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Abstract. In this work, natural-dye-sensitized photocatalysts (NDSPs) of TiO2 were prepared by a simple wetness impregnation method, in which natural pigments of chlorophyll and curcumin were initially extracted from fresh parsley leaves and
long roots of dried turmeric, respectively. The as-prepared NDSPs were investigated by X-ray diffraction (XRD), scanning
electron microscopy (SEM), Fourier transform infrared (FT-IR) and UV–vis diffuse reflectance (DRS) spectroscopy. XRD
and SEM studies verified intact structural and morphological properties for NDSPs of TiO2 compared to non-sensitized
nanostructures, while FT-IR and DRS analyses confirmed the presence of dye pigments on the surface of TiO2 photocatalysts after the photosensitization process. A red-shift towards longer wavelengths was observed in band-gap energies of
dye-sensitized samples. These NDSPs indicated efficient photocatalytic performances towards decomposing phenol in visible light irradiation. Phenol degradation experiments are systematically conducted to optimize four key operating parameters,
including irradiation time, initial pH of the reaction mixture, dye-sensitized TiO2 dosage and initial phenol concentration.
Dye-sensitization using chlorophyll pigments results in the highest phenol degradation rate (85%) compared with that of
samples sensitized with curcumin pigments (75%), which is perfectly in agreement with the corresponding band-gap energies. Photodegradation processes were modelled by the Langmuir–Hinshelwood kinetics, while the adsorption equilibrium
was investigated based on Langmuir and Freundlich isotherms. Lastly, possible mechanisms involved in the process of
phenol photodecomposition were proposed.
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1. Introduction
Hazardous organic compounds discharged in the aquatic environment through effluents have been considered as one of
the major global concerns from the environmental point of
view. Phenol and phenolic derivations as a group of chemical feedstock found in industrial wastewaters coming from
units such as petrochemical industries, petroleum refineries,
dye synthesizing, pulp and papermaking, textile and pharmaceuticals have caused serious health threats due to their
acute toxicity and bio-recalcitrant nature [1–3]. Phenol concentration reduction in drinking water up to the safe level
(0.1−1 mg l−1 ), according to standards of the World Health
Organization (WHO), has always been a challenging issue
because of its persistency and solubility in water [4]. Customary water purification methods including biological processes
have been proven not to be effective in eliminating this highly
poisonous agent due to self-inhibitory effects on microorganisms and generation of degradation products like chlorinated phenolic compounds [3–5]. Among various strategies
applied for phenolic wastewater treatment, advanced oxidation processes (AOPs) using different semiconductor materials such as GdVO4 [6] and TiO2 –Ag3 PO4 [7] have been
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introduced as the most promising techniques for complete
mineralization of organic contaminants without leaving secondary toxic pollutants.
Titanium dioxide as a metal oxide semiconductor has
attracted considerable scientific interest due to its unique
performance in several areas such as air purification, water
treatment, hydrogen production, solar cells and malignant
tumour therapy [8,9]. Desirable advantages attributed to TiO2
including high chemical and optical stability, low cost and
low toxicity have led to extensive studies on its photocatalytic
applications in resolving the water pollution problem [10,11].
For example, the effects of pore size and calcination temperature of mesoporous TiO2 −SiO2 composites have been
investigated to improve photocatalytic degradation of methylene blue (MB) dye [12,13]. However, titanium dioxide was
unable to absorb visible light because of its wide band-gap
(about 3.2 eV [11]), which is active only in ultraviolet irradiation (covers only 5% of the solar energy spectrum compared
with 45% huge fraction of visible light [14]).
Enormous efforts have been taken to induce wide bandgap semiconductors with visible light photons (400–700 nm)
by applying different controlling approaches such as constructing multi-layered materials [15], functionalizing with
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photosensitizers and doping with metals and also
non-metals [16]. Surface modification of semiconductors
with dye molecules possessing a highest occupied molecular orbital (HOMO) level higher (more negative) than the
semiconductor conduction band has been reported as an effective method for separation and transformation of photoexcited
electron and hole pairs [17]. Many visible-light-driven photocatalysts have been developed based on inorganic dyes
including metal complexes due to their high thermal and
chemical stability [18]. In this regard, the role of ruthenium photosensitizers in the degradation of phenazopyridine
with TiO2 electrospun fibres has been investigated by Boyer
et al [19]. Although various inorganic dyes have been successfully fabricated for this purpose, disadvantages like being
hazardous and costly have made them unfavourable for participating in water purification processes.
Therefore, it is of utmost importance to synthesize a wide
range of organic sensitizers with lower toxicity and easier handling approaches in order to replace inorganic metal complex
dyes [20]. Chowdhury et al [21] have studied eosin Y, as a kind
of organic dyes to prepare solar-light-driven TiO2 catalysts to
remove cadmium ions in aqueous solution of triethanolamine.
However, with regard to the significance of environmental
protection and avoidance of side contaminations, natural dyes
extracted from plant sources have recently captured growing
particular attention as visible light sensitizers. Natural pigments obtained from fruits, flowers and beverages have been
considered as much better practical alternatives to synthetic
inorganic and organic dyes due to low cost, easy attainability, abundance in supply of raw materials and also absence
of environment threat [22]. In this case, Phongamwong et al
[23] have reported the sensitization of Mg–P25 catalysts by
chlorophyll plant pigment to degrade rhodamine B.
In recent years, photosensitization by curcumin pigment
with intense yellow colour, which exhibits an intense visible
light harvesting capacity in the range 420–580 nm, has been
favoured in photocatalytic applications [24,25]. Abou-Gamra
et al [17] investigated the synthesis of mesoporous TiO2 –
curcumin nanoparticles (NPs) for photocatalytic degradation
of MB dye [26]. Ag-doped SnO2 NPs have been also modified
by curcumin to study photocatalytic performance [27]. In a
comprehensive study to determine photosensitization effect
on visible-light-induced photocatalytic performance of TiO2 –
chlorophyll and flavonoid nanostructures, Ataie Dil et al [28]
found that flavonoid pigment extracted from Curcuma longa
showed effective photodegradation comparable to that with
chlorophyll pigment on MB dye.
Although different studies have been conducted regarding TiO2 nanostructures sensitized by bioactive curcumin
pigments, their photocatalytic performance in phenol degradation has been neglected. The present study aimed to
characterize structural and optical properties of TiO2 NPs
sensitized with curcumin and evaluate their photocatalytic
performance for phenol removal. This study focused on the
following three major issues: (i) surveying adsorption equilibrium processes and photocatalytic kinetics, (ii) developing
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the role of dye molecules on degradation mechanism and
(iii) performing comparative investigations with results
obtained from chlorophyll sensitizer (as one of the most popular sensitizers with strong absorption in the blue and red
regions [29]) at the same experimental conditions.

