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ARTICLE INFO ABSTRACT

Keywords: Lignite coal fly ash (FA) from a domestic thermal power plant was converted into a pure cancrinite zeolitic
Lignite coal fly ash material (ZMpa) using a novel, custom-made, rotating autoclave reactor system by a short-term alkali activation
Cancrinite

process. The obtained ZMga was used as catalyst support of calcium oxide as an active component derived from
waste chicken eggshells (ES). The ZMga supported calcium oxide catalyst (xCaO/ZMga) was synthesized by
means of the ultrasound-assisted method. The influence of different concentrations of dispersed calcium oxide (x
= 5-20 wt%) over ZMpa and thermal treatment at different temperatures (450-600 °C) were studied. The
structural and morphological characterization showed that the original cancrinite structure was preserved. The
basicity and textural properties indicated the presence of strong active sites in a well-defined pore network
suitable for the reactions of bulky organic compounds such as triacylglycerols (TAGs). The highest activity
(96.5% of fatty acid methyl esters) in the methanolysis of sunflower oil was achieved with the 20CaO/ZMga
catalyst under reaction conditions: temperature of 60 °C, methanol/oil molar ratio of 12:1, catalyst concentration
of 4 wt%, and reaction time of 2 h. It was found that the optimal calcination temperature of the catalyst precursor
was 550 °C. At calcination temperatures above 550 °C, the melting of the glassy phase became more intense
whereby the molten phase partially reacted with calcium oxide forming the catalytically inactive calcium silicate
compounds (wollastonite, larnite, etc.). The rate constants of the two tested kinetic models were correlated with
the concentrations of active calcium oxide. The MRPD of both models was low indicating their reliability.

Chicken eggshell
Ultrasound-assisted dispersion
Supported catalyst

Biodiesel

1. Introduction and converted into value-added products [4]. Currently, the application

of FA is focused on their use in the cement industry, industrial con-

Fly ash (FA), an industrial waste mainly disposed at open-sites [1],
generated by bituminous, sub-bituminous, and lignite coals combustion
in thermal power plants, represents one of the most complex anthro-
pogenic materials containing hazardous substances for humans and the
environment [2]. The disposal of FA at open-sites is not environmentally
friendly due to its leachability, radioactivity, and toxicity, which may
cause serious contamination in soil, natural water sources, and air [3].
Depending on the type of coal, various types of FA (silica, silica-alumina,
and silica-calcium ash) are formed. Each type contains a number of
minerals and mineral groups that affect the way how it is used, treated,
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struction materials, agriculture for soil amendment or fertilization, and
road construction [5,6]. FA is considered as a very promising material
for obtaining various types of zeolites for the application in many sus-
tainable processes [7], particularly in sustainable chemistry in the fields
of renewable energy and environmental improvement [8,9], as well as
highly efficient catalysts [10,11], catalyst supports [12], adsorbents
[13], and ion-exchangers [14]. The various synthesis methods, reaction
conditions, and reactor types were used for obtaining zeolitic materials.
The most important zeolitization variables that influenced the final
properties of the synthesized zeolites include crystallization
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Fig. 1. The scheme of the catalyst synthesis procedure.

