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Abstract

This study presents, biosynthesis of calcinated eggshell (CES) doped with Titanium dioxide (TiO,) photocatalyst for pho-
todegradation of methylene blue from synthetic wastewater. The influence of three independent variables for improving
photodegradation efficiency was investigated and optimized using response surface methodology of Box-Behnken
Design on the removal of methylene blue using the calcined chicken eggshells (CES) doped with titanium dioxide. The
experimental result showed that 95.8% degradation efficiency of methylene blue by prepared photocatalyst at a contact
time of 180 min, initial concentration of methylene blue of 10 ppm, and calcined eggshells (CES) doped with titanium
dioxide dose of 2.5 g/L. The synthesized photocatalyst was characterized by Fourier-transform infrared spectroscopy,
UV-spectrometer, and X-ray diffractometer and UV-vis Spectroscopy for determined their functional group, structure,
and bandgap energy respectively. Their results depict the calcined eggshell doped with titanium dioxide photocatalyst
is a promising option for the degradation of methylene blue from industrial wastewater under the stated condition.

Highlights

e Analysis of chicken eggshell wastes are being usedas e Photocatalytic degradation of Methylene Blue experi-

photocatalyst source to calcinated eggshell doped TiO,, ment has been done.

i.e., ‘Waste to photocatalyst’ for production of viable e The highest degradation efficiency of 95.8% methylene
sustainable products to bio photocatalyst from waste- blue was obtained at a contact time of 180 min, 10 ppm
water to fulfill the need of an expensive metal-doped of initial concentration of methylene blue, and a dopant
catalyst. dose of 2.5 g/L by using prepared photocatalyst.
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1 Introduction to the poor control of wastewater. The focal sources of

wastewater is consequently due to the weak controlling
Now a day, the health problem connected with water ~ mechanism of wastes from the industrial activity plus
pollution is the major and primary issue throughout the ~ humans, animals, household, and laundry sludge might
world [1]. The main cause of water pollution is directly ~ be due to the lack of treatment services, or the fact that
and indirectly related to man-made activities that lead ~ the existing facilities are not functioning as intended and
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has led to extensive environmental pollution [2]. On the
other hand, utilizing this untreated wastewater in agri-
cultural activities led to risk for both farmers who have a
connection through this water and crop consumers via
transfer of pathogenic microorganisms (microbes that
cause disease) from water to crop. In addition to this,
pathogenic aquatic diseases like cholera, enteric fever,
diarrhea, and dysentery are caused by the exploitation
of this untreated wastewater that can be spread through
drinking water [3, 4].

Besides an indicator of country’s economic improve-
ment, rapid industrialization are greatly associated with
environmental degradation, mainly due to the discharge
of untreated wastewater or partially treated wastewater
[5]. In addition to this, in developing country most of the
industries discharge wastewater to near around water
stream without adequate treatment due to the lack of
know-how, low-profit margins, failure to afford invest-
ment costs in pollution remediation equipment and tech-
nologies, and financial support [6]. Those who have better
capital are not willing to install efficient treatment tech-
nologies, due to lack of governmental control and weak
implementation of environmental policies in the country
[7]. Therefore, there is an urgent need towards providing a
wastewater treatment option for these industries to allow
environmentally friendly disposal of their wastewater that
reaches specific effluent quality goals [8].