2. Experimental
2.1 Chemicals
Phenol (C6 H5 OH, 99%), ethanol (C2 H5 OH, 96%), sodium
hydroxide (NaOH, 98%) and sulphuric acid (H2 SO4 , 95%)
were obtained from SAMCHUN Chemicals. Commercial
anatase TiO2 powder was procured from USS NANO Company. Chlorophyll and curcumin pigments were directly
obtained from fresh parsley and dried turmeric roots purchased from a local market in Iran. The water used throughout
the experiments was distilled water obtained in the laboratory.
All the chemicals were of analytical grade and used without
further purification.
2.2 Preparation of photocatalyst samples
Dye-sensitized TiO2 NPs were prepared by an incipient wetness impregnation method. A schematic representation of
dye-sensitization technique is illustrated in figure 1. As shown
the preparation was a two-stage process, starting with the production of natural pigments from fresh agricultural products
(a and b illustrations), followed by attaching dye molecules
on the TiO2 surface (c’s illustration).
2.2a Extraction of chlorophyll pigment: Chlorophyll pigments used in this work were extracted from fresh parsley
leaves. To perform the extraction process, bright green leaves
of parsley were first dunked in a bowl of cold water accompanied by a drop of dishwashing liquid, and then rinsed and
dried at room temperature. The as-prepared parsley leaves
were chopped into smaller pieces using a grinder machine to
facilitate the extraction action by increasing the surface area
exposed to the solvent. The finely chopped plant tissue (2 g)
was soaked in 96% ethanol and brought to a final volume of
50 ml in a glass beaker covered by black plastic. Dark condition was provided to avoid side reactions of chlorophyll with
background light and prevent the solvent evaporation. The
resultant ethanolic mass was kept in a refrigerator at a temperature of 4◦ C for 7 days. The obtained product was daily stirred
for 30 s to reach a homogeneous mixture. The raw extract was
finally filtered to remove any undissolved material. The purified green liquid was stored in dark and refrigerated as the
chlorophyll pigment for further applications.
2.2b Extraction of curcumin pigment: A similar preparation process was also utilized to extract curcumin pigments
from long roots of dried turmeric. Curcuma longa roots were
milled using a grinder machine; an appropriate amount of the
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Figure 1. Schematic illustration for the preparation of (a) chlorophyll pigment, (b) curcumin
pigment and (c) dye-sensitized TiO2 NPs.

freshly ground powder (5 g) was immersed in 96% ethanol
and brought to a 50 ml volume. The obtained mixture was processed exactly according to the extraction method described
in section 2.2a. The resultant orange-yellow solution was
finally applied as the curcumin pigment to prepare visiblelight-driven TiO2 photocatalysts.

2.2c Preparation of dye-sensitized TiO2 NPs: The photosensitization process initially began with the removal of
excess water absorbed on the surface of TiO2 photocatalysts.
In this process, purchased TiO2 NPs were dried in an electrical

oven at a temperature of 80◦ C for 2 h and labelled as pure
TiO2 NPs. The adsorption of dye (chlorophyll or curcumin)
on TiO2 surface was performed in 50 ml of an ethanol–water
solution containing 0.3 ml of 96% ethanol and 5 ml of dye
solution. In a typical sensitization process, 1 g of dried TiO2
powder was added to the obtained solution and stirred at 80◦ C
for 2 h in dark. After this, the resultant coloured product
was washed several times with distilled water and filtered to
eliminate unabsorbed dye molecules on the surface of TiO2
NPs. The dye-sensitized TiO2 NPs were dried at a temperature of 80◦ C for 2 h to immobilize dye molecules on their
surface. Lastly, chlorophyll- and curcumin-sensitized TiO2
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NPs were obtained in the form of light green and intense
yellow powders, respectively.
2.3 Characterization
X-ray diffraction (XRD) studies were performed using a
D8-Advance Bruker diffractometer with Cu Kα1 (λ =
0.15406 nm) radiation in a wide range of 2θ (20–80◦ ).
X’Pert HighScore Plus Software was utilized to analyse
the long digital data recorded by the diffractometer to
more processable curves. Scanning electron microscopy
(SEM, MIRA3TESCAN-XMU) was carried out to study surface morphologies. Particle sizes were also identified from
SEM images using Microstructure Measurement Software
(ImageJ). Fourier transform infrared (FT-IR) measurements
were performed using a BOMEN/MB102 instrument from
ABB Company to investigate the chemical structure of NPs.
Optical properties of dye-sensitized NPs were characterized
based on both absorption and reflectance spectra by Avantes
diffuse reflectance spectroscopy (DRS) (Avaspec-2048-TEC)
with an AvaLamp DH-S set-up. The data obtained from DRS
spectra were analysed using Origin Pro 8 Software to measure optical band-gaps. A UV–vis spectrophotometer (Hach
DR 5000) was utilized to identify the absorption features of
aqueous phenol solutions.
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NPs. The initial pH of samples was adjusted by adding
sulphuric acid (H2 SO4 , 95%) and sodium hydroxide (NaOH,
98%) to reach acidic conditions and alkaline phase, respectively. A pH metre system was also applied to read pH
measurements. The characteristic absorption peak of phenol
was monitored using the UV–vis spectrophotometer (Hach
DR 5000) at λmax = 269 nm after a certain reaction time.
Before measuring removal efficiency, first a centrifuge at
3000 rpm for 10 min and later a syringe filter, were used to
remove dye-sensitized TiO2 NPs from the reaction mixture.
The adsorption capacity and photodegradation percentage
were employed to investigate the adsorption studies and the
photocatalytic activities, respectively. The adsorption capacity was measured in dark and calculated by mass balance
equation as [30]
qe =

