
Research Article
Cyanobacterial Biomass Pigments as Natural Sensitizer for TiO2
Thin Films

Karen Patiño-Camelo,1 Carlos Diaz-Uribe ,1 Euler Gallego-Cartagena,2William Vallejo ,1

Vincent Martinez,1 Cesar Quiñones,3 Mikel Hurtado,4,5 and E. Schott6,7

1Grupo de Investigación en Fotoquímica y Fotobiología, Programa de Química, Facultad de Ciencias Básicas,
Universidad del Atlántico, Carrera 30 # 8-49 Puerto Colombia, Atlántico, Colombia
2Department of Civil and Environmental, Universidad de la Costa, Calle 58 # 55-66, Barranquilla, Colombia
3Institución Universitaria Politécnico Gran Colombiano, Bogotá, Colombia
4Departamento de Ingeniería Electrónica, Cluster NBIC, Universidad Central, Bogotá, Colombia
5Departamento de Ingenería Civil, Universidad Minuto de Dios, Bogotá, Colombia
6Departamento de Química Inorgánica, Energy Research Center, Facultad de Química, Pontificia Universidad Católica de Chile,
Avenida Vicuña Mackenna 4860, Macul, Santiago, Chile
7Millennium Nuclei on Catalytic Processes towards Sustainable Chemistry (CSC), Chile

Correspondence should be addressed to Carlos Diaz-Uribe; carlosdiaz@mail.uniatlantico.edu.co

Received 5 April 2019; Revised 21 June 2019; Accepted 10 July 2019; Published 21 August 2019

Academic Editor: Zofia Stasicka

Copyright © 2019 Karen Patiño-Camelo et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

In this work, we studied the effect of TiO2 sensitization with dry biomass extracted of cyanobacteria on the degradation of
methylene blue dye (AM). Cyanobacterial cultures isolated from water samples were collected from the swamp of Malambo in
Colombia; two main genera of cyanobacteria were identified, and they were cultivated with BG-11 culture medium. The
concentrations of chlorophyll a in the exponential and stationary phases of growth were measured; the phycobilin content was
quantified by spectrophotometry. Thin films of TiO2 were deposited by a doctor blade method, and they were sensitized by wet
impregnation. Furthermore, a methylene blue (MB) photodegradation process was studied under visible light irradiation on the
cyanobacterial biomass sensitized TiO2 material (TiO2/sensitizer); besides, the pseudo-first-order model was used to obtain
kinetic information about photocatalytic degradation. The results showed that the BG-11+ treatment reported a higher amount
of dry biomass and phycobiliproteins. After the sensitization process, the TiO2/sensitizer thin films showed a significant red shift
in the optical activity; besides the thin film roughness decreasing, the TiO2/sensitizer showed photocatalytic activity of 23.2%
under visible irradiation, and besides, the kinetic (kap) constant for TiO2/sensitizer thin films was 3.1 times greater than the kap
value of TiO2 thin films. Finally, results indicated that cyanobacterial biomass is a suitable source of natural sensitizers to be
used in semiconductor sensitization.

1. Introduction

Cyanobacteria are prokaryotic organisms that achieve a high
density of biomass, which are increasingly frequent due to
the water source eutrophication; this effect is magnified by
climate change (e.g., warming and stratification of water,
concentration of nutrients); these blooms can generate toxic

secondary metabolites, called cyanotoxins [1, 2]; they can
also lead to hypoxia from effluents and disrupt trophic
ecosystems [3]. Currently, it represents a serious world-
wide environmental problem, due to the fact that harmful
cyanobacteria can affect the consumption of drinking water,
irrigation, fishing, and recreational waters, which are fun-
damental for the growing human population [4]. The
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Environmental Protection Agency (EPA) of the United States
reported that these cyanotoxins can affect human health and
other organisms, through dermal exposure, inhalation, and
consumption, as it can present bioaccumulation of cyanotox-
ins in tissues such as the liver in edible fish [5]. Waterbodies
are also affected by pollution produced by different industries
such as paper mills, textiles, tanneries, and foodstuffs, which
use dyes in their processes, which are difficult to be degraded
by conventional wastewater treatment technologies [6, 7].
Therefore, wastewater from these industries can create unde-
sirable situations when this waste is generated. Thus, the
removal of these types of compounds is extremely important
to preserve human health and protect the environment.
Several treatment technologies have been used to reduce
these pollutants (e.g., coagulation-flocculation, adsorption,
chemical precipitation, sedimentation, ion exchange, elec-
trochemistry, and photocatalysis) [8, 9]. Among these
methods, heterogeneous photocatalysis allows the genera-
tion of reactive oxygen species (ROS); these ROS are
extremely reactive, and they can degrade recalcitrant pol-
lutants generated in typical industrial activities. Currently,
titanium dioxide (TiO2) is one of the most studied semi-
conductors in the field.

