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Abstract
Chlorophyllin (which was used as sensitizer) was adsorbed onto a synthetic titania–silica oxide system, prepared via a sol–gel 
method. It was investigated how the adsorption process was affected by the initial concentration of chlorophyllin and the 
contact time of the solution. The physicochemical and structural properties of the inorganic support were comprehensively 
analyzed, including determination of the dispersive properties and morphology of the material (particle size distribution, SEM 
image), crystalline structure (XRD), chemical composition (EDS), parameters of the porous structure (low-temperature  N2 
sorption) and thermal stability (TGA/DTA). The effectiveness of chlorophyllin adsorption on  TiO2–SiO2 was examined by 
Fourier transform infrared spectroscopy. The degree of coverage of the inorganic support with chlorophyllin was calculated 
from the Berendsen and de Golan equation based on BET and elemental analysis results. The kinetics of the adsorption of 
chlorophyllin onto the synthetic titania–silica oxide system were also determined. The experimental data correspond directly 
to a pseudo-second-order model. Moreover, the photocatalytic activity of selected  TiO2–SiO2/chlorophyllin hybrids with 
respect to the decomposition of C.I. Basic Violet 10 dye was investigated. It was found that the titania–silica hybrids con-
jugated with chlorophyllin exhibited higher photocatalytic activity in the degradation of C.I. Basic Violet 10 than the pure 
 TiO2–SiO2 material. Moreover, the kinetics of the photocatalytic degradation of selected organic compound was determined 
based on the Langmuir–Hinshelwood equation, assuming the pseudo-first-order reaction.

Keywords Chlorophyllin · Titania–silica · Hybrid system · Sol–gel method · Adsorption · Photocatalysis

1 Introduction

During the last few years, there has been a dynamic increase 
of interest in studies focused on the selection of an appropri-
ate synthesis method or modification of titanium dioxide as 
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well as the selection of proper components which together 
with  TiO2 form advanced, multifunctional hybrid materials 
with strictly defined physicochemical properties, especially 
including photocatalytic activity (Chen and Mao 2007; 
Kumar and Rao 2017; Nolan et al. 2016; Fujishima et al. 
2008).

The outstanding and unique optical and physicochemical 
properties of titanium dioxide, such as the ability to absorb 
destructive ultraviolet radiation, chemical and thermal sta-
bility, biocompatibility, insolubility and non-toxicity, con-
tribute to the fact that this oxide is used in many branches 
of the industry. Titanium dioxide is widely used in the paint 
and varnish industry, environmental protection, electronic 
devices, gas sensors and solar cells. In addition, it is also 
utilized, although to a lesser extent, in other areas of the 
market, including the textile, pharmaceutical, cosmetics, 
cement or rubber industries (Chen and Mao 2007; Winkler 
2013; Braun 1997).

The available scientific literature states that titanium diox-
ide is one of the most effective photocatalysts used in the 
decomposition processes of a very wide range of compounds 
which contaminate the environment, removal of microorgan-
isms and self-cleaning systems. Alongside the advantages 
of titanium dioxide commonly used as a catalyst, such as: 
relatively low price, high oxidation potential, non-toxicity, 
and high chemical stability, there are several disadvantages, 
which include limited spectral range of photoresponse, low 
quantum efficiency of the process and fast recombination 
of charge carriers (Chen and Mao 2007; Fujishima et al. 
2008; Pirzada et al. 2015; Du et al. 2015). In addition, it 
exhibits photocatalytic activity only under exposure to UV 
light (up to approximately 390 nm), whereas its ability to 
absorb light in the visible range is much weaker. Therefore, 
during recent years, an intensive development of research 
focused on the improvement and, most importantly, increase 
of the efficiency of photocatalytic processes involving  TiO2 
is observed due to the fact that photocatalytic processes 
conducted under ultraviolet light conditions utilize only a 
small percentage of available sunlight. The increased activ-
ity of titanium dioxide in visible light can be achieved by 
e.g. modification of its surface. The modification is carried 
out by addition of transition metal ions (such as Cr, Mn, 
Mo) (Michalow et al. 2013; Pouretedal 2018; Park et al. 
2013), preparation of the reduced forms of  TiO2−x, sen-
sitization with dyes (Garmaroudi and Mohammadi 2015; 
Barea and Bisquert 2013), doping with non-metals (such as 
N, S, C) (Wang et al. 2017; He et al. 2015) and the forma-
tion of hybrid materials, such as:  TiO2–SiO2,  TiO2–ZrO2, 
 TiO2–ZnO, etc. (Delsouz Khaki et al. 2018; Soltan et al. 
2016).

The available literature reports confirm that during recent 
years much attention has been focused on research aimed 
at obtaining active titanium dioxide-based photocatalysts 

characterized by significant oxidative activity. One of them 
is  TiO2–SiO2 oxide material, made of crystalline titanium 
dioxide and amorphous silica. The amorphous silica not only 
improves the mechanical properties of the system but gives 
products of highly developed surface area. The addition of 
silica to titania can induce a transformation of anatase form 
into rutile one, which prevents the growth in size of  TiO2 
upon thermal treatment. Moreover, silica is responsible for 
an increase in the surface area of titanium dioxide and stimu-
lates formation of ≡Ti–O–Si≡ bonds. Consequently, the pho-
tocatalytic activity of  TiO2–SiO2 oxide material increases 
(Mohamed et al. 2002; Tobaldi et al. 2010; Wu et al. 2009; 
Messina et al. 2006; Nilchi et al. 2010).