(C0 − Ce )V
m

(1)

where C0 and Ce are the initial and equilibrium concentration
of phenol in mg l−1 , respectively. V is the solution volume in
l and m is the photocatalyst amount applied in g. The photocatalytic efficiency in visible light was also calculated by the
following equation [31]:
degradation efficiency (%) =

2.4 Adsorption and photocatalytic activity measurement
The photocatalytic performance of dye-sensitized TiO2 NPs
was evaluated through the photodegradation of phenol as a
model pollutant in aqueous solutions with visible light irradiation. The experiments were conducted in a photoreactor
equipped with a 150-W metal halide lamp (Philips) as a light
source illuminating aqueous solutions at a distance of 30
cm from the top. A proper UV cut-off filter was selected to
ensure that sensitized NPs were exposed only to an emission
wavelength range > 410 nm in the visible part of the electromagnetic spectrum. All equipment of the photoreactor were
placed inside a box made of MDF to eliminate the effects of
room light and reduce the background light. In order to provide constant temperature conditions to avoid heating up and
evaporating the reactant solution, two fans were situated on
both sides of the photoreactor.
Batch photocatalytic experiments were performed to optimize parameters involved in the reaction, including irradiation
time, pH of samples, photocatalyst concentration and initial
concentration of phenol in ranges of 1–9 h, 3–11, 0.05–
0.5 g and 10–50 ppm, respectively. To study photocatalytic
experiments, a stock solution of phenol with concentration
of 100 ppm was prepared by dissolving 0.025 g of phenol in
250 ml of distilled water. A magnetic stirrer was continuously
used to keep the suspension of catalyst uniform during the
reaction. Before illumination, all samples were stirred under
dark conditions for 1 h to achieve the adsorption–desorption
equilibrium of phenol on the surface of dye-sensitized TiO2
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(C0 − Ct )
× 100
C0

(2)

where C0 and Ct are the initial concentration and the final
concentration of phenol at time t and in mg l−1 , respectively.

3. Results and discussion
3.1 Structural analysis
The phase purity of the as-prepared photocatalysts is verified
by powder XRD. Figure 2a displays the XRD patterns of pure
TiO2 (A’s pattern), chlorophyll-sensitized TiO2 (B’s pattern)
and curcumin-sensitized TiO2 (C’s pattern) NPs. In the XRD
spectrum of pure TiO2 , all 11 diffraction peaks are indexed to
(101), (103), (004), (112), (200), (105), (211), (204), (116),
(220) and (215) planes of anatase TiO2 . They match well
with the standard JCPDS 00.021-1272 card. No other phases
such as brookite and rutile are observed in the XRD pattern,
showing the high purity of the sample. Notably, chlorophylland curcumin-sensitized NPs exhibit XRD patterns similar
to that of pure TiO2 . This observation indicates that the surface modification has no significant influence on the phase
structure of dye-sensitized photocatalysts. In addition, the
average crystalline sizes of TiO2 NPs before and after the dyesensitization process are obtained using Scherrer’s equation
[32]. The obtained crystalline sizes, summarized in table 1,
show no obvious variation due to the surface treatment using
natural chlorophyll and curcumin pigments.
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Figure 2. (a) XRD patterns and (b) FT-IR spectra for pure TiO2 and dye-sensitized TiO2 NPs.
Table 1.

Photocatalytic properties of pure and dye-sensitized TiO2 photocatalysts.

Sample
Pure TiO2
Curcumin-sensitized TiO2
Chlorophyll-sensitized TiO2

Crystallite
size (nm)a

Particle size
(nm)b

Absorption
edge (nm)c

Band-gap
(eV)d

Decolourization
efficiency (%)

16.3
16.7
16.8

22
23
29

397
416
420

3.12
2.98
2.95

—
75
84

a Crystallite size according to the Scherrer equation.
b Average particle size calculated by Microstructure Measurement Software (ImageJ).
c,d Optical parameters calculated by the Tauc method.

The surface characteristics and the functional groups
relevant to pure TiO2 and dye-sensitized TiO2 NPs were
examined by FT-IR spectroscopy. Figure 2b shows FT-IR
spectra of the samples in the range of 400−4000 cm−1 . For
pure TiO2 (A’s pattern), the strong peak around 700 cm−1
is assigned to the typical Ti–O–Ti vibration in the TiO2 lattice [14] and the peak at 1633.92 cm−1 corresponds to the
bending H–O–H bond vibration of water molecules absorbed
on the surface of TiO2 [33]. Meanwhile, the bands located
at 2921.55 and 3364.55 cm−1 were attributed to the stretching vibration of O–H bond and different interactions between
hydroxyl groups and the surface of TiO2 [33]. The typical
peak of hydroxyl groups at 2921.55 cm−1 disappeared and
a new absorption peak at 2361.39 cm−1 come into being

