Journal of Saudi Chemical Society (2020) 24, 407-416

agesudlloll BER

King Saud University L)

King Saud University

Journal of Saudi Chemical Society

www.ksu.edu.sa
www.sciencedirect.com

ORIGINAL ARTICLE

TiO, thin films sensitization with natural dyes
extracted from Bactris guineensis for photocatalytic

Check for
updates

applications: Experimental and DFT study

Carlos Diaz-Uribe ™", William Vallejo *, Eduardo Romero *, M. Villareal *,
M. Padilla?, N. Hazbun®, Amner Muiioz-Acevedo ", Eduardo Schott “*°,

Ximena Zarate ©*

*Grupo de Investigacion en Fotoquimica y Fotobiologia Programa de Quimica. Facultad de Ciencias Bdsicas Universidad

del Atlantico Carrera 30 # 8-49 Puerto Colombia, Atlantico, Colombia

° Grupo de Investigacion en Quimica y Biologia, Universidad del Norte. Kilometro 5 via Puerto Colombia, Barranquilla, Colombia
¢ Departamento de Quimica Inorganica, Facultad de Quimica, Pontificia Universidad Catélica de Chile, Avenida Vicuiia

Mackenna, 4860 Santiago, Chile

d Instituto de Ciencias Quimicas Aplicadas, Theoretical and Computational Chemistry Center, Facultad de Ingenieria,
Universidad Autonoma de Chile, Av. Pedro de Valdivia 425, Santiago, Chile
¢ Millennium Nuclei on Catalytic Processes towards Sustainable Chemistry (CSC), Chile

Received 26 November 2019; revised 11 March 2020; accepted 16 March 2020

Available online 26 March 2020

KEYWORDS

TiOQ;

Natural sensitizer;
Anthocyanin;
DFT

* Corresponding authors.

Abstract TiO, thin films, sensitized by an anthocyanins-rich extract of a common species found in
the Colombian Caribbean region (Bactris guineensis fruits), were used for the photocatalytic degra-
dation of methylene blue. The sensitization process was verified by diffuse reflectance spectroscopy
(DRS). The qualitative and quantitative analyses of the anthocyanins were carried out using high-
performance liquid chromatography with photodiode array detection (HPLC-DAD), which pro-
vided the total content anthocyanin equivalent to delphinidin chloride (TAEDC) per mL of the
extract, of 10.0 £ 0.8 pg TAEDC/mL. Here, three main anthocyanins were identified, being
cyanidin-3-rutinoside the most abundant constituent (ca. 76%). The interaction of the dyes with
a TiO, slab model and their adsorption energies were determined through computational simula-
tions. In addition, the molecular modelling evidenced that the sensitization of the semiconductor
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improved the light absorption in the visible range of the spectrum. As a final point, the photocat-
alytic test showed that the photocatalytic activity increased 26% for TiO,/B. guineensis thin films
under visible radiation respect to bare TiO,.

© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Heterogeneous photocatalysis is considered a promising and
effective way to remove organic pollutants from aquatic sys-
tems [1]. For this purpose, metal oxides (e.g. Titanium dioxide
(Ti0O,), zinc oxide (ZnO), and iron oxide have been widely
employed [2]. Currently, titanium dioxide (TiO;) is one of
the most studied semiconductors for photocatalytic applica-
tions, because it is harmless to the environment, shows thermal
and chemical/physical stability and exhibits photocatalytic
properties under UV irradiation. Nonetheless, raw TiO, has
some drawbacks for practical applications such as low quan-
tum efficiency in the generation of charge-carrier, as well as
the fact that it is only active under UV irradiation [3.4]. Over
decades, different strategies have been implemented to address
these issues and improve the TiO, photoactivity: (i) synthetize
micro- and nano-structures (e.g., spheres and three-faceted
pyramids, etc.) [5,6], (ii)) metal and non-metal doping [7-9],
(iii) noble and/or transition metal deposition [10,11], (iv) cou-
pling to other semiconductors [12], and (v) sensitization
[13,14]. Among these, different synthetic dyes are reported as
sensitizers of TiO,, e.g., ruthenium complex, porphyrins,
phthalocyanines and chlorines. However, these dyes are recal-
citrant substances, difficult to degrade by conventional physi-
cal-chemical processes in wastewater treatment plants [15],
becoming a serious environmental trouble due to water pollu-
tion. Therefore, the search for new/innovative sources of alter-
native dyes are of high interest for different research institutes
and government agencies. In consequence, colored natural
products (e.g., chlorophylls, carotenoids, anthocyanins, flavo-
noids and tannins) could be a powerful choice for this field
because they are (i) harmless to the environment; (ii) could
be used in textile, food, cosmetic and energy industries, and,
(iii) are low-priced [16,17]. In the last years, natural dyes have
become an alternative to develop green strategies to support
conventional water treatment technologies; thus, the scientific
community is encouraged not only to use natural dyes as struc-
tural templates to synthesize derivatives (with chromophores)
but also to take advantage of the vast flora that earth pos-
sesses. In Colombia, there are some plants (endemic or intro-
duced) which contain dyes that could fulfill all the properties
to be used as sensitizers of TiO,. A validated example is the
species Syzygium cumini, whose extract of their fruits revealed
its potential as sensitizer for TiO,, based on the report of
Diaz-Uribe et al. [18], who attributed the photocatalytic
improvement to the anthocyanins contained in the extract.
Subsequently, it could be hypothesized that some plants or
their parts, containing anthocyanins, would be tempting candi-
dates (their extracts or isolated molecules) as sensitizers of
TiO,. Therefore, in the herein report, we focused our attention
in dyes obtained from the palm fruit Bactris guineensis (Are-
caceae), which is distributed in the tropical dry forest, between
Central America and northern South America. Their fruits

type “drupe” (called “corozos”) are used to make diverse
products (e.g. foods, among others). In the northern region
of Colombia, the red-colorful fruits prepared by decoction,
have been used to elaborate artisanal beverages, jams and
wines [19,20]; the seeds are discarded as wastes. According to
Osorio et al. [19,20], the constituents responsible of B. guineen-
sis fruits red color are anthocyanins, which are different to
those found in the fruits extract from S. cumini. In the herein
work, we focused on determining the composition of the
methanol extract of the fruits of the palm Bactris guineensis,
and to establish the sensitization effects over titanium dioxide
(TiO,) electrodes for solar photocatalytic process, which, to
the best of our knowledge has not been studied before.

2. Experimental

2.1. Dye extraction and HPLC analysis

The vegetal material (fresh fruits) was collected at town of
Piojo, Departament of Atlantico, Colombia (geographic loca-
tion: Latitude: 10°45'01” North, Longitude: 75°06'27", to
516 m above sea level). Collection was carried out during
October and November of 2017. We used percolation process
for obtaining the extract, with a methanol(HCl):water mixture
[2(1 M):1)], in a solvent:sample ratio of 3:1. The reversed-
phase HPLC analysis was performed by using a UHPLC with
a mobile phase constituted by water/formic acid/acetonitrile
solutions, details for both extraction and UHPLC procedure
were reported in a recent work [21].

2.2. Photocatalyst preparation and characterization

The TiO, thin films were deposited by the Doctor Blade method,
TiO, powder (Degussa, P-25) was used as reagent and besides,
chemisorption was used for natural dye sensitization of TiO,
thin films [18,22,23]. The thin films morphological properties
were analyzed by scanning electron microscopy (SEM) using a
scanning electron microscope (Tescan VEGA3 SB) under an
excitation energy of 30 kV. The diffuse reflectance spectropho-
tometry analysis was performed using a Beijing Elmer Lambda
4 spectrometer equipped with an integrating sphere.

Finally, in photocatalytic process we used a batch photore-
actor under visible irradiation, a solution of 25 mL of MB dye
(10 ppm) was used as target solution, prior to irradiate the
sample, the solution was magnetically stirred in the dark for
1 h, to guarantee the equilibrium of dye adsorption/desorption
onto the TiO, surface. Details of the photocatalytic test are
reported in a previous work [18].