The another way to improve the photocatalytic activity 
of titanium dioxide is its photosensitizing with dye. Among 
various organic dyes, chlorophyllin (C), which is a semi-
synthetic mixture of sodium and copper derivative of chlo-
rophyll, has been widely used as one of the most potential 
sensitizer of different materials, which are utilized in het-
erogeneous photocatalysis. This metal porphyrin exhibit 
high absorption coefficient, fast electron injection speed, 
slow charge recombination kinetics, and good thermal and 
chemical stability. Moreover, chlorophyllin is inexpensive, 
non-toxic, and durable. Many recent studies have focused 
on utilization of metal porphyrin as a novel sensitizer over 
different catalytic materials (Gong et al. 2012; Vebber et al. 
2016; Joshi et al. 2009; Lüa et al. 2017; Phongamwong et al. 
2017; Sun et al. 2013; Krishnakumar et al. 2017). Gong et al. 
(2012) combined sodium and iron chlorophyllin with W and 
N co-doped  TiO2. Authors observed that sodium and iron 
chlorophyllin sensitized with W/N-TiO2 catalyst improves 
the photoelectrocatalytic activity in the degradation of 
methyl orange (MO) under visible light irradiation. The 
charge transfer process under visible light illumination is 
caused by the electron injection from the excited state of sen-
sitizer molecules to the conduction band of W/N-TiO2. Veb-
ber et al. (2016) used sodium and copper chlorophyllin as a 
visible light sensitizer with combination of poly(allylamine 
hydrochloride), poly(acrylic acid), and titanium dioxide 
nanoparticles. Authors evaluated the photocatalytic activity 
of as-prepared catalysts in the hydrogen production. They 
demonstred that combination  TiO2 with sodium and copper 
chlorophyllin leads to obtained material which is charac-
terized with better photocatalytic activity in hydrogen pro-
duction than these components used separately. Moreover, 
they confirmed that chlorophyllin as an electron donor and 
copper in  Cu2+ form help inhibit the recombination of elec-
tron–hole pairs and improve photocatalytic activity of the 
catalyst. Joshi et al. (2009), immobilized the chlorophyll on 
different functionalized mesoporous materials. Obtained 
materials were used as catalysts in the photocatalytic reduc-
tion of methyl orange (MO) under the visible light. It was 
proved that photocatalytic activity of chlorophyll-based 
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material indicates that chlorophyll acts as a reaction center, 
which absorbs visible light and generates electron, which is 
transferred to different electron acceptors reducing MO. The 
preparation and comparison of the photocatalytic activity 
of novel  TiO2/copper porphyrin hybrids were the subject of 
a report by Lüa et al. (2017). The materials were obtained 
by impregnation of 5-(4-hydroxy)phenyl-10,15,20-triph-
enyl copper porphyrin, 5-(4-ethylacetatatomethoxy)-phe-
nyl-10,15,20-triphenyl-copper porphyrin and 5-(4-carbox-
ylato-methoxy)phenyl-10,15,20-triphenyl copper porphyrin 
onto the surface of different  TiO2 samples: commercial 
 (cTiO2) and self-prepared  (pTiO2). It was proved that por-
phyrins used as dyes to sensitize  TiO2, influence the pho-
todegradation processes, improving the photoactivity of 
 pTiO2 more than that of  cTiO2. In the case of copper ester 
porphyrin-sensitized  TiO2 photocatalysts, the degradation of 
4-nitrophenol was dependent on the properties of the  TiO2.

In the present study, we demonstrate for the first time 
the use of titania–silica hybrid materials conjugated with 
chlorophyllin as photocatalysts in the decomposition of C.I. 
Basic Violet 10. It was investigated how the experimental 
conditions (the initial concentration of chlorophyllin and the 
contact time of the solution) affect the adsorption efficiency 
and the physicochemical and photocatalytic properties of the 
resulting hybrids. Additionally, the kinetics of photooxida-
tion process was investigated using the Langmuir–Hinshel-
wood equation, assuming the pseudo-first-order reaction 
(PFO) of pollutant decomposition. The preliminary results 
are very promising, and provide direct justification of the 
proposed line of research.

2  Experimental

2.1  Materials

All chemical reagents used in the experiments, including 
titanium(IV) isopropoxide (TTIP, 97%, Sigma-Aldrich), 
tetraethoxysilane (TEOS, 99%, Sigma-Aldrich), pro-
pan-2-ol (IPA, 99.5%, Chempur), ammonia  (NH3(aq), 
25%, Chempur), chlorophyllin sodium copper salt 
(3-[20-(carboxylatomethyl)-18-(dioxidomethylidene)-
8-ethenyl-13-ethyl-3,7,12,17-tetramethyl-2,3-dihydropor-
phyrin-22-id-2-yl]propanoate copper complex sodium salt, 
Sigma-Aldrich) and C.I. Basic Violet 10 (Rhodamine B—
RB, 95%, Sigma-Aldrich), were used without any further 
purification.

2.2  Synthesis of  TiO2–SiO2 support

A synthetic inorganic  TiO2–SiO2 oxide system (sample TS) 
was prepared by the sol–gel route. Synthesis of the titania–sil-
ica material was carried out in a laboratory reactor of LR-2.

ST type (Ika Werke GmbH) with 2 dm3 capacity, equipped 
with a heating jacket and high-speed anchor stirrer operating 
at 300 rpm. Firstly, 0.58 mol of an organic precursor of  TiO2 
(titanium(IV) isopropoxide) was dissolved in 13.08 mol of 
propan-2-ol, at room temperature. Then 0.50 mol of an organic 
precursor of  SiO2 (tetraethoxysilane) was introduced into the 
reactor, at a constant rate of 6 cm3/min, using an ISM833A 
peristaltic pump (ISMATEC). The reaction mixture was addi-
tionally stirred for 10 min, and after that time the promoter of 
hydrolysis—ammonia (3.93 mol)—was added using a peri-
staltic pump at a constant rate of 6 cm3/min. The synthesized 
colloidal suspension was stirred for 1 h. The obtained alco-
gel was then placed in an SEL-I3 chamber drier (Memmert 
GmbH) operating at 105 °C for 24 h. Next, to remove impuri-
ties, the resulting white precipitate was washed several times 
with deionized water. This was followed by filtration of the 
mixture under reduced pressure. Finally, the washed powder 
was dried by convection at 105 °C for 6 h and then calcined at 
600 °C for 2 h, with heating rate 5 °C/min (using a Nabertherm 
P320 Controller). A schematic diagram of the synthesis of the 
titania–silica support appears in Fig. 1.