in the FT-IR spectrum of chlorophyll-sensitized TiO2 (B’s
pattern) as compared with the FT-IR pattern of the pure
TiO2 NPs. The disappearance of the band at 2921.55 cm−1
revealed that hydroxyl groups were exhausted due to chemical reactions between chlorophyll molecules and the surface
of TiO2 NPs. However, the appearance of the absorption peak
at 2361.39 cm−1 can be assigned to the stretching vibration of
C–H group [34]. Comparing the FT-IR information obtained
from the pattern of curcumin-sensitized TiO2 (C’s pattern)
shows a new peak at 2359.11 cm−1 , suggesting the presence
of C–H groups on the surface of curcumin-sensitized TiO2
NPs [35]. However, the elimination of the absorption peak
at 3364.55 cm−1 can indicate the responsibility of hydroxyl
groups during dye-sensitization process.
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The morphology of pure TiO2 and dye-sensitized TiO2 NPs
was studied by SEM. Typical SEM images at magnification
of 100 nm along with particle size distributions obtained
using Microstructure Measurement Software (ImageJ) are
displayed in figure 3. Figure 3a shows a nearly spherical
morphology with an average particle size of about 22 nm in
diameter (figure 3d) for pure TiO2 NPs. Figure 3b and c illustrate SEM images of chlorophyll- and curcumin-sensitized
TiO2 photocatalysts, respectively. It is clearly observed that
TiO2 samples coated using dye molecules show similar morphologies as compared to pure TiO2 NPs. Numerical results
related to particle distribution histograms (figure 3d and f), in
table 1, indicate average diameters of about 29 and 23 nm for
chlorophyll- and curcumin-sensitized TiO2 photocatalysts,
respectively.

3.2 Optical studies
The optical properties of as-prepared photocatalysts are characterized by UV–vis DRS. Figure 4a and b displays both
absorption and reflection patterns of pure TiO2 and dyesensitized TiO2 NPs in the wavelength range of 300–900 nm,
respectively. As shown, pure TiO2 NPs exhibit a stronger
absorption in the UV region, whereas dye-sensitized samples show a red-shift of the absorption edge towards higher
wavelengths. The created red-shifts were assigned to visible light photons being absorbed by dye molecules coated
on the TiO2 surface, in comparison with UV photons that
were absorbed by pure TiO2 NPs. In fact, photons absorbed
by chlorophyll and curcumin pigments have less optical
energy compared with those that are trapped using pure TiO2
NPs, so the dye-sensitization method shifts the adsorption
edge towards higher wavelengths. This phenomenon demonstrated that dye-sensitization with chlorophyll and curcumin
pigments could effectively increase the visible light harvesting efficiency and as a result, improved the photocatalytic
activity. However, a careful look in DRS patterns relevant
to chlorophyll- and curcumin-sensitized samples revealed
differences in the absorption characterizations. Curcuminsensitized TiO2 photocatalyst showed a stronger visible-light
absorption in the range of 500–800 nm as compared with
chlorophyll-sensitized TiO2 NPs. The optical absorption
band-gaps have been estimated according to the Kubelka–
Munk equation as follows [36]:
(F(R) · hν)1/2 = A(hν − E g )

(3)

where hν, E g and A are the photon energy, the optical bandgap and a constant, respectively. F(R) is a factor proportional
to the absorption coefficient and is determined using the following equation [37]:
F(R) = (1 − R)

2



2R

(4)
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Here, R is the reflectivity at a particular wavelength.
According to the Tauc method, the optical band-gap energy is
calculated by plotting (F(R) · ν)1/2 vs. photon energy (hν).
The obtained plots for pure TiO2 and dye-sensitized TiO2 NPs
are shown in figure 4c. The band-gap values estimated from
the tangent line of the curve extrapolating to the hν-intercept
were found to be 3.12, 2.98 and 2.95 eV for pure TiO2
and curcumin- and chlorophyll-sensitized TiO2 , respectively.
Compared with pure TiO2 sample, the resultant data indicated
a red-shifted adsorption edge from 397 to 416 and 420 nm for
curcumin- and chlorophyll-sensitized TiO2 NPs, respectively.
It is obviously concluded that dye-sensitization method is an
effective strategy for expanding the photo-response of TiO2
NPs to visible light region by introducing the natural curcumin
and chlorophyll pigments.
The absorption property of aqueous phenol solution was
also examined by UV–vis spectroscopy. Figure 5 demonstrates a typical absorbance spectrum of phenol in water
between 200 and 400 nm. As shown, aqueous phenol solution exhibited a weak absorbance peak at 209 nm and a strong
characteristic at 269 nm. These results completely agree with
the findings presented by Bustos-Ramirez et al [38]. As a
result, phenol concentration can refer to the adsorption peak
at 269 nm in adsorption and photocatalytic measurements.
3.3 Investigating adsorption isotherm models
It is necessary to analyse the adsorption equilibrium data
before performing photocatalytic experiments due to the presence of both adsorption and photocatalytic processes together.
Therefore, it seems significant to understand the adsorption contribution in photocatalytic remediation processes to
design more efficient water treatment systems [39]. Adsorption isotherms clearly indicate the feasibility of the adsorption
process by describing the distribution of adsorption molecules
between liquid and solid phases in an equilibrium state [40].
Langmuir and Freundlich isotherms are applied as the most
common models to analyse the experimental equilibrium
adsorption data [30]. The Langmuir model quantitatively
explains the adsorption on homogeneous surfaces having a
finite number of activated sites. This model assumes a saturated monolayer of solute molecules, in which the adsorbed
molecules cannot move across the adsorbent surface for interacting with each other [41]. However, the Freundlich isotherm
model is based on the assumption that multilayer adsorption
can take place over heterogeneous surfaces with an infinite
number of vacant adsorbent sites. This model involves considerable interactions between the adsorbed molecules with a
varied distribution of the adsorption energies [42].
3.3a Langmuir isotherm: The Langmuir isotherm is determined in a linearized form as [43]:
1
Ce
Ce
=
+
qe
qmax K L
qmax

(5)
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Figure 3. Typical SEM images of (a) pure TiO2 , (b) chlorophyll-sensitized TiO2 and (c) curcumin-sensitized TiO2 , and
corresponding histograms of particle sizes for (d) pure TiO2 , (e) chlorophyll-sensitized TiO2 and (f) curcumin-sensitized
TiO2 .
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Figure 4. (a) UV–vis absorbance, (b) UV–vis reflectance spectra and (c) Tauc plot of photon energy for pure TiO2 and dye-sensitized
TiO2 NPs.

