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a b s t r a c t

In this work, TiO2 supported on bovine bone powder by-product (BBP) was used as photo-catalyst 
for the degradation of methylene blue (MB) dye in aqueous solutions under UV-irradiation. The 
main parameters which govern the photo-catalytic treatment efficiency, such as pH, weight of cat-
alyst added to solution, UV-irradiation period, initial concentration of MB and presence of ethanol 
have been investigated. The new product, BBP-Ti11%, exhibited a good behavior towards the photo-
chemical degradation of methylene blue mainly in basic medium. Photo-degradation performance is 
inversely proportional to the initial dye concentration. The photo-degradation kinetics of MB is sat-
isfactorily described by the pseudo-first order reaction kinetic model. On the other hand, photo-deg-
radation experiments carried out under UV-irradiation in the presence of ethanol show a decrease 
of the photo-catalytic activity of the prepared catalyst. This confirm that the discoloration process 
is mainly done by the action of free radicals OH• generated on the surface of BBP-Ti 11%. To the best 
of our knowledge, this is the first report that describes the use of bovine bone powder by-product as 
support of TiO2 for the photochemical oxidation of organic dyes.
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1. Introduction

The development of the industrial activities causes 
a growing pressure on water resources and leads to an 
important production of waste waters which are responsi-
ble for many damages and impacts. The treatment of liq-
uid effluents is more than ever a priority as well to protect 
the human health, the environment and to produce water 
which could be recycled in industries or reused in agricul-
ture. The textile dyeing factories require large quantities of 
water and generate complex colored effluents which are 
not biodegradable [1]. Indeed, organic dyes are generally 
persistent pollutants because of the complexity of their 

chemical structures [2]. Their concentrations in the efflu-
ents should be controlled in order to respect environment 
norms and legislation on water quality which become more 
stringent. Different techniques such as adsorption [3], mem-
brane filtration [4–7], coagulation-flocculation [8], etc. can 
be employed to manage dyeing effluents. Advanced oxida-
tion processes (AOPs) are one of the attractive alternatives 
to the conventional methods. The peculiarity of these pro-
cesses is that they can eliminate non-biodegradable organic 
components and avoid the need to dispose of residual 
sludge. Their operating principle is based on the generation 
of hydroxyl radicals which are very reactive.

The development of AOPs and the improvement of 
their efficiency has nowadays become a main research 
focus. The activity of certain materials can be improved by 



A. Salhi et al. / Desalination and Water Treatment 159 (2019) 356–364 357

doping them with an element photo-catalytically active. 
For example, new porous materials based on TiO2 pillared 
montmorillonite were synthesised by Chen et al. [9] and 
their photo-catalytic performances were evaluated by using 
methylene blue degradation. Carriazo et al. [10] reported in 
their work the modification of a mineral clay by the incor-
poration of TiO2 (anatase) and iron-TiO2  species to obtain 
delaminated solids with photo-catalytic activity under very 
low intensity UV irradiation. TiO2 was immobilized on per-
lite granules by Shavisi et al. [11] and obtained material was 
applied for ammonia degradation in wastewater. Four ben-
tonites and one diatomite were also used by Rossetto et al. 
[12] as supports for titanium oxide. All materials obtained 
showed methylene blue photo-degradation activity. On the 
other hand, the synthesis, by a sol gel method, of TiO2-mont-
morillonite photo-catalysts doped with vanadium and/or 
carbon was carried out by Chen et al. [13]. The degradation 
of aqueous sulphorhodamine B on these photo-catalysts 
was investigated under UV-Vis irradiation.

In our previous work, calcium deficient hydroxyapatite 
(HAP) was synthesized and used as support of different 
amounts of titanium dioxide. The performance of elaborated 
material in photo-catalytic degradation of methylene blue 
dye was then demonstrated [14]. Several research works 
revealed that bone have a chemical composition similar to 
that of hydroxyapatites [15,16]. For this reason, the prepa-
ration of a new photo-catalyst based on titanium dioxide 
supported by bovine bone powder by-product (BBP) and 
its application in photo-degradation will be the subject of 
this research study. The interest is twofold: (i) First, the elab-
oration of a composite material which is potentially active 
and useful for photo-degradation processes. (ii) Second, the 
valuation of a solid bio-waste, namely bovine bone which is 
a potential source of hydroxoapatite.