2.3  Adsorption and desorption of chlorophyllin 
on  TiO2–SiO2 oxide material

Adsorption experiments were performed using a reactor con-
taining 1.0 g of  TiO2–SiO2 oxide material as adsorbent, and 
50 cm3 of aqueous solution of chlorophyllin (sample C) in 
appropriate concentration (water solutions of the sensitizer 
were prepared with concentrations of 25, 50 and 100 mg/
dm3). The obtained suspension was stirred for a maximum of 
180 min with an IKAMAG R05 magnetic stirrer (IKA Werke 
GmbH). After different time intervals (1 min—TSC1, TSC11 
and TSC21, 3 min—TSC2, TSC12 and TSC22, 5 min—TSC3, 
TSC13 and TSC23, 10 min—TSC4, TSC14 and TSC24, 
15 min—TSC5, TSC15 and TSC25, 30 min—TSC6, TSC16 
and TSC26, 60 min—TSC7, TSC17 and TSC27, 90 min—
TSC8, TSC18 and TSC28, 120 min – TSC9, TSC19 and 
TSC29 and 180 min—TSC10, TSC20 and TSC30) samples 
(obtained by adsorption of chlorophyllin in an initial concen-
trations of 25, 50 and 100 mg/dm3, respectively) were filtered 
off under reduced pressure, and the obtained filtrates were ana-
lyzed using a UV–Vis spectrophotometer (V-750, Jasco) at 
maximum absorbance wavelength 405 nm. The concentration 
of the adsorbed chlorophyllin was read off from the calibration 
curve (y = 0.0459x). The efficiency of chlorophyllin adsorp-
tion on the  TiO2–SiO2 oxide system (E) was determined using 
the formula:

(1)E (%) =

(

1 −
ctc

c0c

)

⋅ 100%



488 Adsorption (2019) 25:485–499

1 3

where c0c and ctc are the concentrations of chlorophyllin 
before and after adsorption, respectively (mg/dm3). The 
resulting sediment was dried in a stationary drier for 24 h 
at 105 °C.

The next stage of the study involved an evaluation of the 
stability of the  TiO2–SiO2/chlorophyllin hybrids (samples 
TSC) in desorption tests. To a conical flask containing 
100 cm3 water, a portion of 0.5 g of the selected materials 
(after adsorption times of 30 and 180 min) was added. The 
resulting suspension was mixed with an IKAMAG R05 
magnetic stirrer (IKA Werke GmbH) at room temperature 
for 1 h. After this time the reaction mixture was filtered 
off under reduced pressure, and the concentration of the 
eluted chlorophyllin in the filtrate was evaluated (absorb-
ance measurements on the V-750 spectrophotometer). The 
concentration of the eluted chlorophyllin was read off from 
the calibration curve (y = 0.0459x). The amount of chlo-
rophyllin eluted (X) from the surface of the titania–silica 
support was calculated using the formula:

(2)X (%) = 100 −
[(c0c − ctc) − 4 ⋅ cwc] ⋅ 100

(c0c − ctc)

where c0c and ctc are the concentrations of chlorophyl-
lin before and after adsorption (mg/dm3) and cwc is the 
concentration of the chlorophyllin eluted from the support 
(mg/dm3).

2.4  Determination of physicochemical properties

To determine the physicochemical and structural properties 
of the obtained titania–silica oxide system and  TiO2–SiO2/
chlorophyllin hybrids, comprehensive analysis was car-
ried out using the most advanced analytical methods and 
techniques.

The particle size distribution (PSD) and polydispersity 
index (PdI) of the  TiO2–SiO2 sample was measured using 
a Zetasizer Nano ZS (Malvern Instruments Ltd.), enabling 
measurements in the range 0.6–6000 nm by the non-invasive 
back-scatter method (NIBS). The sample was prepared by 
dispersing 0.01 g of the tested product in 25 cm3 of propan-
2-ol. The system was stabilized in an ultrasonic bath for 
15 min, and was then placed in a cuvette and analyzed.

The surface morphology and microstructure of the 
 TiO2–SiO2 material were examined on the basis of SEM 
images recorded from an EVO40 scanning electron 

Fig. 1  Route of synthesis of titania–silica support
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microscope (Zeiss). Before testing, the sample was coated 
with Au for 5 s using a Balzers PV205P coater.

Porous structure parameters (BET surface area, pore vol-
ume and pore diameter) were determined using an ASAP 
2020 physisorption analyzer (Micromeritics Instrument Co.) 
by the Brunauer–Emmett–Teller (BET) method based on 
low-temperature  N2 sorption. All powders were degassed at 
120 °C for 4 h before measurement. The surface area was 
determined by the multipoint BET method using adsorp-
tion data in a relative pressure (p/p0) range of 0.06–0.30 
(Kruk and Jaroniec 2001). The adsorption isotherm was 
used to determine the pore size distribution by the Bar-
rett–Joyner–Halenda (BJH) method using the Halsey equa-
tion as well as the total volume of pores.

X-ray diffraction (XRD) pattern of titania–silica material 
was used to determine the identity of any phases present. 
The XRD analysis was performed on a TUR-M62 diffrac-
tometer using Cu Kα radiation (α = 1.5418 Å), Ni-filtered. 
The accelerating voltage and applied current were 30 kV and 
25 mA. The X-ray diffraction pattern data were collected 
in step-scanning mode with steps of Δ2θ = 0.04°, over an 
angular range of 10–60°.

The chemical characterization of samples was analyzed 
by energy dispersive X-ray spectroscopy (EDS) using a 
Princeton Gamma-Tech unit equipped with a prism digital 
spectrometer. The EDS technique is based on analysis of 
X-ray energy values using a semiconductor. Representative 
parts (500 µm2) were analyzed to determine their actual sur-
face composition.

The chemical composition of  TiO2–SiO2 and randomly 
selected  TiO2–SiO2/chlorophyllin hybrids was determined 
using a Vario EL Cube apparatus (Elementar Analysensys-
teme GmbH). The results of BET and elemental analysis 
(EA) were used to calculate the degree of coverage of the 
 TiO2–SiO2 sample with chlorophyllin from the Berendsen 
and de Golan equation (Berendsen and de Golan 1978).

The efficiency of adsorption on the surface of the 
 TiO2–SiO2 material was confirmed by Fourier transform 
infrared spectroscopy (FTIR) measurements, performed 
using a Vertex 70 spectrophotometer (Bruker). The selected 
materials were analyzed in the form of tablets, made by 
pressing a mixture of anhydrous KBr (ca. 0.25 g) and 1 mg 
of the tested substance in a special steel ring under a pres-
sure of approximately 10 MPa.

A thermogravimetric analyzer (Jupiter STA 449F3, 
Netzsch) was used to investigate the thermal stability of the 
samples. Measurements were carried out under nitrogen flow 
(20 cm3/min) at a heating rate of 10 °C/min over a tempera-
ture range of 30–1000 °C, with an initial sample weight of 
approximately 5 mg.

2.5  Kinetic study of adsorption

The quantity of chlorophyllin retained by the  TiO2–SiO2 sup-
port at time t was calculated using the following equation:

where c0c and ctc are the concentrations of chlorophyllin 
before and after adsorption (mg/dm3), V is the volume of 
solution  (dm3) and m is the mass of  TiO2–SiO2 (g).