The phenol adsorption process based on Langmuir model is
considered favourable if 0 < RL < 1, unfavourable if RL >
1, linear if RL = 1 and irreversible if RL = 0.
3.3b Freundlich isotherm: The linear form of Freundlich
isotherm can be expressed by the following equation [41]:
log qe = log K F +

Figure 5. UV–vis absorbance spectrum of phenol.

where Ce is the equilibrium concentration of phenol in solution in mg l−1 ; qe is the adsorption capacity or the phenol
weight per unit dye-sensitized TiO2 weight (mg g−1 ). Parameters qmax and K L are the Langmuir model constants that can
be determined from the slope and the intercept of the plot
of (Ce /qe ) against Ce ; qmax describes the adsorption capacity
in mg g−1 . K L shows the affinity between binding sites and
the adsorption free energy in l mg−1 . The essential features
of Langmuir model can also be expressed by dimensionless
equilibrium parameter RL , referred to as the separation factor
term [44]:

RL =

1
.
(1 + K L C0 )

(6)

1
log Ce
nf

(7)

where the plot of logqe vs. logCe can be used to obtain
the Freundlich constants K F and (1/n f ). The dimensionless
parameter n f is calculated from the line slope to be an indication of the phenol adsorption intensity. It represents the
heterogeneity factor and signifies the variation of adsorption
linearity. The phenol adsorption is considered linear if n f = 1,
physical if n f > 1 and is a chemical process if n f < 1. Also,
the phenol uptake can be considered as a favourable process
when n f lies between 1 and 10 (0 < (1/n f ) < 1). Smaller
(1/n f ) represents greater heterogeneity for dye-sensitized
TiO2 catalysts. The constant parameter K F obtained from
the line intercept indicates the phenol adsorption capacity in
mg g−1 or (l mg−1 )1/n f . Greater K F represents greater adsorption capacity and easier uptake of phenol molecules from
aqueous solutions [40,44].
Figure 6a and b presents the plots of Langmuir and
Freundlich isotherm models for adsorption of phenol onto
dye-sensitized TiO2 NPs in aqueous solutions, respectively.
The experimental adsorption data at different concentrations
of 10, 20, 30 and 50 ppm are illustrated by the symbols, while
the theoretical models are fitted by solid lines in figure 6. The
parameters calculated from the fitting of the experimental data
for chlorophyll- and curcumin-sensitized TiO2 NPs are found
in table 2. The values of the separation factor RL calculated
from Langmuir isotherm analysis at different initial phenol
concentrations were found to be in the range of 0.83–0.96
and 0.80–0.95 for chlorophyll- and curcumin-sensitized TiO2
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Figure 6. Equilibrium isotherms for phenol uptake in the presence of dye-sensitized TiO2 NPs: (a) linearized Langmuir
model and (b) linearized Freundlich model.
Table 2.

Parameters of adsorption isotherms for phenol uptake in the presence of dye-sensitized TiO2 NPs.
Langmuir

Sample
Chlorophyllsensitized TiO2
Curcuminsensitized TiO2

Freundlich

qmax (mg g−1 )

K L (l mg−1 )

RL

R2

1/n f (g mg−1 )

n f (mg g−1 )

K F (mg g−1 )

R2

2.27

0.004

0.83–0.96

0.9996

0.90

1.11

0.012

0.9994

1.75

0.005

0.8–0.95

0.9915

0.89

1.12

0.011

0.9996

NPs, respectively. The obtained RL values were all greater
than zero and less than unity, indicating an approximately
favourable adsorption process of phenol based on Langmuir
model before visible-light irradiation.
According to Freundlich isotherm analysis, the estimated
n f values for phenol uptake were in the range of 1–10
for both dye-sensitized TiO2 NPs, which reflected normal
adsorption characteristics. Langmuir adsorption coefficient
K L for curcumin-sensitized TiO2 samples was 1.25 times
greater than that for chlorophyll-sensitized samples, while
the Freundlich model indicated fairly greater adsorption coefficient K F (1.09 times) for chlorophyll-sensitized samples
compared with curcumin-sensitized TiO2 NPs. Therefore,
it can be concluded that the adsorption strength of phenol
onto curcumin-sensitized TiO2 NPs for the Langmuir model
and onto chlorophyll-sensitized samples for the Freundlich
model was greater in comparison with the other samples.
A comparison of correlation coefficients R 2 showed that the
Langmuir model for chlorophyll-sensitized TiO2 NPs and the
Freundlich model for curcumin-sensitized TiO2 NPs yielded
the highest R 2 values. The obtained results suggested a monolayer and multilayer absorption of phenol on the surface of
chlorophyll- and curcumin-sensitized TiO2 NPs, respectively.