2. Experimental

2.1. Studied dye

Methylene blue (CI 52015) was chosen as a model 
substance in order to study the photo-catalytic efficiency 
of bovine bone powder by-product doped with titanium 
(BBP-Ti11%). It is a heterocyclic aromatic chemical com-
pound (Fig. 1) with the molecular formula C16H18N3SCl cor-
responding to a molecular weight of 319.7 g·mol–1. It is a 
cationic dye molecule belonging to the Xanthines family. Its 
wavelength of maximum absorption is 664 nm.

2.2. Preparation of TiO2/bone powder photo-catalyst

Bovine bones were collected from a butcher’s shop in El 
Jadida (Morocco). After cleaning, they were dried at 105°C 

during 24 h, crushed to smaller pieces of about 1 cm3, calcined 
during 6 h at 850°C and then milled by means of a mortar.

A definite amount of the material prepared was impreg-
nated with titanium (IV) isopropoxide Ti(OiPr)4 so as to 
have a catalyst with 11% of titanium (BBP-Ti11%). The mix-
ture was calcined at 550°C during 4 h and 30 min.

2.3. Characterization of materials

Morphological characterization and chemical compo-
sition of the powder materials, BBP and BBP-Ti 11%, were 
performed using scanning electron microscope Hitachi 
S-3400N equipped with an energy dispersive X-ray spec-
troscope (EDS) (Noran with a silicon drift detector). The 
energy of the acceleration beam employed was 10 kV. Prior 
to analysis, the sample was carbon coated with a Bal-Tec 
SCD005 sputter coater.

The size of the particles in the BBP-Ti 11% sample was 
studied by transmission electron microscopy (TEM; Tecnai 
G2 12 TWIN FEI operating at 120 kV). For TEM studies, 
samples were dispersed and deposited on a TEM grid.

Powder materials were also characterized by X-ray dif-
fraction (XRD) using a Bruker AXS D8 Advance diffractom-
eter with Cu Kα radiation (λ = 1.5418 Å). Phase verification 
was carried out using the EVA software.

IR spectra were recorded using a Tensor 27 FTIR spec-
trometer from Bruker (Karlsruhe, Germany) equipped with 
a DLaTGS detector. Spectra were obtained by coadding 
50 scans at a resolution of 4 cm–1 and a scanner velocity of 
10 kHz HeNe frequency, from 4000 to 550 cm–1. For instru-
mental and measurement control, spectra treatment and 
data manipulation, it was employed the OPUS program 
(version 6.5) from Bruker. Spectra recorded are the average 
of 3 spectra of each sample with a smoothing of 18 points.

The specific surface area of the raw bovine bone powder 
(BBP) and that doped by titanium (BBP-Ti 11%) have been 
determined by the Brunauer-Emmett-Teller (BET) method 
using a Micromeritics ASAP2020 Analyzer.

In order to determine the crystalline form of TiO2 in the 
elaborated catalyst (BBP-Ti 11%), the Raman spectra was 
recorded using a Horiba Jobin Yvon Raman Spectrometer 
“LabRam HR 800-UV”.

UV-Visible diffuse reflectance spectroscopy is one of the 
most optical methods employed for the determination of 
gap energy Eg. In this work, a UV-Vis spectrophotometer 
(Agilent Cary 5000) was used for diffuse reflectance mea-
surements in order to establish the optical band gap. The 
optical absorption was recorded in the 200–800 nm range. 
The Kubelka-Munk method (Eq. (1)) can be used to deter-
minate Eg. It is based on the following equation [17].

2(1 )
( )

2
R

F R
R

−
= � (1)

where R is the reflectance and F(R) is proportional to the 
extinction coefficient α.

Eg can be estimated by the use of the general equation [18].