There are several available methods for the exploita-
tion and purification of wastewater in order to reduce
their effects on the environment. Accordingly, there is a
strong need to develop novel bio-based product from
cheaper, available resources and renewable feedstock,
which played a pivotal role in wastewater purification,
particularly photocatalytic activity of doped titanium diox-
ide (TiO,) deliberately used to remove contaminants from
wastewater [9, 10]. Titanium dioxide is the most common
photocatalytic with the best performance, low price, and
toxicity. Titanium dioxide is a quite versatile catalyst that
can absorb UV light that is applied in many different situa-
tions and is capable of handling many different forms and
amounts of organic waste [11]. There are different metal or
nonmetal ion-doped with TiO, such as B, C, N, Fe**, CO,%",
and Zn?* that used to increase light absorption of TiO,
from UV to the visible range [12]. For instance, coupling
TiO, with CO;*™ ion improves the capability of the cata-
lyst, increases the light absorption band energy of TiO, and
increases the photocatalytic activity of TiO, under solar
irradiation [13, 14]. The TiO,-CaCO; can be created through
the surface hydroxyl group in the liquid phase system at
the interface of a phase of CaCO; and TiO,, since CO;* is
generated in-situ on the catalyst surface [14].
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The CO;™ ion that can be used to enhance the photocat-
alytic activity of TiO, can be derived from different biomass
rich in CaCO;. Poultry eggs biomass (eggshells) contain
94-97 wt. % CaCOj;. Hence, due to its randomized porous
structure, locally available, waste resources, eco-friendli-
ness, low cost, and nontoxicity can be used as a carrier
for nano-biomass. Synthesizing calcined chicken eggshell
doped TiO, photocatalysts with a porous structure gener-
ate CO,%" species can be for methylene blue degradation
under light illumination [15, 16].

The present study puts forward a synthesis of effective
photocatalyst of calcined chicken eggshell doped TiO,
for the degradation of methylene blue under solar light
irradiation. Moreover, the possible degradation pathway is
proposed and the photocatalytic mechanism of methylene
blue degradation over calcinated chicken eggshell is con-
firmed. Response surface methodology (RSM) is applied
to optimize the reaction conditions and further evaluate
the interaction among the selected process parameters.

2 Materials and methods
2.1 Materials and reagents

All reagents that used in this study were pure analytical grade.
The methylene blue (C,,H;,N;CIS; with a molecular weight
of 319.85 g/mol) was purchased from Chem-Supply Kirkos
Ltd. in Addis Ababa, Ethiopia. The photocatalyst employed
was commercially 98% titanium dioxide (TiO,) produced by
Loba Chemicals Pvt. Ltd in India was purchased from Atomic
Educational Materials Supply PLC in Addis Ababa. NH,OH and
HCL were used for pH adjustments. Chicken eggshells were
collected from Jimma University Institute of Technology staff
launches.

2.2 Synthesis of calcined egg shells (CES)

To prepare chicken eggshell powder first chicken eggshells
were collected from Jimma University Institute of Technol-
ogy staff launches, and soaked in hot water for 5-10 min
and washed with tap water repeatedly to remove any
impurities. The shells were dried in an oven at 105 °C for
12 h. Finally, the dried shells were crushed to a uniform size
by selecting the powder using a sieve of 200 meshes. The
crushed eggshell powder was put into an alumina crucible
and calcined in a muffle furnace at 1000 °C temperatures
for 1 h%. The resulting powder material was washed with
distilled water and dried at 105 °C for 12 h, then calcinated
at a rate of 2 °C/min till attain 400 °C and kept at this tem-
perature for 4 h. Finally, the product called Calcined Egg
Shells (CES) was collected in a glass bottle.
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2.3 Preparation of calcined egg shells doped
titanium dioxide

The equal proportion mixture of TiO, and Calcined Egg
Shells (CES) was introduced into a vessel equipped with a
stirrer. The homogenization of the two mixtures was car-
ried out by adding a small amount of distilled water. The
solution was concentrated by removing the water and
heated in a 105 °C oven for 12 h and the sample was dried.
The homogenized fine powder material was obtained and
calcined at 400 °C for 4 h [16]. Then distilled water was
used to wash the obtained product powder. Finally, a prod-
uct called Calcined Egg Shells (CES) doped TiO, was dried
and characterized.