temperature, the concentration of alkali agent, the synergism of alkali
agents [15], addition of alkali aluminate activators, change in the
crystallization medium [8], reaction and aging period [16,17], type of
reactor [18], and agitation system [19,20]. One of the more important
parameters is how the reactants are mixed in the reactor during the
zeolitization. Compared with the common contact agitation reactor,
where the shear rate plays an important role [19], contactless mixing of
the reactants in some cases forms pure zeolite phases under moderate
reaction conditions [21]. Many studies have been focused on the use of
FA-based zeolites as catalysts or catalyst supports for biofuels produc-
tion from various feedstocks [10,21-24]. The advantages of heteroge-
neously catalyzed biodiesel production, such as simple green
transesterification, mild reaction conditions, fatty acid methyl esters
(FAMESs) yield, and reusability, lead to overcome of many disadvantages
of the homogeneously catalyzed process (difficulties in the purification
process, corrosion, metal leaching, and soap formation) [25-27]. In
order to improve catalyst performance and prevent excessive leaching of
active species and blocking of the catalyst with reaction by-products,
appropriately supported catalysts should be developed [28]. The sup-
ported base catalysts synthesized from solid waste, such as FA and shells
(eggs, oysters, and clams) with a suitable porous structure (meso-
porosity, uniform pore size, well-defined pore shape) are of particular
interest for biodiesel production [29]. Different silicate supports [29]
and co-metals [30] could improve the activity of calcium oxide. Mansir
et al. [31] reported that transition bimetallic mixed oxides added to the
CaO surface reduced leaching of the catalytic active site of calcium
phases (Ca%") providing high biodiesel yield in five consecutive cycles.
Foroutan et al. [32] studied the behavior of CaO@MgO nanocatalyst in
the biodiesel production from waste edible oil and showed its good
stability and high biodiesel conversion yield (98.4%). Dehghani and
Haghighi [29] reported that altering of Si/Ce molar ratio in mesoporous
silica support (MCM-41) in ultrasonically dispersed MgO over a cerium-
doped MCM-41 nanocatalyst considerably enhanced the conversion of
acidic oils in biodiesel production. Wu et al. [33] confirmed the bene-
ficial effect of phyllosilicate clay (bentonite) in the base-catalyzed
methanolysis of TAG by promoting the transformation of the catalyti-
cally active species and lowering the soap formation in the side reaction.
All the above-mentioned researches confirmed an affirmative synergism

of the silicate-based support and alkaline earth metal species as dopants,
in preventing the rapid deactivation due to the action of contaminants
and leaching. The researchers’ efforts to develop novel, high-
performance catalysts based on waste materials for biodiesel produc-
tion are in accordance with the principles of sustainable development.

The main goal of the present study is to recycle solid waste into
value-added, high active biodiesel supported catalyst using environ-
mentally friendly and economically favorable approaches. Lignite coal
FA from a Serbian thermal power plant was converted into cancrinite
zeolitic material using a novel, original, custom-made rotating autoclave
reactor in a one-step process under moderate zeolitization conditions.
Calcium oxide derived from chicken eggshell (ES) was dispersed over
cancrinite zeolite support using a time-saving, ultrasound-assisted
method to synthesize an active supported catalyst with original zeolite
structure and well-distributed active centers. In addition, the key cata-
lyst synthesis parameters were evaluated and optimized to obtain an
effective catalyst for biodiesel production. To explain the transformation
of wastes to the useful catalyst, all synthesized samples were compre-
hensively characterized, including crystallography, morphology,
textural, and structural analysis. Finally, the rate constants of two
different kinetic models of the methanolysis of sunflower oil were
determined and correlated with the concentrations of active calcium
oxide.

2. Materials and methods
2.1. Materials

FA from the electrostatic precipitator was collected in the Serbian
Thermal Power Plant (Nikola Tesla “B”, Obrenovac). Raw chicken ES
were gathered from the household. The chemical compositions of FA
and ES are presented in Supplement (Table S1).

The acid treatment of FA was done using 20% hydrochloric acid
(Lachner, Czech Republic), whereas sodium hydroxide pellets (Emsure,
ACS Reagents, Germany) were used as an alkali activator. A suspension
of cancrinite zeolitic material (ZMga) was made using absolute ethanol
(Gram, Belgrade). All chemicals were of analytical grade. Commercial
sunflower oil (Dijamant a.d., Zrenjanin, Serbia) and methanol (HPLC
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Fig. 2. XRD patterns of (a) FA and FAT; (b) ZMg4 (inset: zoomed the most intensive peaks of vishnevite — left and CaO - right); (c) ESgpo, ZMga, and xCaO/ZMga
catalysts (x = 5, 10, 15, and 20 wt% of CaO) (A - aragonite, An — anorthite, L — lime, M — mullite, Q — quartz, V — vishnevite).

grade, J. T. Baker) were used to perform catalytic tests.