[ ] ( )( ) * *
n

F R h K h Egν ν= − � (2)

with h is the plank’s constant (J·s), K is the absorption 
constant, ν is the light frequency and n = 2 for an indirect 
allowed transition.Fig. 1. Chemical structure of methylene blue dye.
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2.4. Experimental setup and photo-degradation tests

The photo-catalytic reactor, used in this study, is a cylin-
drical stainless metal (Fig. 2), equipped with 3 UVA lamps 
and 3 UVB lamps (8 W, λ: 300−450 nm). The solution to be 
irradiated was introduced in a Pyrex tube placed in the cen-
ter of the reactor by means of clamp system. At the bottom, 
the unit is cooled by a fan to prevent evaporation of solu-
tion. The homogeneity of the solution is ensured through 
agitation, using a bubbler which allows also the aeration of 
the medium to be treated.

To examine the photo-catalytic efficiency of the pre-
pared catalyst (BBP-Ti 11%), 20 mL of methylene blue solu-
tion, with a precisely known concentration, are introduced 
in the Pyrex tube of the photo-reactor in the presence of 
10 mg of BBP-Ti 11% (0.5 g/L of solution). First, the mix-
ture was stirred for 30 min in the dark to reach adsorption 
equilibrium on the solid surface. The mixture was then 
UV-irradiated and samples were taken every 30 min and 
centrifuged with a speed of 4000 rpm for 2 min. The absor-
bance of the solution was then measured at 664 nm, by the 
use of a spectrophotometer MAPADA V-1200, before being 
returned to the reactor.

3. Results and discussion

3.1. Characterization of the prepared catalyst

Both bovine bone powder by-product (BBP) and pre-
pared catalyst (BBP-Ti11%) were characterized by the scan-
ning electron microscope (SEM) coupled with auxiliary 
energy dispersive X-ray spectroscopy (EDS). Fig. 3 illus-
trates the morphological structure of the studied mate-
rials which present generally non-uniform and irregular 
surfaces. The results of the EDS analysis show clearly the 
presence of titanium in the final synthesized material in 
addition to the elements mainly present in the bone powder, 
namely P, Ca, Mg and Na (Fig. 4).

Fig. 5 shows the TEM shots of BBP-Ti11% sample, it is 
formed of elliptical shaped particles with an average size of 
9.9 nm for TiO2 particles, 16 to 17 nm for calcium particles 
and about 20 nm for orthophosphates which is the main 
component of the matrix.

Diffractograms of bovine bone powder (a) and catalyst 
BBP-Ti 11% (b) show the main characteristic peaks of osse-

Fig. 2. Simplified scheme of the photoreactor: (a) Power supply 
cable, (b) Support of reactor, (c) Fan, (d) Lamps, (e) Aeration 
holes, (f) Clamp, (g) Pyrex tube, (h) Support, and (i) Air bubbler.

Fig. 3. Scanning electron micrographs of raw bone powder BBP (a) and BBP-Ti11% (b).

Fig. 4. EDS analysis of raw bone powder BBP (a) and BBP-Ti11% (b).
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ous materials [19,20] and other peaks located at 2-theta (θ) 
positions 36°, 38°, 46°, 54° and 65° which can be attributed 
to titanium (Fig. 6). These results are similar to those of our 
previous work having as objective the preparation of a pho-
to-catalyst TiO2/hydroxyapatites [21].

The infrared spectra with ATR mode of raw bovine bone 
powder (BBP) and photo-catalyst (BBP-Ti11%) are shown in 
Fig. 7. The spectrum related to BBP shows the bands corre-
sponding to the different functional groups present in the 
bone structure. As can be seen, the band located at 632 cm–1 
can be attributed to the OH stretching vibration [22]. On 
the other hand, the bands located at υ1 962 cm–1, υ3 1093 and 
1034 cm–1 and υ4 604 and 566 cm–1 are assigned to PO4

3– [23–
27]. The FTIR spectrum corresponding to BBP-Ti11%, pres-
ents generally the same shape as that of raw powder (BBP). 
The main difference is that the spectrum of the prepared 
catalyst shows a band in the form of a shoulder centered 
near 750 cm–1. This band can be attributed to Ti-O vibrations 
and results from doping process.