Kinetic adsorption data were modelled using both 
pseudo-first-order (PFO) and pseudo-second-order (PSO) 
kinetic equations, as follows (Lagergren 1898; Ho and 
McKay 1999):

• pseudo-first-order (Lagergren equation):

• pseudo-second-order (Ho and McKay equation):

where qe and qt (mg/g) are the quantities of chlorophyl-
lin adsorbed by  TiO2–SiO2 material at equilibrium and 
time t respectively, k1 (1/min) is the rate constant of the 
pseudo-first-order kinetic model, and k2 (g/mg min) is the 
rate constant of the pseudo-second-order kinetic model.

The equilibrium adsorption capacity (qe) and adsorption 
rate constants (k1 and k2) were calculated using experimen-
tally obtained plots of log(qe-qt) versus t and t/qt versus t.

2.6  Evaluation of photocatalytic activity

The photocatalytic activity of selected samples was evalu-
ated based on the degradation of a model water solution 
of C.I. Basic Violet 10 (RB). The photocatalytic test was 
carried out in a UV-RS2 laboratory reactor (Heraeus) with 
a 150 W medium-pressure mercury lamp as a UV light 
source, surrounded by a water-cooling quartz jacket. Firstly, 
an appropriate amount of photocatalyst (4 mg) was added 
to 100 cm3 of the model organic impurity, in an initial con-
centration of 5 mg/dm3. Before UV irradiation, the obtained 
suspension was magnetically stirred for 30 min to ensure that 
the adsorption/desorption equilibrium of the reaction solu-
tion was attained. After that time the radiation was turned 
on to initiate the photocatalytic reaction. In the next step, the 
irradiated mixtures were collected from the reactor at regular 
intervals (5, 10, 20, 30, 45, 60, 90, 120, 150, 180 min) and 

(3)qt =
(c0c − ctc) ⋅ V

m

(4)log (qe − qt) = log qe −
k1

2.303
⋅ t

(5)
t

qt
=

1

k2 ⋅ q
2
e

+
1

qe
⋅ t
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centrifuged to separate the photocatalyst. The concentration 
of organic dye (after adsorption and UV irradiation) was 
analyzed using a UV–Vis spectrophotometer (V-750, Jasco), 
at a wavelength of 553 nm, using water as a reference. The 
concentration of the adsorbed or degraded C.I. Basic Violet 
10 was read off from the calibration curve (y = 0.22x). The 
photocatalytic activity of the samples was determined by 
calculating the yield of organic impurity degradation (W), 
using the formula:

where c0RB and ctRB are the concentrations of C.I. Basic 
Violet 10 before and after irradiation (mg/dm3).

2.7  Kinetic study of photocatalysis

The researches evaluated the degree of removal of the 
selected organic pollutant from aqueous solutions in hetero-
geneous photocatalysis. The kinetics of performed process 
is based on the analysis of the change in the concentration 
of the analyzed compound as a function of the irradiation 
time of the reaction mixtures. This allows determining rate 
constants of the decomposition reactions and the half-life 
time of pollutant.

Kinetic of the photocatalytic degradation of C.I. Basic 
Violet 10 was described by determining the rate constant 
from the Langmuir–Hinshelwood equation, as a depend-
ence of the dye concentration in the tested aqueous solutions 
under investigation since the UV irradiation (Eq. 7):

Assuming that the decomposition of C.I. Basic Violet 
10 in the photocatalysis process is of pseudo-first-order 

(6)W(%) =

(

1 −
ctRB

c0RB

)

⋅ 100%

(7)r =
dcRB

dt
= k

(

KcRB

1 + KcRB

)

reaction, the constant reaction rate can be determined as the 
slope of the linear regression (Eq. 8):

where k is the rate of degradation rate of C.I. Basic Violet 
10,  min− 1, K is the equilibrium constant of adsorption of C.I. 
Basic Violet 10 on the surface of the catalyst; c0RB, ctRB is the 
concentrations of C.I. Basic Violet 10 in aqueous solution 
before irradiation (t = 0) and after define time t.

Knowledge of the constant reaction rate k allows to deter-
mine the half-life time of the model organic pollutant on the 
basis of Eq. (9):

3  Results and discussion

3.1  Properties of the support

The first stage of the study concerned the properties of the 
 TiO2–SiO2 oxide system (sample TS), which was used as 
a support for chlorophyllin in the adsorption process. The 
obtained results is described in detail in Supplementary 
Material (see Fig. S1).

3.2  Adsorption efficiency and stability of  TiO2–SiO2/
chlorophyllin hybrids

The main aim of the study was to evaluate the efficiency 
of chlorophyllin adsorption on the surface of the inorganic 
 TiO2–SiO2 support, and the stability of the resulting hybrids 
(see Tables 1, 2).

(8)− ln

(

ctRB

c0RB

)

= kt

(9)t 1
2

=
ln 2

k

Table 1  Adsorption efficiency 
(E) of chlorophyllin on the 
 TiO2–SiO2 material

Adsorption time 
(min)

Initial concentration of chlorophyllin (mg/dm3)

Acronym of 
sample

25 Acronym of 
sample

50 Acronym of 
sample

100

E (%)

1 TSC1 93.6 TSC11 98.8 TSC21 96.4
3 TSC2 93.4 TSC12 91.5 TSC22 96.0
5 TSC3 96.5 TSC13 97.7 TSC23 97.1
10 TSC4 95.6 TSC14 96.7 TSC24 95.8
15 TSC5 96.5 TSC15 96.5 TSC25 87.8
30 TSC6 97.1 TSC16 88.9 TSC26 94.8
60 TSC7 97.4 TSC17 90.7 TSC27 96.1
90 TSC8 96.6 TSC18 92.3 TSC28 90.0
120 TSC9 97.0 TSC19 96.6 TSC29 97.2
180 TSC10 98.1 TSC20 97.5 TSC30 93.0
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Table 1 presents the efficiencies of adsorption of chloro-
phyllin on the synthetic  TiO2–SiO2 support surface. Adsorp-
tion of chlorophyllin was performed using concentrations of 
25, 50 and 100 mg/dm3.