2.2. Catalyst preparation

The ZMpp was synthesized from thermal and thermo-chemical
treated fly ash (FAT) according to the procedure described elsewhere
[21]. The raw chicken ESs were dried in the air for a few days, then
ground into powder in an agate mortar, and finally calcined at 900 °C
with a rate of 5 °C min~"! for 4 h. Thus prepared calcium oxide sample
was labeled with ESggo. An appropriate quantity of ESggp sample (x = 5,
10, 15, and 20 wt%) was slowly added into 10 wt% ZMg, alcoholic
suspension and ultrasonically dispersed in a low-frequency ultrasound
device for the time duration of 15 min. After evaporation of alcohol, the
obtained catalyst precursor was dried at 110 °C overnight and finally
calcined in the temperature range of 450 °C to 600 °C with a rate of
5 °C-min~"! for 4 h. The resulting supported catalyst denoted as xCaO/
ZMga (where x (wWt%) represents a nominal value of CaO) was kept in a
closed vial placed in a desiccator until the catalytic tests. The scheme of
the catalyst synthesis procedure is shown in Fig. 1.

2.3. Samples characterization

The crystalline structure of the samples was identified by X-ray
diffraction method (XRD, Bruker D8 Endeavor diffractometer) over the
angular range of 10-90° (26) at a scanning rate 1° min~* with a step size
of 0.02° using CoKa radiation (4 = 0.1789 nm). Crystallite size was
calculated using the Scherrer equation (Eq. (1)) whereby the peaks

w

selected were at the d-spacing value of 0.4680 nm, and 0.1702 nm, for
the zeolite and catalyst, respectively. The crystallinity of the samples
was calculated by Eq. (2).

KA
_ 1
P-cos@ M

A talli k
Crystallinity — rea of crystalline peaks % 100 [%]  (2)

Area of all peaks (crystalline + amorphous)

FT-IR spectra of all samples were recorded using a Shimadzu
IRAffinity-1 Fourier transform infrared spectrophotometer (Attenuated
Total Reflection-MIRacle 10) in the wavenumber range of 4000-400
cm ! using 64 scans at 8 cm ™! resolution. The surface morphology was
analyzed by a field emission scanning electron microscope (Tescan
MIRA3 XMU). Prior to imaging, the samples of dried powder were
sputter-coated with a thick, uniform layer of Au/Pd alloy. The specific
surface area was calculated from the nitrogen adsorption/desorption
isotherms obtained at 77 K in an ASAP instrument (Micromeritics ASAP
2020) using the BET-equation. Hg-porosimetry measurements were
performed in the fully automated conventional apparatus Carlo Erba
2000 porosimeter (pressure range: 0.1-200 MPa; pore size (diameter)
range: 7.5-15,000 nm). The particle size distribution of powder samples
was estimated by Hg-porosimetry measurements. The basic strength and
basicity were analyzed by a TPD-CO2, Thermo Finningen TPDRO 1100
apparatus equipped with a thermal conductivity detector (TCD) coupled
to an MS detector (Thermo Star GSD320). Prior to the desorption, the
catalyst precursor (~100 mg) was in situ calcined in the He stream at
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550 °C with a rate of 5 °C min~"! for 4 h. The CO, adsorption was done at
60 °C with a rate of 10 °C min~* under the CO5/He flow (4.6% of CO5 in
a CO,/He mixture, 20 cm® min~! flow rate). In order to remove the
physisorbed CO», the sample was treated in the He stream at 40 °C for
60 min. Desorption profiles were obtained in the temperature range of
40 to 850 °C with a rate of 10 °C min~'.

2.4. Experimental setup for methanolysis of sunflower oil

The methanolysis of sunflower oil was carried out in a 250 mL three-
neck round bottom flask coupled to a reflux condenser and equipped
with a magnetic stirrer. The reaction vessel was immersed in a glycerol
bath placed on a magnetic hotplate stirrer device (IKA C-MAG HS 7)
equipped with a temperature controller. Catalytic tests were performed
under the following reaction conditions: catalyst concentration of 4 wt%
(relative to the amount of starting oil), reaction temperature of 60 °C,
and methanol/oil molar ratio of 12:1. The desired amounts of methanol
and catalyst were loaded into the reaction vessel and thermostated at the
preset temperature with constant stirring for 30 min. The oil was sepa-
rately thermostated at the same temperature. After switching off the
magnetic hotplate stirrer device, the thermostated oil was poured into
the reaction vessel. Thereafter, the device was turned on, the stirring
speed was set to 850 rpm and the reaction was timed. The samples were
taken from the reaction mixture after the preset time of reaction (0.5, 1,
1.5,2,3,4,5,6,and 7 h) and centrifuged (EBA 21, Hettich Zentrifugen)
at 10,000 rpm for 10 min to separate the FAME layer from other reaction
products.