However, it is not efficient under visible light, due to its
band gap conduction (3.0 to 3.2 eV), which means that only
5% of the total visible light can be used, limiting its applica-
tions [10, 11]. Currently, it is necessary to modify the optical
constants and the electrical absorption spectrum of TiO2 into
the visible range of the electromagnetic spectrum; these mod-
ifications can be achieved through the sensitization of TiO2
films [12]. A natural or synthetic compound can be used as
sensitizers; among these, synthetic dyes are both expensive
and harmful to the environment, and besides, natural origin
dyes are easier to produce, and they are not harmful to the
environment [13].

The pigments of cyanobacteria are of great interest in
different industries (e.g., food, textiles, paper, and mill indus-
tries), since they are used as natural colorants of their prod-
ucts [14]. In addition to their use as colorants in the food
and cosmetic industries, the phycobiliproteins have an inter-
esting application in the advanced oxidation processes in
which they are used as sensitizers of TiO2; Kathiravan et al.
reported the adsorption of phycocyanin on the surface of col-
loidal TiO2 nanoparticles through its carboxylic group [15];
Enciso et al. reported phycocyanin as potential natural dye
for its use in photovoltaic cells [16]. Furthermore, the cyano-
bacterial pigments have been used to improve the photocata-
lytic TiO2 activity [17]. However, not much is known about
the technological applications of the cyanobacterium consor-
tiums present in aquatic ecosystems, as usually they represent
ecological and environmental problems; however, they can
be used in the advanced oxidation processes in sensitization
of TiO2.

In this work, we studied the effect of biomass of cyano-
bacteria collected from the Malambo swamp of the munici-
pality of Malambo, Department of Atlántico, Colombia,
isolated and cultivated in photobioreactors to improve the
spectral response of TiO2; this is in order to give a possible
biotechnological use to the cyanobacteria that are generating

a problem of environmental contamination in this aquatic
ecosystem.

2. Materials and Methods

2.1. Sample Preparation. The samples were obtained from
Ciénaga Grande de Malambo, belonging to the Cenagoso
Complex of Malambo, located on basin 2904-3, on the left
bank of the Magdalena River, located in the Caribbean region
of northern Colombia at the geographical coordinates 10°85′
53″ north latitude and 74°75′64″ west longitude GPS Gar-
min Etrex 10. The biological samples were taken in the rainy
season of the months of August and September of the year
2017, which are characterized as rainy months with around
14 days/month of rain on average, with average maximum
temperature between 31 and 32°C at noon and minimum
temperature between 23 and 25°C in the early morning,
and with average humidity of 80%. For the collection of sam-
ples of cyanobacteria, we used sterilized glass bottles with
volumes of 1 liter and a phytoplankton net of 23 μm brand
Biologika®. In situ, environmental factors such as salinity
and conductivity were determined with the help of a YSI®
EcoSense EC300A conductivity meter and water temperature
and pH using a YSI® EcoSense 100A pH meter. The samples
were stored in a thermoplastic fridge of 30 L capacity.