The results showed that in the first period of the pro-
cess chlorophyllin is strongly adsorbed on the surface of 
the synthetic  TiO2–SiO2 support independently of its initial 
concentration. Independent of the initial concentration of 
chlorophyllin, its adsorption efficiency is over 90% in most 
cases. The high efficiency of adsorption may result from 
the high affinity of functional groups (especially due to the 
three carboxylate groups) occurring in the structure of the 
chlorophyllin to functional groups present on the inorganic 
 TiO2–SiO2 material. The highest adsorption efficiency was 
obtained for samples TSC10 (98.1%, initial concentration 
25 mg/dm3, adsorption time—180 min), TSC11 (98.8%, ini-
tial concentration 50 mg/dm3, adsorption time—1 min) and 
TSC29 (97.2%, initial concentration 100 mg/dm3, adsorption 
time—120 min). Moreover, for the obtained hybrids, inde-
pendently of the initial concentration of chlorophyllin used 
and the duration of the adsorption process, the efficiency 
of adsorption is maintained constantly high. Our observa-
tions are in agreement with Norman et al. (2016), who also 
observed the high efficiency of chlorophyllin adsorption on 
the natural biopolymer H. communis.

The data in Table  2, describing the stability of the 
 TiO2–SiO2/chlorophyllin hybrids, show that the degree of 
elution of chlorophyllin decreases with increasing chloro-
phyllin concentration in the initial solution. Moreover, the 
degree of elution from the  TiO2–SiO2 support is greater 
for chlorophyllin adsorbed from a solution with concen-
tration 25 mg/dm3: in this case the degree of elution from 

the inorganic material is 10.8% for the sample obtained 
by adsorption over 30 min (sample TSC6D), and 7.8% for 
the sample obtained by adsorption over 180 min (sample 
TSC10D). The hybrids obtained by adsorption of chloro-
phyllin from a solution with concentration 100 mg/dm3—
samples TSC26D and TSC30D, were much more durable 
(see Table 2).

The degree of elution of chlorophyllin from the 
 TiO2–SiO2 surface was somewhat unpredictable. In gen-
eral, the degree of elution was rather low, but the highest 
value of about 10.8% was recorded for the hybrid obtained 
by adsorption of chlorophyllin over 30 min from an initial 
solution of concentration 25 mg/dm3 (sample TSC6D). The 
lowest degree of dye elution (2.4%) was recorded for the 
hybrid obtained by adsorption of chlorophyllin over 180 min 
from an initial solution of concentration 100 mg/dm3 (sam-
ple TSC30D).

In conclusion, the chlorophyllin was effectively adsorbed 
on the surface of the  TiO2–SiO2 support. Moreover, the 
degree of elution of chlorophyllin from the surface of the 
 TiO2–SiO2 material was lower, which means that the former 
hybrids are more stable. However, Norman et al. (2016) did 
not observe desorption of chlorophyllin from the surface of 
the natural biopolymer H. communis, this being attributed to 
the chemical bonding of chlorophyllin to the spongin-based 
sponge skeletons.

Based on the obtained efficiencies of adsorption and 
degrees of elution, it was proved that chlorophyllin has a 
strong affinity to the  TiO2–SiO2 material. The interactions 
are relatively strong, as is confirmed by the low percentages 
of elution of chlorophyllin from the inorganic support.

Table 2  Degree of elution of 
chlorophyllin (X) from the 
 TiO2–SiO2 support

Adsorption 
time (min)

Initial concentration of chlorophyllin (mg/dm3)

Acronym of sample 25 Acronym of sample 50 Acronym of sample 100

X (%)

30 TSC6D 10.8 TSC16D 7.6 TSC26D 2.9
180 TSC10D 7.8 TSC20D 2.5 TSC30D 2.4

Table 3  Parameters of the 
porous structure of  TiO2–SiO2/
chlorophyllin hybrids

Acronym of 
sample

Initial concentration of 
chlorophyllin (mg/dm3)

Adsorption 
time (min)

Surface area 
 ABET  (m2/g)

Total pore vol-
ume  Vp  (cm3/g)

Average pore 
size  Sp (nm)

TS – – 282 0.169 2.8
TSC6 25 1 267 0.112 3.2
TSC10 180 266 0.114 3.2
TSC16 50 1 265 0.113 3.2
TSC20 180 265 0.115 3.1
TSC26 100 1 264 0.115 3.1
TSC30 180 263 0.116 3.1
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3.3  Parameters of the porous structure

The textural characteristics of the obtained materials were 
assessed from nitrogen adsorption/desorption isotherms at 
− 196 °C. The results are summarized in Table 3.

The surface areas of the  TiO2–SiO2/chlorophyllin sam-
ples are slightly lower than that of pure  TiO2–SiO2. This 
is probably related to the blocking of active centers of the 
titania–silica support by chlorophyllin molecules. As Table 3 
shows, the  ABET surface area of the  TiO2–SiO2/chlorophyl-
lin hybrids slightly decreases with increasing initial con-
centration of chlorophyllin used for the adsorption process. 
Exemplary adsorption/desorption isotherms of the TSC10 
and TSC30 hybrids are shown in Fig. S2.

3.4  Degree of coverage of inorganic support 
by chlorophyllin

At the next stage, the effectiveness of adsorption of chloro-
phyllin on the surface of the  TiO2–SiO2 support was evalu-
ated based on the increase in the percentage content of char-
acteristic elements in the hybrid materials, compared with 
their content in the pure  TiO2–SiO2 sample. The degrees of 
coverage of  TiO2–SiO2 with chlorophyllin were calculated 
from the results of EA using the Berendsen and de Golan 
equation (Berendsen and de Golan 1978) (Table 4). The 
highest percentage content of carbon (0.632%) and nitrogen 
(0.163%) was recorded in the hybrid obtained by adsorption 
of chlorophyllin from a solution of concentration 100 mg/

dm3 over 30 min (sample TSC26). Hybrids obtained using 
chlorophyllin in an initial concentration of 50 mg/dm3 (sam-
ples TSC11, TSC16 and TSC20) had carbon and nitrogen 
contents in the ranges 0.308–0.356% and 0.115–0.136% 
respectively. The contents of carbon and nitrogen in the 
TSC hybrids (samples TSC1, TSC6 and TSC10) obtained 
by adsorption of chlorophyllin in an initial concentration 
of 25 mg/dm3 were in the ranges 0.199–0.288% C and 
0.101–0.122% N. For all of the obtained hybrids, the degree 
of  TiO2–SiO2 surface coverage was found to be in the range 
0.017–0.056 µmol/m2. The results of EA provide direct evi-
dence of the effectiveness of the adsorption process. Moreo-
ver, with increasing concentration of chlorophyllin used for 
adsorption, there was an increase in the elemental contents 
of nitrogen, carbon and hydrogen, along with a significant 
increase in the degree of coverage. The highest degrees of 
coverage were obtained for samples obtained by adsorption 
of chlorophyllin from a solution with a concentration of 
100 mg/dm3 (samples TSC21, TSC26 and TSC30).