2.4.1. HPLC analysis of FAME

The FAME samples collected during the catalytic test were analyzed
by HPLC (Agilent 1100 Series) equipped with a micro vacuum degasser,
binary gradient system, thermostated column compartment, column
(Zorbax Eclipse XDB-Cyg, 4.6 x 150 mm, 5 pm particle size), and vari-
able wavelength detector using the slightly modified Holcapek method
[34]. Before the HPLC analysis, the FAME samples were diluted with a
mixture of n-hexane and 2-propanol (5:4 v/v) in a ratio of 1:200 and
finally filtered through a 0.45 pm pore size membrane filter.

3. Results and discussion
3.1. XRD analysis

X-ray powder diffraction patterns of the support and activated cat-
alysts are shown in Fig. 2a—c. After the thermal and thermo-acid treat-
ment, FA is composed mainly of two crystalline phases: quartz and
mullite whereas the other phases like anorthite, aragonite, and hematite
were partially removed during the thermo-acid treatment (Fig. 2a). The
alkali activation process led to the destruction of the FAT structure into a
pure vishnevite type of cancrinite zeolite (PDF#46-1333). A similar
result has been recently obtained using FA from another Serbian power
plant [21]. The peaks at 37.5° (d = 0.2783 nm), 43.7° (d = 0.2403 nm),
and 63.4° (d = 0.1702 nm) of 20 angle also confirmed that the lime
phase (PDF#37-1497) was incorporated into the zeolite structure after
the ultrasound-assisted dispersion of CaO and the subsequent thermal
activation. A slight increase in the intensities of the CaO peaks was
observed whereas a decrease in the intensities of the zeolite peaks,
which can be seen at the zoomed figure in the inset of Fig. 2b and c. The
original zeolite structure was mostly preserved despite the treatment,
confirming the structural and thermal stability of the synthesized zeolite
making it suitable for the reaction under rigorous conditions, which
agreed with the TPD-CO; analysis (Section 3.5). The calculated crys-
tallite size of the zeolite was 47.8 nm, which remained unchanged
despite the increase in the CaO concentration. On the other hand, the
size of CaO crystallites deposited on the zeolite was increased signifi-
cantly from 9.5 nm for the 5CaO/ZMg, catalyst and to 11.1, 21.9, and
23.4 nm for the samples containing 10, 15, and 20 wt% CaO,
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Fig. 3. Infrared spectra of precursors (FA, FAT, and ESggo) and activated cat-
alysts xCaO/ZMg, (x = 5, 10, 15, and 20 wt% of CaO).

respectively. This difference in the crystallite size between CaO and the
zeolite facilitates the distribution and contributes to a better dispersion
over the zeolite surface and easier accessibility for the reactants. The
MgO crystallites of similar size were observed for the catalytic system
containing MgO that was ultrasonically dispersed over the cerium-
doped MCP-41 nanocatalyst (16.7 nm) [29] and the mixed CaO and
MgO catalyst (20-50 nm) [32]. The crystallinity degree of the pure
zeolite phases was 81%. An increase in the CaO concentration slightly
increased the sample crystallinity degree to 83%. The obtained crys-
tallinity is similar to that observed for the catalyst obtained from pure
chemicals, such as the NaX supported nano-CaO catalyst [24]. The XRD
patterns of the catalyst precursor calcined at different temperatures
(450-600 °C) and the zoomed diffraction at the d-spacing value of
0.1702 nm with the determined crystallinity and crystallite size are
presented in Fig. S1. The higher calcination temperature is beneficial for
reducing the crystallite size of CaO. Additionally, the peak intensity
characteristic for the lime phase (20 of 37.5°, 43.7°, and 63.4°) increased
up to 550 °C and then decreased. At calcination temperatures between
450 °C and 550 °C, the existence of a peak at 26 of 34.3° (d = 0.3033 nm)
can be noted. At 600 °C the peak disappeared, which could be ascribed
to the formation of a calcium silicate compound, such as wollastonite
(PDF#42-547). The calcination at higher temperatures led to grain
growth and transformation of the already formed calcium silicate into a
more stable, single calcium silicate phase such as larnite (PDF#70-0388)
(26 of 38.1°, d = 0.2741 nm) [35]. Both wollastonite and larnite phases
were catalytically inactive, however, during the larnite formation, the
CaO obstruction was more pronounced.