2.4 Characterization techniques

Calcined Egg Shells and Calcined Egg Shells (CES) doped
TiO, catalysts were characterized by using an X-ray dif-
fractometer (XRD-7000) and a Fourier Transform Infrared
(FTIR) spectroscopy Nicolet model Protégé 460 Magna
IR spectrometer. FTIR spectroscopy was used to identify
organic and inorganic compounds present in the photo-
catalyst. The Fourier transform infrared spectroscopy, FTIR
(Perkin Elmer, Ettlingen, Germany) was used to confirm the
functional groups in the synthesized photocatalyst of CES
doped with TiO, with the help of IR correlation charts, and
the spectra were recorded in the range of wavenumber
from 4000 to 400 cm™". To approve the effective synthesis
of CES doped with TiO, the XRD analysis for the crystal
structure of the photocatalysts was investigated using a
Darwell XRD 7000, with Ka (3 kW) x-ray diffractometer. The
analysis was conducted in a range of 10-80° at a scanning
speed of 2-degree min~'. The degradation of methylene
blue test and optical properties were determined using
SPECORD 200 Plus UV-vis spectroscopy (Analyticjena, AG,
and Germany). The UV-visible spectroscopy analysis for
identifying the maximum wavelength by dissolving pho-
tocatalysts in ethanol using a water-ethanol mixture as a
baseline. Then, those wavelengths were used to calculate
the band gap of both photocatalysts.

2.5 Photocatalytic degradation of methylene Blue

To evaluate photocatalytic degradation of methylene blue,
the synthesized Calcined Egg Shells doped TiO, was added
to the prepared synthetic methylene blue solution in a
photoreactor equipped with a magnetic stirrer, pH meter,
a thermometer, 9 W LED lamp at a distance of 10 cm, and
water bath. Then, the desorption of the Methylene blue
from the surface of the Calcined Egg Shells doped TiO,
catalyst was achieved by modification of the solution pH.
The catalyst was removed by centrifugation at 3500 rpm.

2.6 Experimental design

The degradation efficiency of the Calcined Eggshell
doped TiO, photocatalyst on the removal of methylene
blue was analyzed by using Design-Expert software ver-
sion 13.0.5.0. Response Surface Methodology of Box-
Behnken Design (BBD) three-level which consisted of 15
randomized experimental runs was used to determine the
effects of photodegradation on the removal of methylene
blue. The independent variables namely concentration of
methylene blue (100-300 ppm), a dosage of CES doped
TiO, (0.5-2.5 g/L), and degradation time (60-180 min),
and dependent variable as degradation of methylene
blue were investigated. The degradation efficiency of the
Calcined Eggshell doped TiO, photocatalyst (Y) was meas-
ured according to Eq. 1.

Cuso — C
Degradation efficiency, Y (%) = M * 100

MBO

(M

where, 50 is the initial concentration of MB and Cy; is the
concentration of MB at the time of sampling.

3 Results and discussion
3.1 Analysis of photocatalyst

The photocatalyst of CES doped titanium dioxide was
characterized by FT-IR, XRD, and UV-vis Spectroscopy anal-
ysis for determination of their functional group, structure,
and bandgap energy respectively. There result is shown
in Figs. 1,2 and 3.

As it is shown in Fig. 1a Fourier Transform Infrared
(FTIR) spectroscopy determined the highest peak at
3500 cm™~'and the lowest peak at around 3125 cm™' which
depicts that they are both in the single bond region in the
photocatalytic of Calcined Eggshell doped TiO,. A slightly
broad peak around the wavenumber of 3500 cm™' was
attributed for the OH stretch bond, which illustrates the
existence of alcohol and phenols; while at 3125 cm™!
there was a C-H stretch bond that shows the existence
of an aromatic ring. The peaks of bending vibration at
1640 cm™' were attributed to alcohol and phenols due to
chemisorbed or physiosorbed moisture on the surface of
Calcined Eggshell doped TiO, nanoparticles show an O-H
stretch and free hydroxyl bond [12, 15]. The peaks around
680-610 cm™' show the presence of an SO,*~ group. After
Calcined Eggshell was doped with TiO, there was the dis-
appearance of the region around 2920 cm™" and formation
peaks bending vibration between 1100 and 900 cm™. In
this study, Fourier Transform Infrared (FTIR) spectroscopy
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successfully confirmed that carbonate group was attrib-
uted around the peak at 1400, 870, and 710 cm™,