2.3. Computational details

Density Functional Theory computations were employed to
perform a theoretical analysis of the interaction between the
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isolated anthocyanins and a TiO, slab model. The geometry
optimizations of the electronic ground states of three antho-
cyanins (cyanidin-3-rutinoside, cyanidin-3-glucoside and
peonidin-3-rutinoside) and also adsorbed to the (TiO;),4 slab,
have been carried out without symmetry constrains. The long-
range corrected version of the Becke-3-parameter-Lee-Yang-
Parr (B3LYP) hybrid exchange—correlation functional, namely
the Coulomb-attenuating method-B3LYP (CAM-B3LYP) was
employed in conjunction with the basis set composed of
Gaussian-type orbitals, 6-31G(d,p) for C, H and O and the
LANL2DZ pseudopotential for Ti atoms [20-23]. Two anchor-
age configurations for the cyanidin-3-rutinoside/TiO, and
cyanidin-3-glucoside/TiO, were assessed, i.e. bidentate
mononuclear chelating and bidentate binuclear chelating. The
anchor groups involved in these systems were the -OH sub-
stituents enclosed by a circle in Fig. 1. These binding modes have
been reported for a wide series of dyes [12,20,24-27]. Besides, in
case of peonidin-3-rutinoside, as the molecule does not hold two
consecutive —OH groups, two anchorage configurations were
studied using the available anchors from two different rings as
shown in Fig. 1c (named as positions 1 and 2). As well, the sol-
vent effects were modeled for all our computations using the
polarizable continuum model (PCM) with a dielectric constant
of 24.55 which represents ethanol [32]. The anthocyanins were
anchored to the (TiO,),4 cluster by deprotonating the OH- sub-
stituents of the molecules and protonating the cluster surface.

The selected (TiO,),4 slab model has been chosen for this work
and for other of our published studies [33]. After the geometry
optimizations, the adsorption energies (AE,4) of the dyes on
the TiO, model were calculated based on Eq. (1):

AE. = (Ege + Etio2) — Eaye-Tio2 (1)

Here, Eqy. is the total energy of free anthocyanin, Erio, is the
total energy of (TiO,).4 slab, and Egye.tio2 is the total energy
of the anthocyanin-(TiO,),4 system. Gaussian 09 software
was used for the calculations [29-31].

3. Results and discussion

3.1. Identification and quantification of anthocyanins

Fig. 2 shows the typical chromatographic profile obtained by
HPLC-DAD (A 525 nm) of MeOH/HCI extract from peel/pulp
of B. guineensis fruits. According to this profile, three antho-
cyanins were identified as main components: cyanidyn-3-
rutinoside  (~76%), cyanidin-3-glucoside (~13%), and
peonidin-3-rutinoside (~8%) (Fig. 2b). This result was in
agreement to previous report for these species published by
Osorio et al. [34], who found these three anthocyanins; how-
ever, their percentage relative amounts were different and
slightly lower. In addition, the total content of anthocyanin

Fig. 1

Free dyes: a) Cyanidin-3-rutinoside, b) Cyanidin-3-glucoside and c) Peonidin-3-rutinoside.
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Fig.2 Chromatographic profile by HPLC-DAD (A 525 nm) of the total anthocyanins found in the MeOH/HCI extract of peel/pulp from

B. guineensis fruits and, structures of the three main anthocyanins identified in MeOH/HCI extract of B. guineensis.
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Fig. 3 UV-Vis spectra of the MeOH/HCI extract from B.
guineensis fruits at pH values of 2, 4 and 6.

equivalent to delphinide chloride per mL (TAEDC/mL) of
extract from fruit pulp/peel of B. guineensis was of 10.0 = 0.
8 ng TAEDC/mL.

3.2. Optical properties of the extract

Fig. 3 shows a significant absorption band between 430 and
600 nm (at pH 2.0, with a maximum wavelength at 518 nm —
visible region), this band is assigned to the flavylium cation
of the anthocyanin structures found in the extract [28,35].
The change of the optical properties of the extract is pH-
dependent, as their chemical structures change from flavylium
cations to Carbinol pseudo-base at pH 6.0 [21]. The high
absorption of light observed at pH 2.0 for the fruit extract
from B. guineensis in the visible region, is a good indicator
of its potential as a sensitizer.