3.2. FT-IR analysis

The transformation of the surface functional groups during different
phases of the synthesis monitored by FTIR spectroscopy is presented in
Fig. 3. A wide band located at the wavenumber around 1059 cm},
associated with an asymmetric stretch mode of Si-O vibration in FA, was
transformed into a sharper, shifted, and symmetric vibration centered at
961 cm ! in ZMg,. This vibration can be ascribed to the frequencies of
the T-O (T = Si, Al) bond in the tetrahedron along with the lines that
bonded the tetrahedron oxygen atoms (TO4)*~ with the central Si or Al
atoms. The spectra revealed the presence of framework vibrations
characteristic for the zeolitic materials, which confirmed that FA con-
version into zeolite had been successfully performed [36]. The intensity
of the band associated with the vibrations of the T-O bond decreases
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Fig. 4. SEM micrographs of (a-d) precursors (FA, FAT, ZMg,) and (e-h) activated catalysts xCaO/ZMga (x = 5, 10, 15, and 20 wt% of CaO).

with increasing the CaO concentration. During the zeolitization process,
a part of the alkali activator (NaOH) was penetrating the glassy phase
(quartz) whereas a part reacted with aluminum forming sodium-
aluminate, which further penetrated the (Si04)4’ skeleton. The ab-
sorption bands in the region of 657-684 cm™! of the ZMg, spectrum
were assigned to the internal tetrahedron Si/Al-O bending vibrations.
The presence of CaO in the catalyst samples can be associated with the
band at 1436 cm™!, which represented an asymmetric stretch of CO%
generated due to the absorption of atmospheric COy [37]. The other
distinctive bands (961 cm™}, 684 cm™!, 626 cm ™!, and 557 cm ™))
confirmed that the original zeolitic structure was preserved. The FTIR
spectra of the 20CaO/ZMg, catalyst calcined at different temperatures
are presented in Fig. S2. The intensity of the band at 961 cm ™! increased
with increasing the calcination temperature up to 550 °C and then
decreased, which was partially associated with the reaction between
calcium and zeolite support [21] or with the possible melting of the
glassy phase and a slight decomposition of the zeolite described in
Section 3.5. Also, the band related to CaO at 1436 cm ™! followed the
same pattern. In the case of the catalyst sample calcined at 600 °C, the
intensity of that band is lower.

3.3. SEM micrography

The SEM micrographs of the waste materials (FA and its activated
counterpart FAT) and the synthesized products (ZMga and the catalysts)
are shown in Fig. 4. The spherical structure of FA (Fig. 4a) was destroyed
during the alkali activation process and converted into a pseudo-
spherical form (Fig. 4b) with a developed pore system, required for an
unhindered mass transfer. Due to a relatively high specific surface, FAT
is prone to agglomeration, which can be noticed in the inset of Fig. 4b.
Subjected to alkali activation, FAT was converted into a uniform, rela-
tively transparent, hexagonal needle-like vishnevite structure, where the
needles form woolen-balls like structures. At magnification, higher than
40,000%, there is a regular needle structure with different shapes and
dimensions. Namely, the needle diameter was approximately between
50 nm and 200 nm whereas their length varies from nanometre
(approximately between 100 and 500 nm) to micrometer (approxi-
mately between 1 and 2 um) scale (Figs. S3 and S4). Such a structure
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Fig. 5. Pore size distribution of catalyst precursors (FA, ZMga, and ESgg0) and
activated catalysts xCaO/ZMga (x = 5, 10, 15, and 20 wt% of CaO).

confirms the adequacy of the selected synthesis conditions, primarily the
concentration of the alkali agent, crystallization time, and contactless
stirring. Particularly, a relatively high NaOH concentration (6.25 M) and
contactless mixing contribute to the formation of adequate nucleation
centers, which lead to the formation of well-defined and uniform crys-
tals. After the ultrasound-assisted dispersion of different CaO concen-
trations, the needles became less transparent and shorter, due to the
presence of the loaded CaO and the effects of ultrasound (Fig. 4e-h). Ata
lower CaO concentration (5 and 10 wt%), the needle structure was still
noticeable while at higher CaO concentrations, the needles became
stuck together and CaO filled the space between them. Regularity in the
structure of all catalysts with different active species concentrations
(Fig. 4e-h) was an indication of the uniform CaO deposition.
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Table 1
Results of Hg-porosimetry measurements and TPD-CO,, based basic strength.