Nevertheless, the nearness of all correlation coefficients to
unity reveals that both of the studied isotherm models can be
used to describe the equilibrium condition of photocatalytic
systems before visible light irradiation.
3.4 Evaluation of photocatalytic activity
The photocatalytic performances of dye-sensitized TiO2 NPs
in visible light irradiation were evaluated through phenol degradation in aqueous solutions. Obtained results are
summarized in figure 7. The effect of irradiation time on
photodegradation of phenol was investigated in solutions with
20 ppm phenol concentration and pH 7 containing 0.2 g
catalyst. The rates of phenol degradation were periodically
recorded in certain time intervals (each 1 h) up to 7 and 9 h
over curcumin- and chlorophyll-sensitized TiO2 NPs, respectively. The phenol degradation rates with time evolution in the
presence of dye-sensitized samples are shown in figure 7a.
Both photocatalysts indicate an increase in phenol degradation efficiencies as time prolonged.
However, two important differences can be noted from
phenol degradation profiles plotted in figure 7a. The first
difference can be explained in terms of optimal removal
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Figure 7. Effect of (a) irradiation time, (b) pH, (c) photocatalyst dose and (d) initial phenol concentration on the
phenol photodegradation in the presence of dye-sensitized TiO2 .

time in the presence of dye-sensitized samples. The results
confirmed an optimal degradation time of about 6 h for the
curcumin-sensitized sample compared with a time of 7 h
for chlorophyll-sensitized TiO2 NPs. According to results
obtained from DRS patterns of studied samples, this phenomenon may be due to stronger absorption of visible
light by curcumin pigments in comparison with chlorophyll
molecules. The second difference was the result of photocatalytic efficiencies after the optimal removal times. As shown
in figure 7a, about 43% of phenol is degraded in the presence of chlorophyll-sensitized TiO2 NPs, while only around
30% of phenol is removed over curcumin-sensitized samples.
Such a difference can be attributed to the difference created
between band-gaps of these two photocatalysts due to the
dye-sensitization process. As previously reported, band-gap
technology using photosensitization has generated a bandgap value equivalent to 2.95 eV for chlorophyll-sensitized
samples compared with the value of 2.98 eV for curcuminsensitized TiO2 NPs. It is well known that semiconductors

with narrower band-gaps can expand the light absorption
range and as a result, enhance photocatalytic efficiencies.
The surface charge of dye-sensitized TiO2 NPs, created due
to the solution–photocatalyst interfaces, can influence efficiencies of the phenol photodegradation [45].
Therefore, the effect of initial pH on the phenol removal
rate was examined in the pH range of 3–11 and results are
illustrated in figure 7b. Figure 7b demonstrates degradation
efficiencies in solutions with initial phenol concentration of
20 ppm after 6-h and 7-h visible light irradiation in the
presence of 0.2 g of curcumin- and chlorophyll-sensitized
photocatalysts, respectively. As shown in figure 7b, the photodegradation efficiencies tend to decrease with increasing
pH for both dye-sensitized TiO2 photocatalysts. For example,
phenol removal efficiencies were measured to be 64 and 52%
for pH 3, while they dropped to around 29 and 21% for pH 11
in the presence of chlorophyll- and curcumin-sensitized photocatalysts, respectively. Hence, such experiments suggested
an optimum pH value of 3 for phenol photoremoval.
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The role of pH can be explained based on the surface
characteristics of dye-sensitized TiO2 NPs, which is a limiting factor for pH values and the surface charge properties.
The surface charge of photocatalysts depends on the point
of zero charge (pzc), which is defined as the pH value for a
situation where proton charge is equivalent to zero. Parameter pzc for dye-sensitized TiO2 is estimated to be about 6.7,
which is similar to that of pure TiO2 [46]. This means that
the surface charge of dye-sensitized photocatalysts becomes
positive in conditions where pH is lower than pzc pH (pH <
pHpzc ) and predominately negative in conditions where pH
is above this value (pH > pHpzc ). Consequently, in acidic
conditions, some ionic compounds such as phenolate possessing negative charges were absorbed on the surface of
dye-sensitized TiO2 NPs and improved the photocatalytic performance. However, phenolate anions were repelled from the
dye-sensitized TiO2 surface, which was negatively charged
in alkaline phase. Therefore, the degradation rates of phenol
decreased due to the electrostatic repulsion between phenolate
anions and the surface of the dye-sensitized photocatalysts
[47].
The dye-sensitized TiO2 suspension concentration, as
another significant factor that limited the photodegradation
rate, was optimized by altering the amount of dye-sensitized
NPs from 0.05 to 0.5 g in pH 3 aqueous solutions. Experiments
were carried out for solutions with initial phenol concentration
of 20 ppm over optimum time of 6 and 7 h in the presence of
curcumin- and chlorophyll-sensitized TiO2 NPs, respectively.
The obtained results are illustrated in figure 7c. As shown, the
phenol degradation percentages increase on increasing catalyst dose from 0.05 to 0.3 g due to an increase in the number of
the exposed surface areas of photocatalysts. This event in turn
caused an increase in the number of photogenerated electron–
hole pairs and thereby an enhancement in degradation rates
[48]. However, as plotted in figure 7c, further enhancement
of photocatalyst amount from 0.3 to 0.5 g showed a negative
effect on photodegradation efficiencies. This behaviour can
be explained based on two significant phenomena. The first
phenomenon was a large aggregation of dye-sensitized TiO2
NPs, which led to a considerable decrease in the availability of
active sites. In addition, the other phenomenon can be related
to the increase of turbidity and as a result, the increase of the
number of scattered light rays, which would finally lead to a
decrease in photon penetration and the rate of photocatalytic
degradation [49]. Therefore, 0.3 g of dye-sensitized TiO2 suspension concentration was adopted as the optimum amount
under the reported experimental conditions with degradation
percentages of about 75 and 64%, respectively, for chlorophyll and curcumin-sensitized TiO2 samples.
The photodegradation capacity of dye-sensitized TiO2 NPs
can be influenced by initial phenol concentration. The effect
of phenol concentration on the removal process has been
studied by altering the initial concentration in the range of
10–50 ppm under optimum conditions obtained in previous
steps. The removal percentage vs. phenol concentrations is
presented in figure 7d for pH 3 and a catalyst dosage of
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0.3 g under irradiation time of 6 and 7 h for curcumin- and
chlorophyll-sensitized TiO2 NPs, respectively. As illustrated
in figure 7d, when the initial phenol concentrations increased
from 10 to 50 ppm, removal efficiencies dramatically
decreased from 85 and 75% to 45 and 38% for chlorophylland curcumin-sensitized TiO2 NPs, respectively. Therefore,
it was confirmed that the removal performance was strongly
a phenol-concentration-dependent process. This result was
attributed to competitive adsorption between phenolic compounds and by-products on the surface of dye-sensitized
TiO2 photocatalysts. When the initial phenol concentration
increased, more reaction intermediates were loaded on the
dye-sensitized photocatalyst surface. It causes a reduction
in the number of OH− and O−
2 on the active sites, and
thereby a decrease in the possibility of phenol photodegradation [47,50].
It is encouraging to compare the present results to previous findings, in which TiO2 NPs sensitization employed
chlorophyll and flavonoid (or curcumin) to remove MB from
aqueous environments [28]. There is a similarity between the
results presented in this study and those obtained to degrade
MB. Both studies showed that the photocatalytic performance
was more efficient for TiO2 NPs sensitized by chlorophyll
rather than those modified with curcumin pigments. However, both chlorophyll and curcumin pigments used in the
studies exhibited higher photodegradation efficiencies for the
removal of MB compared with phenol. The third major finding was the difference in irradiation time. Dye-sensitized TiO2
NPs needed an optimal degradation time of about 6–7 h for
the phenol removal compared with optimal contact time of
about 210 min for the MB degradation. It is worth mentioning
that the obtained efficiencies of phenol photodegradation are
comparable to results reported by other researchers [50–53].
However, removal efficiencies and also optimum irradiation
time can be effectively improved through controlling other
key factors such as the reaction solution temperature [50] and
the visible light intensity, which is directly affected by sample
distances from irradiation light sources [52].
3.5 Kinetic rate expressions and reaction mechanism
It is vitally important to explore the possible rate-governing
steps for time-dependent photocatalysts such as the dyesensitized TiO2 NPs for use in the potential practical applications. The kinetics of phenol photodegradation in the presence
of dye-sensitized TiO2 NPs can be given by the Langmuir–
Hinshelwood (L–H) expression in terms of concentration
as [54]
d[C(t)]/dt = kn [C(t)]n