3.3. Morphological characterization of the thin films

The Fig. 4 shows SEM images for both TiO, and TiO,/B.
guineensis thin films. Fig. 4 (a,b) shows that TiO, thin films
were semi-spherical in shape and they have dense agglomera-
tion films were formed by micro-aggregates with an average
size 25 nm, the particle configuration is typical of Degussa-
P25- TiO, using for thin films deposition [36]. After the sensi-
tization process, the Fig. 4(c,d) shows that the average size of
the films increasing to 42 nm, besides, the agglomeration
increased also after natural dye sensitization. Park er al.
reported that the agglomerates semiconductor surface could
enhance the photocatalytic activity because the photogener-
ated charge pairs can be separated through the inter-particle
charge transfer within the agglomerates [37]. These results
could be a benefit for photocatalytic application due to a
reduction in recombination routes.

3.4. Optical characterization of the thin films

Fig. 5 shows the diffuse reflectance spectra for TiO, and the
TiO,/B. guineensis thin films. The spectrum showed that the

fruit extract from B. guineensis affected the optical properties
of photocatalyist. Fig. 5a shows a red shift of the absorption
edge towards wavelengths greater than 400 nm after sensitiza-
tion process. Optical activity of TiO,/B. guineensis thin films is
attributed to chromophore groups (cyanidyn-3-rutinoside,
cyanidin-3-glucoside and peonidin-3-rutinoside) [38,39]. The
band gap energy value was determined by using the Kubelka
Munk remission function and an analog to Tauc plot [40,41]:

(F(R. )" = A(hv — E,) )

where F(R,.) is the Kubelka Munk remission function and A
is a constant. From Eq. (2), an analog to Tauc plots (F(R..)
*hv)'? against photon energy can be constructed. Fig. 5b
shows plots of (F(R:,C)hv)l/2 versus (hv). Results indicated that
the unmodified TiO, had a band gap value of 3.25 eV, which
agrees to reports in literature and verify that TiO, is active
only under UV irradiation [42]. The energy value for TiO,/B.
guineensis thin films decreases to 2.80 ¢V; when the cyanidins
anchored to TiO, surface, they improve the thin films optical
properties at the visible range of the electromagnetic spectrum.
Furthermore, Fig. 4b indicated that Bactris guineensis is an
environmentally friendly and economically viable natural sen-
sitizer source. Finally, this result is relevant to reach photo-
catalytic activity under visible irradiation, which is detailed
in the next sections.

3.5. Computational studies

As three major anthocyanins were found in the extract, we
aimed to explore how these molecules interact with the TiO,
semiconductor. Hence, quantum mechanics calculations using
the DFT method were carried out to deepen about the material
photosensitization, the electronic properties as well as the
molecular structures of the free anthocyanins (cyanidin-3-
rutinoside, cyanidin-3-glucoside and peonidin-3-rutinoside)
and adsorbed on TiO,. As the dyes hold some available hydro-
xyl groups, different anchorage-binding modes to the slab
model of the semiconductor were studied. Specifically, adsorp-
tion through the —OH groups in position 1 in a bidentate
mononuclear and binuclear in case of the cyanidins. For
peonidin-3-rutinoside, the anchorage was studied also via posi-
tion 1 and we were interested in assessing the adsorption
energy also through position 2 (Fig. 1, vide supra). To establish
the binding, the hydroxo groups were deprotonated and the
bonds between the O atom of the dyes (Og4ye) and the Ti atom
were generated.