2.2. Isolation and Identification of Cyanobacterial Strains.We
isolated the cyanobacteria using liquid and solid BG-11
medium with an initial pH of 8.3; for that, 200mL of the
water samples was enriched with 50mL of the liquid BG-11
medium; later, they were taken to the cultivation zone.
The solid BG-11 culture medium was used in Petri dishes
(3 drops of water in each plate) and incubated at a tempera-
ture of 28 ± 2°C, with a photoperiod of 8 days of light and 16
hours of dark exposure. The incubation time was approxi-
mately 3 weeks; the incubation was carried out in the culture
area which consisted of a discontinuous culture system, com-
posed of fluorescent tube lamps 21W (6400K of 1700 lm),
Deko-Light brand (21.4 μmolm-2 s-1), and controlled tem-
perature of 26 ± 2°C [18]. The taxonomic identification of
the genus was made at the microscopic level with the help
of a Leica DM 500 optical microscope with a Leica ICC50
HD built-in camera. For identification, taxonomic keys of
Komarek [19], Anagnostidis and Komárek [20], Cirés and
Quesada [21], and AlgaeBase [22] information were used.
The morphological characteristics of the isolates considered
for taxonomic identification were the following: formation
of colonies and filaments, thickness of the filament, shape
and size of intercalary cells and filament terminals, presence
of necridial cells, presence or absence of constrictions in the
crossing of the wall, number of trichomes per filament,
absence or presence and color of the pod, and presence and
shape of the heterozygotes.

2.3. Photosynthetic Pigment Quantification. We studied the
nitrate variation of the BG-11 culture medium on the behav-
ior of the biomass of the cyanobacteria. The control was
taken (BG-11 medium with 1.50 g of NaNO3); the first
variation is BG-110 (BG-11 without NaNO3), and the second
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variation is BG-11+ (BG-11 with 3.00 g of NaNO3). The main
pigments of the cyanobacteria were determined such as
chlorophyll a and phycobiliproteins during the phases of
exponential growth (day 12) and stationary (day 24). The
concentration of chlorophyll a was calculated according to
the equations of Jeffrey and Humphrey methodology, and
the concentration of the pigments of phycocyanin-C (C-PC)
and allophycocyanin (APC) was calculated according to the
Fernández et al. equations [23].

2.4. TiO2 Thin Film Fabrication. The use of thin films of TiO2
in the treatment of water prevents agglomeration and leach-
ing of nanoparticles during the operation of the catalysis,
solving one drawback of the photocatalysis in powder sus-
pensions associated with the recovery of the TiO2 nanoparti-
cles after the treatment process [24]. TiO2 powder (P25) was
purchased from Merck, with a mean particle size of ∼25 nm
TiO2; details of slurry preparation are reported in [10, 25].
Thin films were deposited by using the doctor blade method
on soda lime glass substrates. The obtained TiO2 thin films
were dried for 15min on a hot plate at 100°C. Finally, they
were annealed at 450°C for 1 hour.

2.5. TiO2 Thin Film Sensitization and Characterization. In
the sensitization process, dried biomass (40 and 80mg) was
weighed, and 50mL of distilled water was added to prepare
dissolved concentrations of 800 and 1600ppm, respectively.
The TiO2 films obtained were submerged in the dilutions in
1 L for 12 hours in constant agitation in a magnetic stirrer
brand Velp Scientifica Multistirrer at room temperature.
After that, the films were dried at room temperature and in
darkness, for which they were deposited in boxes of Petri
lined with craft paper to protect them from light. To verify

the change of the photoresponse of sensitized TiO2 films in
the visible range of the electromagnetic spectrum, a diffuse
reflectance spectrophotometry analysis was performed using
a Beijing Elmer Lambda 4 spectrometer equipped with an
integrating sphere. The surface morphology of as-grown
TiO2 and sensitized TiO2 thin films was studied using a
Cypher ES (Asylum Research) Microscope, atomic force
microscopy (AFM) with a scanned area (10μm× 10μm) in
a tapping mode. Finally, film thickness was measured using
a Veeco Dektak 150 profilometer.

2.6. Photocatalytic Test. The photodegradation experiment
was carried out using a batch-type photoreactor with Opalux
8W 2500K Blue 45% lamps. All the photodegradation tests
were carried out with a volume of 50mL of an aqueous
solution of methylene blue labeled at 2.0 and 4.0 ppm.
The films were immersed in the solution and placed inside
the photoreactor. Prior to irradiation, the solution was
stirred for 30 minutes in the dark in order to ensure that
the adsorption/desorption equilibrium of the pollutant was
reached. During the irradiation test, the solution was stir-
red constantly for 140 minutes; the MB concentration was
determined by using absorbance at 664nm in a Hach DR
3800 spectrophotometer.