Figure 1b showed that the presence of a functional
group of different compounds found in pure Calcined
Eggshell in the range of 400-4000 cm™". Thus, the band
observed between 3650 and 3120 cm™ associated with
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the hydroxyl (OH) and carbonyl functional group respec-
tively while the weak bands at the region of 2920 cm™’
dispensed to asymmetric C-H stretching. On the
other hand, the peak observed in the region between
1700 cm™" and 1490 cm™' were assigned to C=C of
pyrone and C =0 of carboxylic groups correspondingly.
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Fig. 3 Ultraviolet-Visible spectra of a pure TiO, b calcined eggshell
doped TiO2

In addition to this, the functional group of C-O present in
compounds like carbonyls, ketones, aldehydes, or ester
groups were observed peak at 1632 cm™' in the aromatic
region [9, 17]. The peak in the range of 1200-900 cm™!
has also been associated with either Si-O or C-O stretch-
ing in alcohol and ether.

The XRD analysis was conducted for both Calcined
chicken eggshell (CES) and Calcined chicken eggshell
(CES) doped TiO, photocatalyst. XRD was used to confirm
the formation of CES doped TiO, nanoparticles prepared
used for methylene blue water extract.

The XRD pattern for both CES and CES doped TiO,
is shown in Fig. 2a, b respectively. The X-ray diffraction
pattern of calcined chicken eggshell doped TiO, peaks
observed at 26=12.01°, 21.19°, 23.11°, 24.34°, 25.57°,
26.89° 31.2°, 50.32°, and 55.3°, correspond to miller
indices (020), (102), (110), (111), (040), (101), (100), (105),
and (103) respectively (JCPDS card:19- 2403) which
associated to anatase phase of titania whereas Calcined
chicken eggshell major peak observed at 26 =21.04°,
24.19°, 25.48°, 26.8°, 31.12°, and 50.26° correspond to
the reflection planes of (102), (110), (040), (101), (100),
and (105) which confirm the presence of well-crystallized
pure anatase phase. The peak at 20 =26.8° is attributed
to anatase phase CES while the peak at 50.26° shows
the presence of the brookite phase [16]. The other peak
at 26=12.01° indicates that orthorhombic titania phase
presented in Calcined chicken eggshell doped TiO, in the
recorded peaks [15]. The reason for the newly emerged
peaks in the CES doped TiO, is given to calcination the
process of doping the photocatalyst. The average crys-
tallite size of the nanoparticles was calculated using
Debye-Scherer’s Equation [18, 19].

ki
~ Pcosh 2)

where D is the crystallite size of CES doped TiO, in nm, Kis
the Scherrer shape factor (0.90), A is the X-ray wavelength
used (1.5406 A), gis the full width at half maximum in radi-
ans and, 6 is the Bragg diffraction angle in degrees. Thus,
the average particle sizes of CES and CES doped TiO, were
predicted as 15 and 17.4 nm correspondingly. The variance
in sizes could be happened during the impregnation pro-
cess compared to the CES doped TiO,.

Figure 3 reports the Ultraviolet-Visible absorbance
spectra in terms of absorbance of TiO, and CES doped
TiO,. As it has shown in Fig. 3 the shifting of the absorp-
tion onset from about 387 nm (for undoped TiO,) to about
449 nm (for CES doped TiO,) indicates the ability of the
sample to absorb visible light. The bandgap energies of
pure TiO2 and obtained calcined eggshell doped TiO2 with
the wavelength from UV-Vis absorption spectra were cal-
culated using Eqg. 3 [20].

1240
Band gablev) = wavelength(nm) (3)

As observed from the result, the typical optical band
gap energy values of incorporating Calcined chicken egg-
shell into TiO, indicates that a decreasing of the unneces-
sary bandgap. Therefore, the band gap has lowered from
3.2eVto02.76 eV.This result is associated with the shielding
the outward of TiO, by deposition of the carbonated ion of
Calcined chicken eggshell catalyst which leads to minimiz-
ing the effective surface area of absorbing light.