Fuel 289 (2021) 119912

Catalyst Hg-porosimetry Basic sites FAME content at reaction time (%)
(umol g71) (umol m™?)
Viotal bp “SAng Weak (<300 °C) Medium (300-600 °C) Strong (>600 °C) Total 1h 2h
ESo00 0.449 55.2 1.5 1.5 86.6 109.8 282.7 5.1 69.4
FA 0.832 13.3 15.7 n.d. n.d. n.d. n. d. 0.0 0.0
FAT 0.733 61.6 20.3 n.d. n.d. n.d. n. d. 0.0 0.0
ZMga 2.118 84.7 23.9 9.7 2.0 57.4 3.3 0.0 0.0
5Ca0/ZMra 2.258 85.8 23.3 9.6 31.5 628.8 35.1 4.4 18.7
10CaO/ZMgp 2.220 84.4 22.7 6.4 54.9 756.9 49.9 9.1 32.7
15Ca0/ZMgp 2.157 86.3 21.0 1.7 49.8 688.8 49.7 14.4 47.3
20Ca0/ZMga 2.162 86.5 22.6 0.0 58.8 864.5 62.0 20.7 96.5

@ Total pore volume (cm® g’l); b Porosity (vol. %); © Specific surface area (m? g’l), n.d. — not defined

3.4. Textural properties

Hg-porosimetry. The cumulative pore volume and pore size distribu-
tion (PSD) curves for the tested catalyst samples are shown in Fig. 5. The
FA sample had a unimodal PSD (inset in Fig. 5), and its intruded volume
increased with increasing the pressure but without a sharp uptake and
intensive peak centered about 7.3 pm.

A similar PSD curve was obtained for the FAT sample, while the
thermal and thermo-chemical treatment led to a significant increase in
the sample porosity (Table 1). The mercury volume uptake for the ZMga
was much sharper than for the FA. In this case, the pore structure was
characterized by a clear bimodal PSD with the peaks centered at 0.4 pm
and 7.3 pym. The material was retained the bimodal PSD with slightly
shifting of the large pore region to a lower diameter during the synthesis
process. The total pore volume, Hg-porosimetry-based specific surface
area, and porosity of all synthesized samples are shown in Table 1. The
slight and medium porous materials (FA and ESqqg, respectively) were
successfully converted into the highly porous materials with a porosity
over 80%, which was almost unchanged after the ultrasound-assisted
CaO dispersion and calcination; the total pore volume stayed also
unchanged.

No-physisorption at 77 K. The nitrogen adsorption-desorption iso-
therms are presented in Fig. 6a-b. The raw FA with a poorly developed
specific surface and pore system was converted into a material with a
much larger specific surface area (FAT, 50.7 m? g~!) by the thermally
and thermo-chemical treatments. The obtained adsorption-desorption
isotherm for the FAT corresponds to some ordered mesoporous mate-
rials. Hysteresis loops can be attributed to H2-type (Fig. 6a), which
presents the pore-blocking/percolation in a narrow range of pore necks,
or to the cavitation-induced evaporation. Such a pore system, according
to the IUPAC international classification [38], is a characteristic of the
hydrothermally-treated materials such as high silica materials and
different zeolites. That pore system is often unavailable for the deposi-
tion of the active catalytic species due to blocking and a relatively small
average pore diameter (4.1 nm). The presence of irregular and small
diameter pores are also a problem for the mass transport of large reac-
tant molecules (TAGs and FAMEs). The same was confirmed by the Hg
intrusion porosimetry measurements for two consecutive runs (Run 1
and Run 2), whereby a significant reduction between the two runs in the
intruded Hg volume of 36% was obvious (Fig. S5). The obtained dif-
ferences could be ascribed to the interparticle space and special pore
shape having a geometry of bottlenecks that did not allow complete
emptying of the pores [39,40]. The next step of the synthesis, alkali
activation, improved the pore network whereby the newly formed pore
geometry favored the transport of large organic reactant molecules,
without significant limitation. Also, the average pore diameter of the
thermo-chemical treated FA was 4.1 nm whereas for the zeolite and
catalysts were 13.5 nm and 18.2 nm, respectively. The maximum
dimension of TAGs molecules that are the largest in the reaction mixture
can be calculated on the basis of the largest dimension of the