3. Results and Discussion

3.1. Taxonomic Identification.We identified taxonomically 2
genera of cyanobacteria in the water samples collected from
the Malambo swamp. We identified the genera Raphidiopsis
[26] and Lyngbya [27] which are described in detail in
Figure 1.

Super kingdom: Prokaryotae
Kingdom: Eubacteria
Subkingdom: Negibacteria
Phylum: Cyanobacteria
Class: Cyanophyceae
Subclass: Synechococcophycidae
Order: Synechococcales
Family: Leptolyngbyaceae
Genus: Leptolyngbya

20 px 40 px

(a)

Super kingdom: Prokaryotae
Kingdom: Eubacteria
Subkingdom: Negibacteria
Phylum: Cyanobacteria
Class: Cyanophyceae
Subclass: Oscillatoriophycidae
Order: Oscillatoriales
Family: Oscillatoriaceae
Genus: Lyngbya

40 px 40 px

(b)

Figure 1: Taxonomic classification of cyanobacteria in the water samples: (a) Leptolyngbya and (b) Lyngbya [19–22].
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3.2. Chlorophyll and Phycobiliprotein Quantification. The
growth of cyanobacterial biomass was followed by the weight
in grams. Figure 2 shows the results obtained for the expo-
nential phase at 12 days of culture and the stationary phase
at 24 days of culture for the three levels of study of nutrient
content. The results show least representative content values
for BG-110 treatment, the absence of the nutrient NaNO3;
during the whole trial, the presence of the genus of cyanobac-
teria Lyngbya, Arthrospira, and Microcystis was observed
which lack the presence of heterocysts, organelles used by
these microorganisms in the synthesis of atmospheric nitro-
gen, so they need this nutrient for their metabolic functions;
higher content of cyanobacteria biomass was observed in the
treatment BG-11+.

Table 1 describes the values and percentages for the ini-
tial, exponential, and stationary phases of biomass growing.
Table 1 also listed the concentrations obtained after drying
the biomass.

The results obtained for the chlorophyll a quantification
indicate a higher concentration value during the stationary
phase of the assay with 0.156 μg/mL, which agrees with
other investigations that have determined that the produc-
tion of chlorophyll is higher in this phase for some cultivated
microalgae with BG-11 medium [28]. On the other hand,
0.463 μg/mL was obtained in the extraction of the pigment
in the dry biomass, which corresponds to 0.0154% of the total
volume of the sample used for the analysis; this could have
been presented since in the drying process this pigment

became hyperconcentrated. Table 2 shows the results of the
quantification of the phycobiliproteins (phycocyanins-C
and allophycocyanins) from the biomass of cyanobacteria
in the initial phase and besides, before and after drying
the biomass.

The highest values were obtained for the BG-11+ treat-
ment with 1021.0μg/mL. In addition, we observed that the
concentration values of phycobilins after drying the biomass
were slightly lower, maybe because during the drying process
these pigments could have been denatured as they are water-
soluble pigments.

3.3. TiO2/Sensitized Thin Film Optical Characterization.
After pigment quantification, we proceed to determine the
effect of the sensitization process on thin film properties;
the optical characterization was carried out to determine
sensitization effect on semiconductor behavior. The optical
properties of TiO2/sensitizer thin films were determined
from diffuse reflectance measurements between the range
of 400 and 800nm. Figure 3 shows the diffuse reflectance
spectrum of TiO2 films sensitized with dry biomass of cyano-
bacteria after 12 hours of sensitization with two sensitizer
concentrations of 800 ppm and 1600 ppm. Figure 3 shows
that the TiO2 films did not show optical activity at a visible
range of the electromagnetic spectrum; this result is typical
of TiO2 due to its band gap value (3.20 eV, see Table 3); in
comparison, for TiO2 thin films sensitized with dry biomass
of cyanobacteria, two shoulders located at approximately
660 and 460nm are observed; this result is relevant and
indicates that the sensitization process was carried out and
that the fabricated electrode is active in the visible range
of the spectrum.