The BET analysis shows that the bone powder (BBP) has 
a very low specific surface area (about 0.524 m²/g). How-
ever, the impregnation of the powder by titanium improves 
its specific surface area (SBBP/Ti11% = 6.32 m²/g). 

The Raman spectrum of BBP-Ti11% (Fig. 8) highlights 
the various absorption bands recorded between 50 and 1400 
cm–1. The peaks at about 141, 195, 395, 515 and 636 cm–1 con-
firm the anatase structure of titanium. Similar positions were 
also obtained in others works for anatase phase [28–30].

The band gap energy of BBP-Ti11% catalyst was 
obtained by plotting (F(R)*hν)1/2 as a function of energy 
ranged from 2 to 4.4 eV (Fig. 9). A straight line was obtained 
on the linear part between 3.30 and 3.75 eV. The energy of 
the forbidden band Eg which is equal to 3.22 eV was then 
determined from linear regression and extrapolation on the 
x-axis.

3.2. Photo-catalytic activity of the prepared material

The evolution of C/C0 ratio as a function of time was 
first studied using three experimental protocols: (i) irradi-
ation of MB solution by UV light without the presence of 
any material, (ii) irradiation of MB solution by UV light in 

the presence of bovine bone powder BBP, and (iii) irradia-
tion of MB solution by UV light in the presence of the cat-
alyst (mBBP-Ti11% = 0.01 g). From the results shown in Fig. 10, 
it can be concluded that discoloration of methylene blue 
solution during eight hours of irradiation, in absence and 
in presence of the raw bovine bone powder is insignificant 
and does not exceed 6% and 8%, respectively. On the other 
hand, and as it can be seen from Fig. 10, BBP-Ti11% catalyst 
has a very remarkable effect on the discoloration efficiency 
which reaches about 94% after eight hours of UV irradia-
tion, this confirms the photo-catalytic activity of the afore-
mentioned prepared composite material.

Fig. 7. FTIR spectra of raw bone powder (BBP) and BBP-Ti11% 
catalyst.

Fig. 8. Raman spectra of BBP-Ti11% catalyst.

Fig. 5. Transmission electron micrograph of BBP-Ti11%.

Fig. 6. X-ray diffraction spectra of bovine bone powder BBP (a) 
and synthesized catalyst BBP-Ti11% (b). 
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3.3. Effect of pH

The pH of the medium greatly affects the charge on the 
surface of the catalyst and the size of the aggregates [31], 
this influences the adsorption of pollutants on the catalyst 
surface. To study the effect of initial pH on the photo-deg-
radation efficiency, three solutions of MB dye at 10 mg/L 
were prepared and their pH were adjusted to the desired 
values by the use of HCl or NaOH solutions. A mass of 0.01 
g of the catalyst BBP-Ti 11% was then added to each solu-
tion and the mixtures were UV irradiated under the same 
experimental conditions. After treatment, the solutions 
were centrifuged and the supernatants were analyzed. The 
results obtained and presented in Fig. 11 show clearly that 
photo-degradation of MB dye during 150 min under UV 
irradiation and in the presence of BBP-Ti 11% is pH depen-
dent. The performance of the process reaches about 64%, 
71% and 92% in neutral, acidic and basic solutions, respec-
tively. These results can be explained by the fact that the pH 
of the aqueous solution greatly affects the surface charge 

of the catalyst and subsequently influences the adsorption 
and discoloration performance. Indeed, a number of stud-
ies have shown that in aqueous medium and at acidic pH, 
the titanium dioxide surface is positively charged (TiOH2

+). 
This promotes the adsorption of anionic molecules by elec-
trostatic attraction. However, the material attracts cationic 
molecules in basic medium because its surface is charged 
negatively (TiO–) [32]. This explains the behavior of meth-
ylene blue under the aforementioned operating conditions. 
The studied dye is cationic in nature, so it will be best 
adsorbed in basic medium on the photo-catalyst surface 
[31]. This promotes further the reaction between the dye 
and the prepared catalyst and improves consequently the 
discoloration efficiency. 