constituents (like glycerol backbone ~ 0.6 nm and methyl linoleate ~ 3
nm) [28]. The obtained material can be ascribed as a mesoporous (Type
IV) with a hysteresis loop classified as H3 type, characteristic for the
non-rigid aggregates of the plate-like structures (Fig. 6b). During the
CaO deposition over the ZMgjp, a slight decrease of the specific surface
area from 21.2 m? g ! to 14.9 m? g ! was noted with increasing the CaO
loading, but this reduction of the specific surface area was well-
controlled by the ultrasound-assisted dispersion. Obtained results were
in correlation with results of mercury intrusion porosimetry whereby the
non-rigid nature with a well-defined pore network was confirmed. The
obtained activated catalysts exhibit the same adsorption-desorption
isotherms with the same hysteresis loop, like zeolite, confirming that the
zeolite structure was preserved without the pore network collapsing.
Particles size distribution. During the synthesis process, the spherical
FA particles (mean diameter around 19 pm) were converted into zeolite
with a bimodal particle size distribution (mean particle diameter
1.3-18.4 um) (Fig. S6a). In the case of the ESgqg, the bimodal distribu-
tion is evident, and the mean diameter is slightly larger than that of
zeolite. The ultrasound-assisted CaO dispersion did not affect the par-
ticle size distribution of zeolite as support, i.e. despite the addition of
CaO, the particle size of zeolite did not change indicating that CaO
particles are significantly smaller than that of the zeolite (Fig. S6b).

3.5. TPD-CO3 analysis

The TPD-CO;, profiles of the precursors and the synthesized catalysts
are shown in Fig. 7a-b. The complex desorption profiles are related to
the presence of the basic sites of different strength and their even dis-
tribution on the surface of the synthesized zeolite. A low-temperature
peak at below 300 °C can be attributed to the weak basic sites, the
temperature peaks between 300 and 600 °C were related to the medium
basic sites whereas the peak above 600 °C pointed out the strong basic
sites [30,41]. The values of the basic strength of raw materials, zeolite,
and catalysts are presented in Table 1. The small and broader desorption
peaks at 105 °C for ZMgp, 5Ca0/ZMgp, and 10CaO/ZMg, indicate the
presence of some weak basic sites, corresponding to hydroxyl groups
that can form a loose bond with CO,. Furthermore, the peaks of the
catalysts in the range from 540 °C to 730 °C can be assigned to the
medium and strong-strength basic sites of the Ca-O ion pairs while the
high-strength basic sites correspond to surface 0% ions. The strong basic
sites have a significant Lewis character. The calcined ES (inset in Fig. 7a)
exhibited a relatively high number of basic sites, having a weak and
especially medium strength. Based on the TPD-CO; peak width and in-
tensity, the strong basic sites were not uniformly distributed, which can
be associated with a non-developed specific surface area of the ESggo.
The ultrasound-assisted dispersion of the calcined ES onto the zeolite
support led to a better distribution of basic active sites, confirmed by
sharp peaks. A better CaO dispersion resulted in a significant increase in
basicity, especially in the range of strong basic sites. The number of basic
sites in the weak and medium regions decreased whereas the number of
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Fig. 6. N, physisorption isotherms and texture parameters of (a) precursors
(FAT, ZMEg,) and (b) activated catalysts xCaO/ZMgp (x = 5, 10, 15, and 20 wt%
of Ca0).

basic sites in the strong region increased with increasing the CaO con-
tent. It is important to note that pure zeolite exhibits low basic charac-
teristics, consequently causing no catalytic activity. A sharp peak of the
ZMpp on the TPD-CO; profile at 775 °C (inset in Fig. 7a) could be
associated with the decomposition of carbonate that is a part of the
cancrinite structure. This statement was confirmed by the TPD-COy
analysis of the 20CaO/ZMg, catalyst, which was previously treated at
950 °C (Fig. S7) [42]. In this case, the low-intensity peaks at 91 °C and
555 °C can be attributed to free CaO that has the basic sites in the weak
(8.1 ymol g’l) and medium (65.0 pmol g’l) regions, respectively. A part
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of CaO reacted with the glassy zeolite phase at temperatures higher than
800 °C, forming the inactive calcium silicates that do not adsorb CO,.
This result also explains the stability of zeolite at high temperatures.
Namely, such a synthesized zeolite has significant thermal stability,
which generally makes it suitable for catalytic support. Also, the TPD-
CO4, profiles of the catalyst samples confirmed a strong interaction be-
tween CaO and zeolite.

