-
cedure: 0.50 g of PCL;, (or PCL¢) was immersed in 55 mL of colloidal solution of TiO, NPs
(0.1 M). After loading PCLy, (or PCLy) with TiO, NPs for 2 h, the samples were removed from
the colloidal solution and dried at room temperature. In order to eliminate the excessive TiO,
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NPs, the samples were rinsed (3x1 min and 1x5 min) with deionized water and dried at room
temperature.

The morphology of the PCL; and the PCL#+TiO, was analyzed by field emission scan-
ning electron microscopy (FESEM, Tescan Mira3 FEG). The samples were coated with a thin
layer of Au prior to analysis. Energy-dispersive X-ray spectroscopy (EDX) of the PCL¢ with
immobilized TiO, NPs was performed using a JEOL JSM 5800 SEM with a SiLi X-Ray det-
ector (Oxford Link Isis series 300, UK).

Fourier transform infrared (FTIR) spectra of the PCL; were recorded in the ATR mode
using a Nicolet 6700 FTIR Spectrometer (Thermo Scientific) at 2 cm™! resolution, in the
wavenumber range from 500-4000 cm!.

The photocatalytic activity of the PCL+TiO, and the PCL#+TiO, samples was studied in
an aqueous solution of the acid dye C.I. Acid Orange 7 (AO7, Bezema) and basic dye C.I.
Basic Yellow 28 (BY28, Bezema). The structure of AO7 and BY28 are shown in Fig. S-1a
and S-1b of the Supplementary material to this paper, respectively.

Photocatalytic degradation experiments were accomplished in accordance with the fol-
lowing procedure: 0.25 g of PCLy+TiO, or PCL¢#TiO, was placed into 25 mL of AO7 or
BY28 aqueous solution (10 mg L!). The beaker with a sample was placed in a water bath and
shaken under a ULTRA-VITALUX lamp (300 W, Osram). This lamp provided sun-like irra-
diation. The distance between the lamp and the sample was set at 45 cm. The optical power
was measured by an R-752 universal radiometer readout with a sensor model PH-30,
DIGIRAD and it was 30 mW-cm2. The concentration of AO7 and BY28 solution was mea-
sured after 30, 60, 90, 120, 180, 240, 300, 360 and 1440 min of illumination at A,,,,, = 484 nm
for AO7 dye and A,,, = 438 nm for BY28 dye using a Cary 100 Scan UV-Vis
spectrophotometer (Varian). The percentage dye removal (D) was calculated according to the
following expression:

Cy-C
0

D =100 M
where: Cj is the initial concentration of the dye solution and C is the concentration of the dye
solution at the studied time.

In order to evaluate a possible reusability of the photocatalysts, the described procedure
was repeated twice.

The pseudo-first order kinetic model was used to describe the process of water discolor-
ation:

Co
In— =kt 2
C ()

where Cj is the initial concentration of dye solution (mg L!), C is the concentration of dye
solution at time # (mg L1), k is the pseudo first order rate constant (min!).

For a first order reaction, the relation between the half-life time (#;,;) and rate constant
(k) can be calculated according to Eq. (3):3931

0.693
typ = % 3)
RESULTS AND DISCUSSION

The surface morphology of the PCLy fabricated in scCO, before and after
immobilization of TiOy NPs was assessed by FESEM analysis. Unevenly distri-
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buted pores were detected on the surface of the foams (Fig. 2a). The porous
structure of the PCL¢ interior can be clearly seen in the inset to Fig. 2a. The pore
diameter varied in the range between 7.5 and 540 pm with an average size of
251453 um.24 The obtained values were comparable with reported data.2! The
presence of mostly agglomerated TiOy NPs on the PCL¢+TiO; surface is rev-
ealed in Fig. 2b. EDX analysis also confirmed the presence of TiOy NPs on the
surface of the foam (Fig. 3), i.e., certain peaks assigned to Ti appeared in the
EDX spectrum of the PCL#Ti0; sample.

(a) | (b)

o

———500im’

Ium

Fig. 2. FESEM images of the surface of PCL¢ (a, inset: cross section of the PCLy) and surface
of the PCL#+TiO, (b) samples.
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Fig. 3. EDX spectrum of PCL#+TiO,.