3.4. Effect of the initial dye concentration

The effect of the initial dye concentration on the pho-
to-degradation efficiency was investigated. To optimize this 
parameter we studied the discoloration of three solutions 
of MB having three different concentrations (10, 15 and 
20 mg/L). It can be seen from Fig. 12 that the increase of the 
initial dye concentration leads to a decrease of the rate of 
discoloration. Therefore, photo-degradation performance 
is inversely proportional to the initial concentration of the 
solution to be treated. In the presence of BBP-Ti11% and 
after three hours of UV irradiation, photo-degradation rates 
are about 28%, 41% and 70% for the studied concentrations 
20, 15 and 10 mg/L, respectively. When the dye concentra-
tion increases, the amount of dye adsorbed on the catalytic 
surface also increases. It is clear that this adsorption affects 
the catalytic activity of TiO2, supported on the bovine bone 
powder, and reduces the generation of hydroxyl radicals 
[33]. Increasing the dye concentration inhibits light access to 
the entire semiconductor surface. In fact, at high concentra-
tion of methylene blue, a significant amount of ultraviolet 
light can be absorbed by the dye molecules rather than by 
the catalyst. As the concentration of MB solution increases, 
the photons get intercepted before they can reach the cat-

Fig. 9. Graphical representation of modified Kubelka–Munk 
[F(R)*hν]1/2 versus E for Eg calculation.

Fig. 10. Effects of UV, BBP+UV and BBP-Ti11%+UV on MB degra-
dation (treated volume: 20 mL; dye concentration: 10 mg/L; BBP 
or BBP-Ti11%: 0.01 g).

Fig. 11. Photo-degradation of MB solution as a function of pH 
(treated volume: 20 mL; dye concentration: 10 mg/L; BBP-Ti11%: 
0.01 g).
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alyst surface. As a result, the catalytic efficiency decreases 
[33–35]. These findings are consistent with those of other 
researchers who have studied the photo-degradation of 
organic dyes [34,36].

3.5. Effect of the irradiation time on visible absorption spectrum 
of dye

In order to highlight the effect of irradiation time 
on photo-degradation and determine the optimal time 
required to reach a total discoloration of MB solution, the 
evolution of its visible absorption spectrum was mon-
itored during 10  h. The recorded absorption spectra are 
shown in Fig. 13. As it can be seen, UV-irradiation of MB 
solution in the presence of BBP-Ti 11% leads to an obvi-
ous decrease in the intensity of the absorption spectrum. 
An irradiation period of about 10 h is more than enough 
to discolour completely MB solution. As can be seen, we 
notice a progressive decrease of the maximal absorption 
band of the studied dye with time until its total disappear-
ance at the end, after ten hours of irradiation. We also find 
that the rate of decrease is very important during the first 
two hours of irradiation (reduction of about 55 %). At the 
end of treatment, the yield of discoloration can reached its 
highest level (about 96−100%).

3.6. Kinetic of discoloration

The kinetic of discoloration, of methylene blue solu-
tions at various concentrations, was studied. The apparent 
first-order kinetic  rate constant (kapp) was calculated from 
the slope of the linear Eq. (4) which is obtained by integrat-
ing Eq. (3). 

app

dC
V k C

dt
= = ⋅ � (3)

0
app

C
Ln k t

C
  = ⋅  

� (4)

Fig. 14 shows the plot of Ln(C0/C) versus time for three 
concentrations of MB solution. The constants kapp and the 
coefficients of determination R2 are presented in Table 1. 
As it can be seen, the photo-degradation kinetics of MB is 
satisfactorily described by the pseudo-first order reaction 
kinetic model. The apparent rate constant kapp, however, is 
very sensitive to initial concentration of dye. It is evident 
from Table 1 that the reaction rate constant decreases with 
increasing dye concentration. This can be explained, as has 
been mentioned, by the reduction of hydroxyl radical gen-
eration due to the access inhibition of UV light to the sur-
face of catalyst. 