The shoulders observed inside of the reflectance spec-
trum indicate that the TiO2/sensitizer thin films are optically
active in the visible region of electromagnetic spectrum; in
the sensitization process, the sensitizer alters the semicon-
ductor by two ways: (a) energy transfer and (b) electronic
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Figure 2: Growth cyanobacteria biomass for different contents of NaNO3 at the BG-11 culture medium.

Table 1: Chlorophyll quantification for different biomass growing
stages.

Stage Chlorophyll a (μg/mL) Percentage (%)

Exponential 0.057 0.0019

Stationary 0.156 0.0052

Dry biomass 0.463 0.0154
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transfer from sensitizer to semiconductor after radiation
absorption [29]; Figure 3 shows typical signals for phycocya-
nins (phycocyanin-C and allophycocyanin), with a maxi-
mum spectral profile of 615, 340, and 260 and shoulders at
650 and 400nm. These results agree with other reports;

Xiang et al. reported that sensitizer can anchor to the TiO2
surface as Ti-O-CH2-OH on the TiO2 surface by thermal
treatment, which allows TiO2 to have a greater capacity for
light capture and efficient electron transport [17]; Phongam-
wong et al. reported similar behavior [30].

Theoretical reports on anthocyanin adsorption on TiO2
indicated that hydroxyl groups can act as a bridge for bond-
ing semiconductor and natural sensitizer [10]. In the work
presented here, it is possible that the carboxyl groups avail-
able in the phycocyanin structure can be responsible for
anchoring to the TiO2 surface during the sensitization pro-
cess; Figure 4 shows the general scheme of the hypothetical
sensitization process. Enciso et al. reported phycocyanin

Table 2: Phycobiliprotein quantification in different growth stages.

Phase
Phycobiliproteins (μg/mL)

Phycocyanin-C Allophycocyanin Total
Value Percentage Value Percentage Value Percentage

Control 703.5 0.014 272.8 0.005 976.3 0.019

BG-110 656.1 0.013 266.2 0.005 922.3 0.018

BG-11+ 736.2 0.015 284.8 0.005 1021.0 0.020

Dry biomass 568.9 0.012 182.9 0.003 751.8 0.015
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Figure 3: Diffuse reflectance spectrum of TiO2/sensitizer using two loads of cyanobacterial biomass; inset: it is showing the analog to Tauc
plots for reflectance spectra.

Table 3: The energy band gap values for thin films.

Thin film Band gap composites (eV)

TiO2 3.20

TiO2/sensitizer (800 ppm) 2.55

TiO2/sensitizer (1600 ppm) 2.55
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sensitization of TiO2 for DSSC applications; in that work,
they reported the energy levels for system TiO2/phycocyanin
(Figure 4); according to this report, phycocyanins have the
lowest unoccupied molecular orbital (LUMO) energy higher
(-0.76V) than the value for the conduction potential of TiO2
(0.53V). In this sense, after the sensitization process, phyco-
cyanins absorb visible light, and according to oxidation
potential, it is possible to predict a spontaneous process of
electron transference between phycocyanins and TiO2 [32];
this implies that the TiO2/phycocyanin system should be
photocatalytic active into a visible electromagnetic spectrum;
this is studied in Section 3.4.

The band gap energy value was determined for all samples
using the Kubelka-Munk remission function [33, 34]:

k
s
= F R∞ = 1 − R∞

2

2R∞
, 1

where R∞ is the material reflectance value and F R∞ repre-
sents the ratio between the absorption and the scattering coef-
ficients (k/s); F R∞ is proportional to the constant of
absorption of the material, an indication of the sample
absorbance at a particular wavelength. From equation (1)
and the curves shown in Figure 3, an analog to Tauc plots
F R∞

∗hv 1/2 against photon energy can be constructed,
according to [34–36]:

F R∞ hv 1/2 = A hv − Eg 2

Inside Figure 3, we show the relationship between
αhν 1/2 and the photonic energy for the diffuse reflectance;
the value of the band gap of the films was determined by
extrapolating the linear portion of the graph on the x-axis
[37]. Table 3 listed the optical properties of TiO2/sensitizers.