Analysis variances of photocatalytic degradation of
methylene blue.

Based on the analysis of variance (ANOVA) the param-
eter which significantly affected the degradation efficiency
of methylene blue was shown in Table 1. From this table,
the Model F-value of 331.86 implies the model is signifi-
cant, P-values less than 0.0500 indicate model terms and
all factors are significant and the Lack of Fit F-value of 1.47
implies the Lack of Fit is not significant.

3.2 Variables effect on the degradation efficiency
of methylene blue

The response surface curves representing the parameter
effects of three variables, i.e., a dosage of CES/TiO,, initial
concentration of methylene blue, degradation or treat-
ment time on methylene blue degradation compounds
by CES/TiO, photocatalyst were investigated.

Figure 4a shows that a maximum methylene blue
degradation was attained at a high treatment time and a
considerably low initial concentration of methylene blue.
Increasing the photocatalyst dosage from 0.5 g/L to 2.5 g/L

SN Applied Sciences

A SPRINGER NATURE journal



Research Article SN Applied Sciences

(2022) 417 | https://doi.org/10.1007/542452-021-04900-1

Table 1 ANOVA analysis for process parameter

Sources Sum of the squares Sum of the mean F-value P-value

Model 2161.92 240.21 331.86 <0.0001 Significant
A-dosage of CES doped TiO2 595.47 595.47 822.66 <0.0001

B-concentration of MB 260.60 260.60 360.03 <0.0001

C-degradation time 901.43 901.43 1245.35 <0.0001

AB 0.0676 0.0676 0.0934 0.7722

AC 0.1369 0.1369 0.1891 0.6818

BC 84.09 84.09 116.17 0.0001
Residual 3.62 0.7238
Lack of Fit 249 0.8308 1.47 0.4285 Not significant

Degradation of Methylene Blue (%)

Degradation of Methylene Blue (%)

Fig. 4 Effect of process parameter on the degradation efficiency of methylene blue (%)

also increased the degradation efficiency. But, the later
increase in degradation was smaller in range compared
to the first showing that the effect of photocatalyst con-
centration on the degradation efficiency has slowed down.
This is because the increased amount of photocatalyst
blocks the light from reaching some of the particles which
makes some of the photocatalysts surfaces unavailable for
light absorption, which indicated that it has approached
the optimum concentration of photocatalyst [16, 21, 22].
The initial concentration of methylene blue during the
treatment process was significantly affecting the efficiency
of photocatalytic degradation. As shown in Fig. 4a increas-
ing the methylene blue concentration from 10 to 30 ppm
the degradation efficiency of photocatalytic calcinated
eggshell doped with titanium dioxide was decreased i.e.,
a small amount of it can be adsorbed on the surface of the
photo-catalyst at higher concentration. On the other hand,
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a maximum methylene blue degradation was obtained at
a relatively high dosage dopant and low initial concentra-
tion of methylene blue [23, 24]. In addition to this, after
three hours of UV irradiation, the degradation yields of
methylene blue concentration at 10, 20, and 30 ppm were
about 95.8%, 84.8%, and 60.7%, respectively.

In this work efficiency of the photocatalytic calcinated
eggshell doped with TiO, and contact time were significantly
affected adsorption of methylene blue degradation was pre-
sented in Fig. 4b. As it can see in this figure the degradation
efficiency of MB is directly proportional to the time spent in
the degradation process. The sudden increase in degrada-
tion efficiency in the 180 min is attributed to the effect of the
higher dopant dosage of a photocatalyst. A higher dosage of
photocatalyst has an effect because a higher dosage means
it takes a longer time to react to start an efficient degrada-

tion process. And also due to the complex structure of the
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pollutant, methylene blue takes a longer time to reach full
degradation [25, 26]. In general, at sufficient contact time
and low initial concentration the increment in dopant dose
from 0.5 to 2.5 g/L results in an increment of methylene blue
degradation efficiency from 52.5% to 95.8%.