3.7. Effect of ethanol on photo-degradation

Photo-catalytic process may occur according to two 
routes: the first due to the presence of radicals OH• and the 
second due to the positive hole (h+) formed during UV irra-
diation of the surface of photo-catalysts [37,38]. To highlight 
the importance of radicals OH• in oxidation or photo-oxida-
tion catalytic reactions, alcohols are often used because they 
act by trapping these radicals. The choice is usually focused 
on ethanol, isopropanol or t-butanol because of their high 
reactivity towards hydroxyl radicals [39,40]. In addition, 
these products do not interact with incident light since they 
do not absorb beyond 260 nm [41].

In order to reveal the role of radicals OH• in the pho-
to-catalytic process, the photo-degradation of MB solutions 
by BBP-Ti11% was monitored as a function of time in the 
presence and absence of ethanol. The results obtained are 
summarized in Fig. 15. It is evident from these results that 
ethanol decreases considerably the photo-catalytic activ-
ity of the prepared catalyst BBP-Ti11%. Indeed, after three 
hours of UV irradiation, the degradation yield of MB dye 
decreased from 70% in the absence of ethanol to 19% in its 
presence. Thus, the discoloration process is mainly done by 
the action of free radicals OH• generated on the surface of 
BBP-Ti11%. 

Fig. 12. Effect of initial dye concentration on the discoloration 
efficiency as a function of time (treated volume: 20 mL; BBP-
Ti11%: 0.01 g).

Fig. 13. Evolution of the visible absorption spectrum of MB solu-
tion in the presence of BBP-Ti11% (0.01 g) as a function of UV 
irradiation time (treated volume: 20 mL; dye concentration: 10 
mg/L).
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3.8. Effect of catalyst mass

In the case of the heterogeneous catalysis, it is very 
important to study the effect of the catalyst mass on the 
speed of discoloration. For that purpose, we conducted 
experiments by varying the mass of the BBP-Ti11% cata-
lyst from 0.25 g/L until 1.5 g/L. According to the obtained 
results shown in Fig. 16, we notice that discoloration speed 

Table 1
Apparent first-order kinetic rate constants and time of half 
reaction for different initial dye concentrations

[MB] (mg/L) 10 15 20

kapp (h
–1) 0.388 0.1815 0.1127

R² 0.9844 0.9828 0.9637
t1/2 (h) 1,78 3,85 6,15

Fig. 14. First-order kinetic plots for photodegradation of MB dye 
at different initial concentrations (treated volume: 20 mL; BBP-
Ti11%: 0.01 g).

increases with the increase of the catalyst mass (BBP-Ti 11%) 
and reaches its maximum with a concentration of catalyst 
of about 1 g/L. Beyond this mass the rate of discoloration 
decreases because the screening effect becomes dramatic. 
This reduces penetration of UV light and masks part of the 
sensitive surface and consequently, degradation efficiency is 
reduced [42]. A similar phenomenon has also been reported 
by other authors. Other scientific works showed that the 
aggregation of particles at high concentrations leads to a 
reduction in the number of active sites of surface [43].

4. Conclusion

A new value-added material BBP-Ti11% was elaborated 
from bovine bone powder by-product (BBP) and titanium 
(IV) isopropoxide Ti(OiPr)4. This paper reports the applica-
bility of BBP-Ti 11% as new photo-catalyst material which 
can be applied successfully, under UV-irradiation, in discol-
oration of MB aqueous solution. The activity of the catalyst 
seems to be pH dependent; the best efficiency was reached 
in basic medium. The photo-degradation kinetics follows 
pseudo-first order chemical kinetics. With the increase in 
the initial dye concentration, the apparent rate constant is 
found to decrease significantly. The inhibition of MB pho-
to-degradation by ethanol confirms that the free radicals 
OH· play an important role in the photo-catalytic reaction. 
The excessive addition of catalyst decreases the photo-deg-
radation of the dye due to the screening effect that affects 
the propagation of UV light in the medium.
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