The corresponding protons were transferred to the semi-
conductor surface upon adsorption of the dyes on the surface.
The optimized geometries of the adsorbed dyes are shown if
Fig. 6. The E.4s values were calculated using Eq. (1) and are
reported in Table 1. In all cases, a stable dye/TiO, adsorption
is observed. In general, the E, 4 are very alike for positions 1 in
the three systems (i.e. the bidentate mononuclear configuration
for cyanidins and the through the —OH of the ring 1 in the
peonidin-3-rutinoside). In case of position 2, it is observed that
the Peonidin binds weaker than by position 1 as is evidenced
by the decrease of the E,qs around 30 kcal.mol™!. This indi-
cates that certainly is more probable that the dyes bind the
semiconductor through the anchor substituents on the posi-
tions 1. The molecular structures of the cyanidins adsorbed
to TiO, show that the cyanidin with one carbohydrate in their
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1000 nm

Fig. 4 SEM images for (a) TiO, thin films (x70000), (b) TiO; thin films (x 1000000), (c) TiO,/B. guineensis thin films (x70000), (d) TiO,/

B. guineensis thin films (x 1000000).
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structure bend toward the TiO, more than the one with ruti-
noside. This is due to the steric effect of the rutinoside respect
to the glucoside group.

On the other hand, regarding the energy differences
between the options 1 and 2 for the peonidin-3-rutinoside

—TiO,/B. guineensis ‘
—TiO, | /

(F(R) hv)7

26 2.7 28 29 3 3.1 3.2 33 34 35
Photon energy (eV)

a) Diffuse reflectance spectra for TiO, and TiO,/B. guineensis thin films; and, (b) Kubelka-Munk plots and band gap energy

anchorage modes, the computed distance Oqye)-Ti for 1 is
1.883 A and for 2 is 1.899 A which are not very different. Then
the crucial difference, that could contribute to the explanation
of why option 1 is more stable than 2, is that the group -OCHj3;
(specifically the oxygen atom) interacts with a Ti atom of the
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b)

Fig. 6 Snapshots of the front and side views of the adsorption configurations (1 and 2) of the anthocyanins on TiO,: a) cyanidin-3-

rutinoside, b) Cyanidin-3-glucoside and c) Peonidin-3-rutinoside.

Table 1 Adsorption energies (E.qs) of the studied anthocyanins onto the TiO, semiconductor slab model.

Position 1 Position 2

Eags (kcal-mol™") Eags (kJ-mol ™) Eags (kcal-mol™") Eags (kJ-mol™")
Cyanidin-3-rutinoside/TiO, —85.1 —351.2 —80.8 —333.4
Cyanidin-3-glucoside/TiO, —86.2 —355.9 —82.5 —340.7
Peonidin-3-rutinoside/TiO, —91.0 —375.7 —50.0 —206.1

surfaces with a distance of 1.882 A. To assess from a compu-
tational point of view, how the sensitization improves the opti-
cal properties of the dye/TiO, systems, the simulation of the
UV-Vis spectra through the calculation of the vertical excita-
tions via the time-dependent DFT approaches was carried out
for Cyanidin-3-rutinoside. The maximum absorption band is
located at 521 nm for the bidentate mononuclear adsorption,
and at 519 for the binuclear mode (Fig. 7).

This fact evidences the sensitization of the semiconductor
since the TiO, by its own absorbs in the UV range. Also, this
is successfully in good agreement with the reflectance diffuse
spectra analysis.