3.4. TiO2/Sensitized Thin Film Morphological
Characterization. Figure 5 shows AFM images for TiO2 and
TiO2/sensitized thin films. Results show that TiO2 films are

composed of aggregates with size in a range around
150 nm-170 nm. Figure 5 shows that morphology of the
TiO2 surface (grain size and roughness) is affected by the sen-
sitization process. Table 4 shows that the roughness of the
TiO2 film is greater than the roughness of the sensitized films;
this occurs because, during the first stage of the process, the
sensitizer occupies the free spaces on the surface of TiO2
(spaces with greater surface energy) which caused the rough-
ness to decrease [38].

These results indicate that after the sensitization process,
the electrodes were more uniform. Table 4 shows the rough-
ness and grain size values of the films obtained for the
synthesized films.

3.5. Photocatalytic Test. Figure 6 shows the behavior for all
the tests; unmodified TiO2 thin films did not show significant
degradation yield under visible irradiation; this is a typical
behavior for TiO2 due to their well-known wide band gap
value. Results for the experiments with TiO2/sensitizer thin
films showed an important increase in the photocatalytic
response in the visible range of the electromagnetic spectrum,
and a photodegradation of 24.3% (TiO2/sensitizer 800 ppm)
and 25.3% (TiO2/sensitizer 1600 ppm) was achieved after
140min of irradiation. Results show that most higher dye
concentration reduction was due to the presence of natural
sensitizer. A pseudo-first-order model was applied to kinetic
data of Figure 5(a) [39]:

Ct = Coe
−kap∗t , 3

where the unit of time (t) is minutes, kap is the apparent
reaction rate constant (min−1), and Ct is the concentration
of MB as a function of time.

The kap values for each test were determined from the
slope of the linear fitting of Figure 5(b). Both thin films
TiO2/sensitizer (800 ppm) and TiO2/sensitizer (1600 ppm)
had the same kap value (1 6 × 10−3 min‐1); results did not
show significant difference for kap values; in this case, the
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Figure 4: Hypothetical sensitization process and energy levels for phycocyanin sensitization [31, 32].
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concentration of sensitizer in the solution used during the
sensitization process has the same effect. After 12 hours of
sensitization, both the initial sensitizer concentrations
(800 ppm and 1600 ppm) have the same effect; this result is
according to optical results; band gap was the same for both
samples. The kap value for TiO2/sensitizer thin films was 3.1
times greater than the kap value (5 0 × 0−4 min‐1) of TiO2

thin films.
Other reports related to the surface engineering of

photocatalysts take advantage of physical-chemical synthesis
parameters to enhance visible light photocatalytic perfor-
mances; Siyuan et al. reported the NaBH4 reduction method

to engineer the surface of flake-like Bi2WO6 [40], and
Zhao et al. reported the NaBH4 reduction method to cre-
ate surface disorder on Bi4Ti3O12 nanosheets [41]. In both
cases, photocatalytic activities were improved after the
modification process; in our case, the sensitization process
was achieved from a natural source reducing costs and
environmental impact. The results indicate that the sensi-
tization process was effective and demonstrated that cya-
nobacterial biomass can act as an alternative sensitizer of
TiO2. Finally, this potential application becomes an alter-
native solution to the continuous growth of cyanobacterial
biomass in the swamps.

4. Conclusions

The pigment values extracted were higher when biomass was
dried (0.463 μg/mL of chlorophyll a) at a volume of analysis
of 3mL. For the phycocyanins, the highest content value was
obtained for BG-11+ treatment. The diffuse reflectance veri-
fied that the biomass adhered to the TiO2 surface; after the
sensitization process, thin films showed a redshift band gap

Table 4: Roughness and grain size of TiO2 and TiO2/sensitizer thin
films.

Thin films Grain size (nm) Roughness (nm)

TiO2 170 75

TiO2/sensitizer (800 ppm) 174 65

TiO2/sensitizer (1600 ppm) 150 49
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Figure 5: AFM images of (a) TiO2, (b) TiO2/sensitizer (800 ppm), and (c) TiO2/sensitizer (1600 ppm) thin films.
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from 3.20 eV to 2.55 eV; the morphological results showed
that films were composed of aggregates with size in a range
around 150 nm-170nm. After the sensitization process, the
degradation tests showed 25.3% of degradation under visible
irradiation. Finally, results indicated that natural extract
obtained from cyanobacterial biomass has suitable properties
to be used in TiO2 sensitization.
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