The photocatalytic activity of the TiO, NPs immobilized on PCL¢ and PCLy,
was evaluated in aqueous solution of textile dyes AO7 and BY28 under sun-like
illumination. Previous research indicated that the dye AO7 was not prone to
photolysis while negligible photolysis occurred in the case of dye BY28.24 The
percentage of AO7 removal from water in the presence of PCLy, PCL¢, PCLy+
+TiO, and PCL¢+TiO; are shown in Fig. 4a. PCLy, and PCLy alone did not ind-
uce any dye removal. PCLy+TiO, and PCL¢+TiO; removed 64 % and 100 % of
dye AO7 within 24 h of illumination, respectively.
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Fig. 4. The percentage of dye removal during the first cycle of illumination for AO7 (a) and
BY28 (b) in the presence of different PCL samples.

Obviously, PCL¢+TiO; ensured a significantly faster dye removal rate.
Namely, nearly 80 % of the dye AO7 was removed within the first six hours. As
revealed in Fig. 4b, the dye BY 28 also did not photodegrade in the presence of
PCLy, or PCLy alone. PCL¢+TiO, provided for complete discoloration of the dye
solution within 24 h of illumination, while PCLy+TiO, provided for the removal of
only 66 % of the dye BY28 for the same illumination period. These results
indicated that almost equivalent discoloration trends occurred for both dyes. A
comparison of the obtained results with the results related to the same substrates
but loaded with commercial Degussa P25 NPs implied that both PCL¢ and PCLy,
with immobilized Degussa P25 NPs attained more rapidly and efficiently the
removal of both the investigated dyes from water under the same conditions.24 As
an illustration, in the case of the PCL+TiOpDegussa P25), 90 % of dye AO7 and
100 % of dye BY28 were removed already after six and three hours of illumin-
ation, respectively. The better photocatalytic activity of Degussa P25 NPs can be
attributed to their specific anatase/rutile crystalline structure. The present TiOy NPs
consisted of only the anatase phase. Namely, a synergetic effect appears between
rutile and anatase in mixed phase TiO, nanocomposites, such as Degussa P25. The
presence of rutile considerably enhances the photocatalytic activity of the anatase
phase.2% In other words, when anatase and rutile phase are in close contact, photo-
excited electrons and holes are preferentially trapped in the anatase and rutile
phases, respectively, leading to better charge separation and consequently to inhi-
bition of unfavorable electron—hole recombination.3!-32 In addition, it was reported
that the photocatalytic efficiency increases with crystallite size, which is larger in
the case of Degussa P25.33 In spite of higher efficiency of these nanocomposite
foams from the photocatalytic point of view, the aggregation of Degussa P25 NPs
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on the surface and inside the PCL makes their detachment easier compared to the
nanocomposite foam with immobilized colloidal TiO, NPs.

The floatability of the nanocomposite foam is another very important issue
that is worth discussing. It was observed that PCL+TiO; photocatalyst floated on
the water surface throughout the 24 h long photodegradation experiment due to
hydrophobic nature and the density of the PCL¢ of 289 kg m—3.24 As was expected,
floatability was not noticed in the case of the PCLy+TiO; sample that had a density
of 1145 kg m3. Taking into account this observation together with the results
presented in Fig. 4, it could be concluded that the floating PCL+TiO, photocat-
alyst exhibited superior photodegradation activity compared to the non-floating
PCLy+TiO; photocatalyst. Floatability of the PCL¢+TiO; sample ensured more
efficient light utilization and maximum oxygenation which resulted in higher rate
of radical generation and consequently in higher photocatalytic efficiency. Addi-
tionally, the increased active surface area of PCLf+TiO, due to the presence of
pores covered with TiO, NPs facilitated the photodegradation process.

All investigated samples remained white after the photodegradation experi-
ments, as can be seen in Fig. S-2 of the Supplementary material. The white color
of the PCL¢#+TiO; sample implies that no residual dye remained in the nanocom-
posite foams after the first cycle of illumination.