(8)

where C(t) is the phenol concentration at a certain time t and
in mg l−1 . Parameter n is the order of kinetics and kn represents
the degradation rate constant for n-order. By substitution of
n = 0, 1 and 2 into equation (8) and after definite integration
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Figure 8. (a) Zero-, (b) first- and (c) second-order kinetic curves of phenol photodegradation for dye-sensitized TiO2 NPs.
Table 3. Kinetics for phenol photodegradation in the presence of dye-sensitized TiO2 catalysts (catalyst amount, 0.2 g;
initial phenol concentration, 20 ppm; pH, 7 and irradiation time, 7 h).
Zero order
Sample
Chlorophyll-sensitized TiO2
Curcumin-sensitized TiO2

First order

k0 (mg l−1 min−1 )

R02

k1 (min−1 )

R12

k2 (l mg−1 min−1 )

R22

0.017
0.014

0.9973
0.9926

0.068
0.051

0.9995
0.9940

0.274
0.181

0.9973
0.9937

by applying the initial conditions C(t) = C0 at t = 0 and
C(t) = Ct at t = t, the L–H equation gives
(C0 − Ct ) = k0 t,
 
Ct
= k1 t,
−Ln
C0


1
1
= k2 t.
−
Ct
C0

Second order

(9)
(10)
(11)

The resultant equations (9), (10) and (11) represent the linearized forms of the zero, first and second-order kinetics,
respectively, where C0 is defined as the phenol concentration
immediately after the adsorption–desorption equilibrium, k0
is the rate constant of zero-order model in mg l−1 min−1 , k1
is the rate constant of first-order model in min−1 and k2 is the
rate constant of second-order
model in l mg−1 min−1 . Plots of
 
Ct
1
(C0 −Ct ), −Ln C0 and ( Ct − C10 ) vs. time t give linear relationships; values of k0 , k1 and k2 can be determined from the
slopes relevant to equations (9), (10) and (11), respectively.
Figure 8a–c presents the kinetic curves accompanied by the
corresponding theoretical fits for zero-, first- and second-order
models, respectively.
The best-fitting kinetic model has been also specified using
the linear regression method based on correlation coefficients
(R 2 ). The resultant amounts of the photodegradation rate constants (k0 , k1 and k2 ) and the correlation coefficients (R02 , R12

and R22 ) are given in table 3. For identification, the highest
values of R 2 have been underlined in table 3. It is observed
that the value of correlation coefficient for first-order kinetics
is higher compared with zero- and second-order models for
sensitization by both dyes of TiO2 NPs, which strongly
confirms the applicability and suitability of the first-order
model to interpret data explored from both samples. The rate
constants of kinetics were determined to understand the photocatalytic reaction speed. Greater k values stand for faster
degradations and, as a result, better photocatalytic performances. From table 3, the k values for all three kinetic models
are smaller for curcumin-sensitized TiO2 NPs in comparison with the corresponding values for chlorophyll-sensitized
TiO2 samples. For a better comparison, the dimensionless
parameter kchlorophyll /kcurcumin is defined as a representative
for estimating the photocatalytic difference between dyesensitized TiO2 photocatalysts. This dimensionless parameter
showed values of about 1.21, 1.33 and 1.51 for zero-, firstand second-order kinetics, respectively.
It is imperative to survey the role of chlorophyll and curcumin pigments in the photodegradation process of phenol
in visible light irradiation. Figure 9a illustrates a schematic
depiction for the alignment of energy levels relevant to chlorophyll and curcumin pigments as compared to TiO2 NPs. As
shown in figure 9a, the positions of the HOMO and the lowest unoccupied molecular orbital (LUMO) of chlorophyll
and curcumin molecules in comparison with TiO2 energy
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energies for exciting and transferring electrons from TiO2
valence band to its conduction band. However, the energy
of visible light was adequate to promote electrons from the
HOMO to the LUMO of chlorophyll and curcumin molecules.
The mechanism of possible reactions for phenol degradation
can be proposed as [58]:
[TiO2 − (Cl/Cu)S ]
+ hνvisible → [TiO2 − (Cl/Cu)∗S ]