3.6. Photocatalytic assay

Fig. 8 shows the effect of natural sensitization on MB pho-
todegradation yield under visible irradiation after 120 min.
Results highlight that when B. guineensis is anchored on
TiO,, the degradation of MB is higher in comparison to the
bare TiO,. MB did not show detectable degradation after
visible radiation on TiO,, these results are in agreement to
higher TiO, band gap value. Furthermore, the Fig. 8(a) shows
C,/C, Vs time, results shows that C,/C, ratio is higher (25.6%)
for TiO,/B. guineensis thin films than TiO, bare. Fig. 8(b)
shows the pseudo-first order fitting for results of Fig. 8(a).
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Fig. 8 (a) C/C, decay for MB under visible irradiation on thin films, (b) pseudo-first order fitting for results of Fig. 8(a).
According to DRS assay (Fig. 5), the mechanism of sensitiza-
'OH tion is proposed and shown in Fig. 9.
After visible irradiation, the charge carrier is transferred to
02 TiO, by an electron injection from the photoexcited chro-
e hv mophore (cyanidins from B. Guineensis) to TiO, conduction
LUMO band (Eq. (3) and Eq. (4)). The oxygen adsorbed on TiO, sur-
; face prevents recombination by trapping electrons, and it gen-
e ‘ erates superoxide radical anions, afterwards, hydroxyl radicals
CB 28eV can be produced according to Eq. (5) and Eq. (6). Finally, the
\ ; decomposition of MB proceeds through both parallel and con-
secutive radical reactions (Eq. (7)) [43,44].
‘ TiO,/Sensitizer + hv(;s 400 nm)y — TiO,/Sensitizers (3)
‘ HOMO
3.25 eV
! TiO, /Sensitizer® — TiO, (e, (4)
TiO, (ey,) + Onaa) — O3 (%)
Osq) + H20 — OHyg) + OH ) + Ospaa) (6)
VB
Tio Natural OH ,y) + MBq — (MB —OH) ,=MB, + OHy,  (7)
10; dye

Fig. 9  Schematic illustration of TiO, thin film sensitization by
natural dye.

In the equations, (cb) means conduction band, (ad) means
adsorbed on TiO, surface. Furthermore, Fig. 8 also shows
results of leaching test. After 50 min reaction time, the catalyst
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(TiO,/B. guineensis thin film) was retired from the system, and
the reaction continued without catalyst presence. The reaction
mixture was then stirred by 70 min under visible irradiation.
As expected, it was observed that no further conversion was
obtained after the catalyst was removed from the reaction mix-
ture. Furthermore, we tested the recyclability of the TiO,/B.
guineensis thin film for MB photodegradation under visible
light. After the first cycle, the photodegradation yield was
reduced from 24% to 17%. These features of the dyes make
them potential candidates as sensitizers in Dye Sensitized Solar
Cells (DSSC). In these devices, the photoexcitation of the pig-
ment from the ground state S to the excited state S* leads to
the injection of an electron into the conduction band of TiO,
(Eq. 3-4). Then, the oxidized pigment S™ is restored by elec-
tron transfer from the electrolyte redox pair (e.g. 17/I3)
[45,46]. The dye cannot be regenerated if an electron is not
available in the medium, and the irreversible degradation of
the oxidized dye molecule competes with the regeneration by
the electrolyte [47].

All results confirmed that the sensitization process was
effective and demonstrated that extract from B. guineensis
can act as an alternative sensitizer, with a remarkable increas-
ing of the photocatalytic activity of TiO, in the visible range of
the electromagnetic spectrum. Natural dyes are an economic
and non-toxic alternative to conventional dyes used in
photocatalysis.

4. Conclusions

In this work, three main anthocyanin were identified form
MeOH/HCI extract of the Bactris guinensis fruit, which were
characterized as cyanidyn-3-rutinoside (75.7%), cyanidin-3-
glucoside (13.4%), and peonidin-3-rutinoside (7.7%). The
pH study indicated that high pH values make the anthocyanin
unstable and besides, the best spectral response was reached at
pH 2.0. On the other hand, the spectroscopic and optical thin
film characterization verified the sensitization process, where
an improvement of the photophysical properties of TiO, at
the visible range of electromagnetic spectrum was observed.
In this sense, the best result is the increasing of 25.6% in the
photocatalytic activity for TiO,/B. guineensis, as bare TiO,
did not show detectable conversion under visible light. The
interaction of the dyes with a TiO, slab model was studied
by computing the adsorption energies using quantum mechan-
ics tools, where different anchorage configurations were
assessed. We found that the -OCH; group in peonidin-3-
rutinoside interacts with a Ti atom of the surface in the config-
uration named option 1. This fact is not observed for the other
evaluated adsorption mode, which could indicate that this is
mainly the responsible for the increase of the E,4; in this sys-
tem, in comparison with the other studied systems. Otherwise,
the calculations evidenced that sensitization of the semicon-
ductor improved the light absorption properties in the visible
range of the spectrum with respect to the free TiO,, showing
concordance with the reflectance diffuse spectra.
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