3.3 Optimization of methylene blue degradation
efficiency

The program randomly picks a set of conditions from which
to start its search for desirable results was indicated as the
ramps function in Fig. 5. The colored dot on each ramp reflects
optimum values of the factors and response. Thus, the red
colors indicated that the value at which the optimum value
of methylene blue degradation (blue color) was obtained. The
Design-Expert sorts the results from most desirable to least
as it shown in Figs. 6. This depicts that the desirability results
were indicated as the ramps function for the optimization of
three factors (dosage of calcined eggshell/TiO,, concentration
of MB, and degradation time) to yield the maximum removal
(%) efficiency of methylene blue. The predicted R? implies
that an error value, used to estimate the value of the current
model and sum of squares is defined by the total squares, and
the numerical value differs between 0 and 1. The higher the
validity of the proposed model, when the number is closer to
one. The value of R-squared in this study was equal to 0.9983
and shows the strength and high adaptability of the proposed
model for the removal of methylene blue by the calcined

degradation of MB (%)

P

76.2117 93.5767

Prediction 97.9409
95% Pl Low 951775

953 PI High 100704

95% Cl Low 962518

95% Cl High 99.6299
62.8067|95% Tl Low (p=99%) 92 0383
953 TI High (p=09%) 103 843
SE Mean 0657

SE Pred 1075

i X1 222737

%z 10

%3 150695

BT CET TR TPERRRR T T T T o T TS
78,1967 "\\ X C+:180

C: degradation time

B+:30 46.1817

B: concentration of MB (ppm)

@

B-: 10 66.5067 83.6517 C-: 60

A-:0. A 2,
05 A dosage of CES /TiO2 (g/1) =25

Fig. 6 Optimization of methylene blue degradation efficiency

eggshell doped with TiO, photocatalytic process. The points
at which the maximum desirability and effects all factors on
methylene blue degradation efficiency were indicated in
Fig. 7. As shown in Fig. 7, the maximum removal of 97.9409%
was obtained at a maximum level of the initial methylene blue
concentration of 30 g/L, adsorbent dose of 2.5 g/L, and
contact time of 180 min, with methylene blue desirability
of one. Thus, the predicted run of the optimum degrada-
tion efficiency of methylene blue was selected which is
higher in desirability (0.863) than others observed from
constraints solution.

0.5 25

A:dosage of CES /Ti0O2 = 2.22737

B:concentration of MB = 10

60 180

C:degradation time = 150.695

degradation of MB = 97.9409

Fig. 5 Numerical Optimization Ramps (red colors for optimum value of factors and blue color for optimum value of methylene blue degra-

dation)
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4 Conclusion

In this study Calcine Eggshell doped titanium dioxide
was investigated for degradation of methylene blue
compound from industrial wastewater. The prepared
Calcine Eggshell doped titanium dioxide photocatalyst
of functional group, structure, and bandgap energy was
characterized by FT-IR, XRD, and UV-vis Spectroscopy
analysis for respectively. The result of the study shows
that calcinated eggshell dopant is a good photocatalyst
for degradation of methylene blue from wastewater
decontamination due to the presence of potential bind-
ing sites and functional groups which confirm the deg-
radation process. The prepared photocatalyst showed
that 95.8% degradation efficiency of methylene blue was
obtained at a contact time of 180 min, 10 ppm of initial
concentration of methylene blue, and a dopant dose of
2.5 g/L.Therefore, the degradation process of degrading
methylene blue compounds using calcinated eggshell
doped titanium dioxide photocatalyst from wastewater
can be used as a useful treatment process for methylene
blue degradation. For future work further characteriza-
tions techniques such as scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and

SN Applied Sciences

A SPRINGERNATURE journal

energy-dispersive spectroscopy mapping (EDS-mapping
will be done.
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