(12)

[TiO2 − (Cl/Cu)∗S ] → [TiO2 − (Cl/Cu+ + e−
CB )S ]
(13)
+

e−
CB )S ]

[TiO2 − (Cl/Cu +
•+
+P → [TiO2 − (Cl/Cu + e−
CB )S ] + P

[TiO2 − (Cl/Cu + e−
CB )S ]
+O2 → [TiO2 − (Cl/Cu)S ] + O•−
2
+
•
O•−
2 + H → HO2
•−
•
•+
O2 /HO2 + P/P

Figure 9. (a) Energy level diagram illustrating the alignment of
energy levels for TiO2 , chlorophyll and curcumin. (b) Schematic
diagram of photogenerated charge separation of dye-modified TiO2
nanostructures.

bands satisfied the conditions for injecting and transmitting
electrons. In the alignment presented in figure 9a, the LUMO
of chlorophyll is at an appreciably proper distance of 1.9 eV
above (more negative) the bottom of TiO2 conduction band
while the top of TiO2 valence band is at a distance of
2.2 eV lower (more positive) than the HOMO of chlorophyll
molecules [55].
The edge of TiO2 conduction band is also placed at an
appropriate distance of 0.29 eV lower (more positive) than
the LUMO level of curcumin, while the HOMO level belonging to curcumin molecules is at a distance of 1.27 eV higher
than the top of TiO2 valence band [56]. Being higher than
the LUMO levels compared with the conduction band of
TiO2 ensures effective transitions possibility between photosensitizers as electron donors and TiO2 NPs as an electron
acceptors [57].
Figure 9b shows a schematic diagram of the photocatalytic mechanism of phenol removal in the presence of
dye-sensitized TiO2 NPs. The electron and hole pairs were not
created in the conduction and valence bands of TiO2 in visible
light irradiation due to the absence of photons with sufficient

→ Degraded Product

(14)
(15)
(16)
(17)

where hνvisible is the energy of visible light. P is considered as the representative of pollutant. S is selected as
a subscript sign for photosensitizers. Cl and Cu are also,
respectively, representatives for chlorophyll and curcumin
pigments. According to equation (12), chlorophyll and curcumin molecules absorbed on the surface of TiO2 can be
excited in the presence of visible light illumination. Upon
irradiation, electrons photogenerated in the LUMO levels of
chlorophyll and curcumin pigments were injected into TiO2
conduction band (equation (13)). As outlined in equation (14),
the oxidized form of chlorophyll and curcumin molecules
can be reduced by free organic pollutant molecules such as
phenol tested in this study. Free electrons available in TiO2
conduction band can participate to reduce molecular O2 to
super-oxide radicals of O•−
2 (equation (15)). Lastly, repeated
•
attacks of superoxide/hydroperoxide (O•−
2 /HO2 ) radicals
on organic pollutants lead to degraded products (equations
(16)–(17)).
There is another possibility ahead of visible-light-excited
electrons located in LUMO levels of pigment molecules.
Because of interaction with surrounding solvent molecules,
these electrons may return to the ground state and regenerate
neutral chlorophyll and curcumin states. The mechanism can
be summarized as [59]:
Cl/Cu + hνvisible → Cl/Cu∗

(18)

Cl/Cu∗ → Cl/Cu+ + e−

(19)

Cl/Cu+ + e− → Cl/Cu

(20)

Equations (18), (19) and (20) represent the processes related to
the excitation of chlorophyll and curcumin pigments, charge
separation and pigment regeneration, respectively.
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4. Conclusion
In this work, TiO2 NPs loaded with chlorophyll and curcumin pigments have been prepared as visible-light-driven
photocatalysts for phenol degradation in aqueous solutions.
These light-sensitive organic molecules have been grafted
onto the surface of TiO2 NPs through an incipient wetness impregnation method. The natural pigments of chlorophyll and curcumin have been extracted from fresh parsley
leaves and long roots of dried turmeric, respectively. Studies performed using XRD patterns and SEM images have
confirmed intact structural and morphological properties for
dye-sensitized TiO2 samples as compared to pure TiO2 NPs.
However, FT-IR spectroscopic studies have proved the efficient presence of dye molecules on the surface of TiO2
NPs after the sensitization process. DRS analysis has indicated the photoresponse extension relevant to dye-sensitized
TiO2 samples towards the visible light region. The corresponding band-gap energies estimated based on DRS spectra
have been found to be about 2.98 and 2.95 eV, respectively,
for chlorophyll- and curcumin-sensitized samples compared
to the value of 3.12 eV for pure TiO2 NPs. Chlorophyllsensitized TiO2 NPs have displayed better photocatalytic
performance (85%) compared with curcumin-sensitized samples (75%). It has been found that this occurrence is attributed
to lower band-gap energy of chlorophyll-sensitized samples than that of curcumin-sensitized TiO2 NPs. However,
curcumin-sensitized samples have exhibited less optimal contact time for the phenol degradation, which can be ascribed
to stronger visible-light adsorption of these NPs in comparison with chlorophyll-sensitized samples. Langmuir and
Freundlich isotherms have been studied to analyse adsorption
equilibrium models. The Langmuir–Hinshelwood method has
been carried out to study phenol photodegradation kinetics.
The results suggested that photosensitization using curcumin
pigments could be a promising strategy to degrade phenol in
visible light irradiation.
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