The effectiveness of adsorption for the  TiO2–SiO2/chlo-
rophyllin hybrids was also verified on the basis of energy 
dispersive X-ray microanalysis (EDS) (Table 5). The main 
purpose of EDS analysis was to confirm the presence of 
titanium, silicon, oxygen, copper and sodium, which ought 
to be present in the synthetic  TiO2–SiO2 material and the 
chlorophyllin used in the adsorption process. Analysis of the 
composition of samples TSC10, TSC20 and TSC30 showed 
that they contain respectively 40.5%, 40.2% and 39.4% Ti; 
19.2%, 19.1% and 19.0% Si; 40.1%, 40.4% and 41.3% O; 

Table 4  Degree of surface 
coverage of  TiO2–SiO2 with 
chlorophyllin

Acronym of 
sample

Initial concentration of 
chlorophyllin (mg/dm3)

Adsorption 
time (min)

Elemental analysis (%) P (µmol/m2)

N C H

TS – – 0.091 0.098 1.099 –
TSC1 25 1 0.122 0.199 1.121 0.017
TSC6 30 0.101 0.201 1.204 0.019
TSC10 180 0.113 0.288 1.180 0.025
TSC11 50 1 0.136 0.327 1.118 0.029
TSC16 30 0.115 0.308 1.267 0.027
TSC20 180 0.127 0.356 1.167 0.031
TSC21 100 1 0.132 0.544 1.115 0.048
TSC26 30 0.163 0.632 1.178 0.056
TSC30 180 0.109 0.488 1.168 0.043

Table 5  Chemical composition 
of  TiO2–SiO2 material after 
adsorption of chlorophyllin

Acronym of 
sample

Initial concentration of 
chlorophyllin (mg/dm3)

Adsorption 
time (min)

Mass contribution (%)

Ti Si O Cu Na

TS – – 41.3 19.3 39.4 – –
TSC10 25 180 40.5 19.2 40.1 0.1 0.1
TSC20 50 180 40.2 19.1 40.4 0.2 0.1
TSC30 100 180 39.4 19.0 41.3 0.2 0.1
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0.1%, 0.2% and 0.2% Cu; and 0.1% Na. EDS analysis of the 
TSC hybrids shows that with increasing initial concentration 
of chlorophyllin there is an increase in the mass contribution 
of Cu (a characteristic element of chlorophyllin). Norman 
et al. (2016) also used energy dispersive X-ray microanalysis 
to confirm the efficiency of adsorption of chlorophyllin on 
H. communis, and observed the presence of characteristic 
elements from both chlorophyllin and the sponge material 
in the obtained hybrids.

3.5  FTIR spectra of obtained materials

To confirm the effectiveness of adsorption, FTIR spectra 
were obtained for the chlorophyllin, the  TiO2–SiO2 material 
and selected TSC hybrids (Fig. 2).

The FTIR spectrum of chlorophyllin shows a broad signal 
in the range 3650–3350 cm− 1, attributed to stretching vibra-
tions of O–H and N–H groups. Moreover, two bands with 
significant intensity with maxima at wavenumbers of 2929 
and 2859 cm− 1 are characteristic for C–H stretching vibra-
tions. The spectrum of chlorophyllin also contains bands 
for stretching vibrations of the carboxylate anion (C=O) at 
1632 cm− 1, and skeletal vibrations of the porphyrin ring 
formed by C=C and C=N bonds at 1565 cm− 1. There are 
also absorption bands at 1404 and 1107 cm− 1 attributed to 
C–O stretching vibrations, and a band at 1276 cm− 1 attrib-
uted to C–N stretching vibrations. There are also clear sig-
nals at 1220 and 1074 cm− 1, originating from stretching 
vibrations of C–O–C ester bonds. The three characteristic 
absorption bands at 991, 959 and 924 cm− 1 correspond to 
C–C stretching and bending vibrations in the pyrrole ring. 
The copper present in the structure of the chlorophyllin was 
observed in the range 750–570 cm− 1 (Norman et al. 2016; 
Phongamwong et al. 2017).

The FTIR spectrum of the  TiO2–SiO2 support con-
tains an absorption band at 678 cm− 1, attributed to sym-
metric –O–Ti–O– stretching vibrations. The vibration of 
≡Ti–O– bonds was observed at 505 cm− 1. The presence of a 
band in the range 3700–3200 cm− 1 is attributed to physically 
adsorbed water (–OH) and N–H stretching vibrations. The 
peak at 1620 cm− 1 corresponds to deformation vibrations 
of free water molecules. There are also two bands at 941 
and 1541 cm− 1, associated with vibrational modes involv-
ing ≡Ti–O–Si≡ bonding. The bands at 825 and 1081 cm− 1 
correspond to symmetric and asymmetric stretching vibra-
tions of the ≡Si–O–Si≡ group, and a band with significant 
intensity in the range 2965–2850 cm− 1 is characteristic for 
stretching vibrations of C–H (Siwińska-Stefańska et al. 
2017).

The FTIR spectra of the TSC hybrids (samples TSC10 
and TSC30) contain characteristic signals for both the 
support and the chlorophyllin, with significant changes in 
the intensities of the bands. A broad signal in the range 
3650–3350 cm− 1 reflects the presence of physically adsorbed 
water (–OH) and N–H stretching vibrations. The peaks at 
941 and 1541 cm− 1 are attributed to ≡Ti–O–Si≡ bonding. 
The spectra of the hybrids also reveal skeletal vibrations 
of the porphyrin ring formed by C=C and C=N bonds at 
1565 cm− 1, as well as characteristic vibrations attributed 
to C–H and C–C around 2920 cm− 1 and 1400 cm− 1, which 
indicate that the chlorophyllin was successfully adsorbed 
onto the  TiO2–SiO2 material. There is also a signal of low 
intensity in the range 750–570 cm− 1 characteristic for the 
copper present in the structure of the chlorophyllin (Gong 
et al. 2012; Sun et al. 2013). These signals confirm the suc-
cessful adsorption of chlorophyllin onto the  TiO2–SiO2 sup-
port. Moreover, on FTIR spectra of TSC hybrids, character-
istic absorption bands at 1082 and 1093 cm− 1, which can be 

Fig. 2  FTIR spectra of: a chlorophyllin and  TiO2–SiO2, b selected TSC hybrids
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ascribed to the vibration of Ti − O−C bonds, which can indi-
cate a strong chemical interaction between the titania–silica 
material and chlorophyllin, may be overlap with the intense 
absorption bands characteristic to ≡Ti–O–Si≡ bonds.