In order to examine the possible reusability of the PCL#+TiO, sample, the
photodegradation experiment was repeated twice. Fig. 5a and b revealed that
PCL¢+TiO, provided complete discoloration of both dyes solutions within 24 h of
illumination in the second and in the third cycle. The photos in the Fig. S-3 of the
Supplementary material proved that the PCL#+Ti0O, sample remained white after
repeated illumination cycles.

a b
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Fig. 5. The percentage dye removal during repeated cycles of illumination for AO7 (a) and
BY28 (b) in the presence of PCL#TiO,.
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It should be noticed that the discoloration rate in the presence of the
PCL¢+Ti0O, sample in the solution of BY28 increased with repetition of illumin-
ation cycles, which could be ascribed to cleaning of the surface of the particles
from impurities during the first photodegradation cycle.28:34 In contrast, the dis-
coloration rate in the case of the AO7 solution slightly decreased in the 21d and
the 31 cycle, but complete dye removal was obtained after 24 h. The photo-
graphs presented in Fig. S-3 of the Supplementary material confirmed that the
PCL¢+TiO, floating photocatalyst could be successfully reused several times,
which is imperative for practical use.

It should be emphasized that the PCL#TiO, photocatalyst floated on the
water surface even after the third illumination cycle. In fact, the floatability of the
PCL#+TiO, sample was sustained for more than four weeks, which is signific-
antly longer compared to the duration of the floatability of expanded perlite (10
days).15 The sustained floatability of the PCL#+TiO, sample ensured its potential
application as a floating photocatalyst.

It is well known that the pseudo first order kinetic model well fitted the
photodegradation of different dyes in the presence of TiO; NPs under UV illu-
mination.34:35 Hence, the correlation coefficients R2, the pseudo-first order react-
ion rate constant £ and the half-life #1/» for dyes AO7 and BY28 in the presence
of the PCL#TiO; sample were calculated (Egs. (2) and (3)) and the results are
summarized in Table 1. The results from Table I demonstrate that the pseudo first
order kinetic model also fits well the photodegradation process of dyes AO7 and
BY28. It is evident that the half-life calculated for both dyes is in good correl-
ation with the experimental values presented in Fig. 5. The rate constant dec-
reased with repetition of illumination cycles in the case of AO7 whereas it inc-
reased for BY28.

TABLE I. Kinetic data calculated for the photodegradation process of dyes AO7 and BY28 in
the presence of the PCL#TiO, sample in aqueous medium

Dye Cycle R? k/ min’! t1,, / min
AO7 1 0.999 0.0043 162

2 0.996 0.0027 258

3 0.987 0.0023 299
BY28 1 0.995 0.0030 229

2 0.995 0.0040 172

3 0.995 0.0056 124

In order to investigate the possible chemical changes of the PCLy¢ substrate
during the photodegradation of the dye AO7 that might be induced by applied
illumination and/or reactive oxygen radicals, the FTIR spectra of the PCL#TiO;
sample before and after photodegradation experiments were recorded. The FTIR
spectra of the PCL+TiO, before and after three repeated illumination cycles are
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shown in Fig 6. The strong band at 1720 cm! is related to C=0O carbony] stretch-
ing while the band at 1293 cm~! corresponds to C—O and C—C stretching in the
crystalline phase of the PCL.!8

PCLTiO, 3

PCLTiO,

Transmittance. a.u.

x T T T T 1
2000 1500 1000 500

-
Wavenumber, cm

Fig. 6. FTIR spectra of PCLTiO, before the first and after the third cycle of
photodegradation of dye AO7.

The results presented in Fig. 6 indicated that the PCL#+TiO, sample retained
its chemical stability after three repeated photodegradation cycles. These results
are in agreement with the results obtained by Sivlim e al.!8 In contrast, Martins-
-Franchetti reported the changes in FTIR spectrum of PCL films in the carbonyl
region after 10 h of UV irradiation.36 However, it is important to note that they
applied higher dose of UV irradiation compared to the lamp in the present study
in which simulated sun light was used.

CONCLUSIONS

The results presented in this study revealed that PCL foams could be suc-
cessfully produced from PCL beads using supercritical CO; as an environment-
ally friendly foaming medium. The pore structure of the PCL foams was con-
firmed by FESEM analysis. The presence of TiO, NPs on the surface of the foam
loaded with TiO; nanoparticles was proven by FESEM and EDX analyses. It was
shown that such a nanocomposite provided complete discoloration of textile dyes
C.1. Acid Orange 7 and C.I. Basic Yellow 28 solutions (10 mg L~1) within 24 h
of exposure to sun-like illumination. Similar efficacy was obtained in two rep-
eated illumination cycles. On the other hand, studied PCL beads with immobil-
ized TiO, were less efficient than PCL foams with TiO, nanoparticles. The PCL

Available on line at www.shd.org.rs/JSCS/

(CC) 2018 SCS.