Based on elemental and FTIR analysis, we propose a 
probable mechanism of interaction between chlorophyllin 
and the  TiO2–SiO2 material (Fig. 3). We believe that hydro-
gen bond formation or a condensation reaction plays a key 
role in the adsorption of chlorophyllin onto the  TiO2–SiO2 
oxide material.

3.6  Thermal analysis

The effectiveness of the adsorption process was further 
examined by thermal analysis (TGA/DTA) of the chlorophyl-
lin,  TiO2–SiO2 and selected TSC hybrids (samples TSC10, 

TSC20 and TSC30). Thermogravimetric curves (TGA), as 
well as their first derivatives (DTA), were obtained (Fig. 4).

The thermogravimetric curve for chlorophyllin, shown 
in Fig. 4a, indicates a three-stage degradation process. The 
first degradation step, in the temperature range 30–250 °C, 
with a mass loss of about 7%, is related to the local elimina-
tion of water bonded with the surface of the dye. Farag et al. 
(2012) also reported that the first loss of the mass in the 
chlorophyllin degradation may be related to the evaporation 
of residual adsorbed water. The second mass loss of about 
49% in the temperature range 250–500 °C, also observed 
by Norman et al. (2016), is associated with the elimination 
of  Cu2+ ions. This degradation step was also mentioned by 
Farag et al. (2012) work. These mass changes are confirmed 
by clear exothermic peaks on the DTA curve (Fig. 4a). In the 
third stage, thermal treatment above 500 °C (up to 1000 °C) 
causes a gradual loss of mass by a further 5%, resulting 

Fig. 3  Probable mechanism of formation of  TiO2–SiO2/chlorophyllin hybrids
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from breakage and thermal decomposition of the porphyrin 
macrocycle.

Decomposition of the titania–silica material begins as 
low as 30 °C and occurs in a single step. The mass loss 
observed in the range 30–280 °C is rather abrupt. Above 
280 °C the sample stabilizes and its mass remains almost 
unchanged. Over the temperature range 30–1000 °C sample 
TS loses only 6.0% of its total mass.

The TGA curves of the TSC10, TSC20 and TSC30 
hybrids (Fig. 4b) show small mass losses of approximately 
8.1% (sample TS10), 7.8% (sample TSC20) and 8.2% (sam-
ple TSC30) in the temperature range 30–1000 °C. This is 
related to the presence of a small amount of moisture in 
the systems. The visible endothermic effect recorded in the 
DTA curve (Fig. 4b) is a confirmation of the changes occur-
ring and the transformation of anatase to the rutile form of 
titanium dioxide.

3.7  Kinetic studies of adsorption

An investigation of the adsorption kinetics for chlorophyl-
lin was performed using model solutions at concentrations 
of 25, 50, and 100 mg/dm3. The kinetics of the adsorption 
process were determined using pseudo-first-order (Lager-
gren 1898) and pseudo-second-order (Ho and McKay 1999) 
models.

Analysis of the parameters obtained using the pseudo-
first-order model shows that this model provides only a fair 
description of the experimental data. The obtained results 
are presented in detail in Supplementary Material (see Fig. 
S2).

A far better fit to the experimental data was achieved 
using the pseudo-second-order kinetic model (Fig. 5). The 
correlation coefficient (r2) calculated for this model was 
0.999 for all analyzed dye concentrations (25–100 mg/
dm3). Also the values computed using this model (qe,cal) 

Fig. 4  Thermal stability of: a chlorophyllin and  TiO2–SiO2, b selected TSC hybrids

Fig. 5  Pseudo-second-order kinetic parameters and fit for chlorophyllin adsorption onto  TiO2–SiO2
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corresponded to the experimental data (qe,exp). There was 
found to be a rise in the initial adsorption rate (h) as the 
initial concentration of dye increased.

Other researchers have also determined the kinetics of 
chlorophyllin adsorption using selected adsorbents. The 
kinetic parameters obtained by them are listed in Table 6. 
It is important to determine adsorption kinetics to facilitate 
monitoring of the effectiveness of dye adsorption from aque-
ous solutions. The adsorption of chlorophyllin using various 
materials is described in most cases by the pseudo-second-
order model.

3.8  Photocatalytic activity

The photocatalytic activities of selected  TiO2–SiO2/chloro-
phyllin hybrids (samples TSC10 and TSC30) were evalu-
ated based on the decomposition of C.I. Basic Violet 10 
in aqueous solution under UV irradiation. The results are 
presented in Fig. 6.

The results show that the photocatalytic decomposition of 
C.I. Basic Violet 10 in the presence of the obtained hybrid 
materials increased with increasing irradiation time (Fig. 6). 
Sample TS exhibited the lowest photocatalytic activity in 
the degradation of C.I. Basic Violet 10, with a photocata-
lytic efficiency of 49.6% (after 180 min of UV irradiation). 
Better photocatalytic activity (53.2%) was obtained with 
sample TSC30. The highest efficiency of C.I. Basic Violet 
10 decomposition was recorded in the presence of sample 
TSC10, obtained by adsorption of chlorophyllin from a solu-
tion with a concentration of 25 mg/dm3: after 180 min of UV 
irradiation, 61.7% of the dye was decomposed.

The second stage of photocatalytic testing involved evalu-
ation of the photocatalytic activity of TS and TSC hybrids in 
the removal of C.I. Basic Violet 10 in the presence of  H2O2 
(Fig. 6b). For these experiments,  H2O2 was added to the 
aqueous suspension of dye at the start of light irradiation. 
The addition of hydrogen peroxide to the reaction system 
leads to increased decomposition efficiency of the dye, in 

Table 6  Examples of 
application of pseudo-
second-order model for the 
determination of kinetic aspects 
of the chlorophyllin adsorption