1388 MARKOVIC et al.

foams with immobilized TiO, nanoparticles exhibited excellent floatability,
which was retained for more than four weeks. Hence, good photocatalytic act-
ivity and sustained floatability of the PCL foams with immobilized TiO, nano-
particles make them a viable candidate for practical use as a floating photocat-
alyst in treatment of textile industry wastewater. The pseudo first kinetic model
fitted well the photodegradation of both tested dyes in the presence of the float-
ing photocatalyst. This photocatalyst remained chemically stabile after three rep-
eated illumination cycles.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website: http://
//www.shd.org.rs/JSCS/, or from the corresponding author on request.
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H3BOJ
YKITABARE BOJA 3A TEKCTUI U3 BOOE HAHOYECTUIIAMA TiO, UMOBUJIMCAHUM
HA ITEPJIAMA U TIEHU OJ ITOJIN(e-KAITPOJIAKTOHA)

IAPKA MAPKOBUE', CTOJA MUJIOBAHOBUR’, MAPUJA PAIIOUYUR’, JKEJBKO PATIOBAHOBHUR',
HPEHA JXW)KOBUR', 30PAH IATIOIHER® 1 MAJA PAITETHR

! Yuueepsuiteii y Beoipagy, Hnosayuonu yenimap TexHomowko—memanypuxoi paxynivewia, Kapueiujesa 4,
11120 Feoipag, ZYHusep3uu76u7 y Beoipagy, Texnonowxo—meianypwxu paxynivei, Kapreiujesa 4, 11120
Beoipag, 3YHusep3uw.€w y Beoipagy, Hnctuuitiy i 3a Hyxaedapre nayke “Bunua”, oi. ip. 522, 11001 Beoipag u
*Faculty of Chemistry, Wroclaw University of Science and Technology, Wybrzeze Wyspianskiego 27, 50-370,
Wroclaw, Poland

Y oBoM papgy je nuckyToBaHa MoryhHOCT UMODWIH3alHje KoJouaHuX HaHouectua TiO, Ha
nepiaama Wi e’y of nonu(e-kanposnakToHa) (PCL) koje Ou ce uckopucTuie 3a ykiawame doja
3a TekcTun U3 Boge mpouecoM otonerpaganvje. PCL nena je nmobujeHa eKONOLIKH IPUXBAT-
puBUM TpetManoM PCL nepnu y HaTkpuTtHuHOM CO;. PCL mepiie v neHe cy HakHaJHO MMITPEr-
HHpaHe KOJIOWIOHHUM HaHouectHnama TiO, u ynortpedrseHe cy Kao (DOTOKATanMU3aTOPH 3a
yiiamamwe doja 3a Tekctun C.1. Acid Orange 7 u C.I. Basic Yellow 28 u3 Bonmenor pacrsopa (10
mg L1) nipu oceeT/vemy Koje cumymupa cyHueBy cBeTIOCT. 3a pasnuky of PCL nepsu, PCL nene
cy ode3demuine nmormyHo ode3dojaBame pactBopa doje Tokom 24 h ocersbaBawa. PCL meHa je
Takohe INOKasana OIJIMYHy CHOCODHOCT IIyTama Koja je OuyBaHa AyXKe OJ UYETUPU Helesbe.
dorokaTamTUTHYKa aKTUBHOCT II€HA je 3afpKaHa TakoM TPHU MOHOBJ/bEHA LIMKIYCa UCIHUTHUBAbA
QoTomerpafanyje MTO ykadyje Aa OBaj IUTyTajyhu goTokaranus3aTtop Mokasyje CynepHOpHY
(poToKaTaNUTHYKy aKTUBHOCT y opehemwy ca HertyTtajyhum PCL nepnama.

(TTpummbero 13. centemdpa, peBunypano 17. okrodpa, mpuxsaheno 19. okrodpa 2018)
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