Adsorbent Dye concentration 
(mg/dm3)

r2 (–) k2 (g/mg min) References

H. communis
sponge skeletons

100 0.999 0.102 Norman et al. (2016)
200 0.997 0.010
300 0.999 0.009

Silk 300 0.999 0.014 Hou et al. (2012)
0.999 0.020

TiO2–SiO2 25 0.999 0.625 This study
50 0.999 0.197

100 0.999 0.335

Fig. 6  Efficiency of photocatalytic decomposition of C.I. Basic Violet 10 in the presence of the synthesized hybrids: a without  H2O2 and b with 
 H2O2
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the case of all of the materials used. The degradation of 
C.I. Basic Violet 10 under UV irradiation showed that sam-
ple TS, in the presence of  H2O2, had better photo-oxidation 
activity (the efficiency of its degradation of the dye was 
50.6% after 180 min) than the TS photocatalyst without the 
addition of hydrogen peroxide (49.6%). The slight improve-
ment in the photocatalytic activity observed for the TS sam-
ple in the presence of hydrogen peroxide can be attributed 
to the synergic effect between the photocatalyst and  H2O2. 
However, the photodegradation of C.I. Basic Violet 10 by 
samples TSC10 and TSC30 is greatly accelerated by the 
addition of hydrogen peroxide, leading to efficiencies of 
94.0% and 64.9% respectively. These results show that the 
addition of hydrogen peroxide plays a significant role in the 
degradation of the dye. The higher photocatalytic degrada-
tion after the addition of  H2O2 was attributed to the increase 
in the concentration of hydroxyl radicals. Most studies have 
shown that the rates and efficiencies of photo-assisted deg-
radation of organic substrates are significantly improved 
in the presence of peroxides (Daneshvar et al. 2002; Bauer 
et al. 1999; Fox and Dulag 1993), because hydrogen perox-
ide inhibits electron–hole recombination. Moreover, hydro-
gen peroxide is a better electron acceptor than molecular 
oxygen, and can act as an alternative electron acceptor to 
oxygen (Daneshvar et al. 2003; Khodja et al. 2001). Other 
studies have demonstrated that copper(II) porphyrins exhibit 
enhanced photocatalytic efficiency in sensitizing  TiO2 for 
the photodegradation of organic pollutants. Sun et al. (2013) 
demonstrated that hydrogen peroxide added to the reaction 
mixture reacts directly with photoinduced electrons to pro-
duce hydroxyl radicals, and can then lead to the generation 
of hydroxyl radicals, which are a powerful oxidizing agent 
capable of photodegrading C.I. Basic Violet 10 into small 
molecules or  CO2 and  H2O. We propose the following steps 
for the degradation of C.I. Basic Violet 10 in the presence 
of  TiO2–SiO2/chlorophyllin hybrids.

(10)TiO2 − SiO2 + hv → TiO2 − SiO2

(

e− + h+
)

(11)Chlorophyllin + hv → Chlorophyllin
(

e− + h+
)

(12)TiO2 − SiO2(e
−) + O2 → TiO2 − SiO2 +

∗O−
2

(13)∗O−
2
+ 2H+

→ H2O2

(14)
TiO2 − SiO2(e

−) + H2O2 → TiO2 − SiO2 + OH∗ + OH−

(15)TiO2 − SiO2

(

h+
)

+ OH−
→ TiO2 − SiO2

− + OH∗

(16)Chlorophyllin
(

h+
)

+ OH−
→ Chlorophyllin + OH∗

(17)∗O−
2
+ dye → decomposition products

(18)OH∗ + dye → decomposition products

3.9  Kinetic studies of photocatalysis

Analysis of the kinetics of photocatalytic degradation of C.I. 
Basic Violet 10 shows a significantly differences in the rate 
of decomposition of the analyzed pollutant in the presence 
of the used catalysts (Table 7). Heterogeneous photodegra-
dation of C.I. Basic Violet 10 in the presence of a TSC10 
photocatalyst was characterized by the highest value of rate 
constant of reaction, which amounted to 0.0053 min−1. The 
used catalyst was also characterized by the shortest half-life 
time (130 min). In the case of the TS sample, a more than 
71% decrease of rate constant reaction (0.0038 min−1) is 
observed compared to the TSC10 photocatalyst. Moreover, 
the use of TS catalyst contributed to the extension of time  t1/2 
(182.09 min) relative to the TSC sample. The effect of the 
addition of hydrogen peroxide was also investigated on the 
constant rate of reaction of photochemical decomposition of 
C.I. Basic Violet 10 in the presence of used catalysts. The 
results show that highest value of the degradation rate k was 
recorded when TSC10 catalyst was used as a photocatalyst. 
Moreover, in the presence of TSC sample also the higher 
value of the half-life time (44.35 min) of rested organic dye 
was noted.

4  Conclusions

It has been shown that the proposed sol–gel methodology for 
the synthesis of a  TiO2–SiO2 oxide material is very efficient 
and leads to a material with strictly defined physicochemi-
cal and structural parameters—monomodal particle size 
distribution, almost spherical particle shape and designed 
crystalline and porous structure—which favor its use as an 
adsorbent of chlorophyllin.

(19)HO2
∗ + dye → decomposition products

Table 7  The reaction rate constant (k), correlation coefficient (R2) 
and half-life time (t1/2) of C.I. Basic Violet 10 during photocatalytic 
process

Sample k (1/min) R2 t1/2 (min)

C.I. Basic Violet 10
 TS 0.0038 0.9888 182.09
 TSC10 0.0053 0.9866 130.00
 TSC30 0.0042 0.9908 164.32

C.I. Basic Violet 10 + H2O2

 TS 0.0039 0.9850 176.92
 TSC10 0.0156 0.9817 44.35
 TSC30 0.0058 0.9836 119.17
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Studies of the adsorption of chlorophyllin onto the tita-
nia–silica oxide system have proved that functional groups 
present on the synthetic oxide material show high affinity 
to functional groups occurring in the structure of the chlo-
rophyllin. The adsorption efficiency of chlorophyllin onto 
 TiO2–SiO2 oxide material is over 90%, independent of the 
initial chlorophyllin concentration. Moreover, the hybrids 
obtained by adsorption of chlorophyllin on inorganic oxide 
material were relatively stable. The kinetics of the chlo-
rophyll adsorption process are precisely described by the 
pseudo-second-order kinetic model, which will significantly 
facilitate its design on an industrial scale.

The results of EA, surface composition (EDS) and FTIR 
analysis indirectly confirm the effectiveness of the adsorp-
tion process.

Thermogravimetric analysis of the  TiO2–SiO2/chloro-
phyllin hybrids showed a significant improvement in the 
thermal stability of the obtained material compared with 
the original chlorophyllin.

The  TiO2–SiO2/chlorophyllin hybrids exhibit good pho-
tocatalytic activity in the decomposition of C.I. Basic Violet 
10. It was also shown that the addition of hydrogen peroxide 
results in an increase in the efficiency of degradation of the 
dye.

Moreover, analysis of the kinetics of the photocatalytic 
process performed based on the Langmuir–Hinshelwood 
equation confirmed that degradation of C.I. Basic Violet 
10 occurred most intensely in the presence of the TSC10 
catalyst.
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