The relationship between basicity and CaO content was evident
(Table 1). With the increase of the active species concentration from 5
Wt% to 20 wt%, the basicity also increased from 35.1 pmol m ™2 to 62.0
umol m~2. As expected, regarding the chemical composition, the ZMga
had a much lower total basicity of only 3.3 umol m~2. Interestingly, the
catalyst with 15% of CaO showed lower basicity per unit weight than the
catalyst with 10% of CaO, but due to the smaller specific surface, their
basicity is almost equal in terms of surface. The calcined ES (pure CaO,
ESgp0) possessed the highest basicity per surface unit, but its basicity per
unit weight is several times lower than that of any analyzed catalysts due
to its poor surface development.

3.6. Catalytic test

The changes in TAG, diacylglycerol (DAG), monoacylglycerol
(MAG), and FAME contents during the biodiesel production are shown
in Fig. 8. As expected for the heterogeneously catalyzed reaction, FAME
content varied sigmoidally with the time. In the initial stage of the re-
action, the FAME formation rate increased slowly due to a dominant
mass transfer resistance then accelerated rapidly when the chemical
reaction has begun to control the overall process, and finally completed
after about 2 h. On the other hand, the TAG content decreased com-
plementary with the progress of the reaction. The MAG and DAG con-
tents passed through their maxima but their contents were very low
during the overall reaction (maxima MAG and DAG wt% were 0.6 and
3.0, respectively).

3.6.1. Influence of calcination temperature

The catalysts were thermally activated at different temperatures in
the range of 450-600 °C. After calcination, the obtained catalysts were
tested in the methanolysis of sunflower oil under the same reaction
conditions. The FAME contents after 2 h and the profiles during the
reaction are presented in Fig. 9a. Increasing of calcination temperature
up to 550 °C led to an increase in the catalytic activity (96.5%). How-
ever, at a higher temperature, the catalytic activity significantly de-
creases (53.5%), which could be ascribed to the reduction of the number
of active species due to the reaction between CaO and the catalyst
support. Namely, it was confirmed that the inactive calcium type zeolite
phase could be obtained under such conditions [21]. The FTIR and TPD-
CO9 analysis confirmed the presence of an inactive calcium silicate
phase or non-available calcium in the catalyst calcined at 600 °C. There
was also a slight growth of the particles on the surface, which had a
negative impact on the activity.

3.6.2. Influence of concentration of active component

To study the influence of the chicken ES CaO loading on the catalytic
activity, the catalysts with 5, 10, 15, and 20 wt% of CaO were prepared
and tested in the sunflower oil methanolysis. As expected, the ZMgp
(total basicity of only 3.3 umol m~2) showed no activity in the reaction.
The FAME content profiles during the reaction with different catalysts
are presented in Fig. 9b. An increase in the amount of CaO increased the
reaction rate. With the catalysts with the highest CaO loading, the re-
action equilibrium was reached in 120 min while in the case of the
catalysts with 15, 10, and 5 wt% of CaO, the reaction was prolonged to
180 min, 240 min, and 420 min, respectively. Based on the FAME
content profile, it can be concluded that even the 5CaO/ZMg, catalyst
would reach the reaction equilibrium and the maximum yield, like other
catalysts, but for a significantly longer time. The relationship of the
active species content - basicity - catalyst activity was evident (Table 1 &
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Fig. 9b). In general, higher basicity leads to higher catalytic activity and
a higher FAME yield [43]. With the increase of the active species con-
centration from 5 wt% to 20 wt%, the FAME content also increased from
18.7% to 96.5% (for 120 min). Interestingly, the catalyst with 15% of
CaO showed higher activity than the catalyst with 10% of CaO despite
almost the same total basicity. It was explained by the facilitated
availability of the active sites to the reacting molecules because of a
more developed active specific surface area and favorable porous
texture of the 15Ca0/ZMgp catalyst.

According to the TPD-CO» analysis, the number of basic centers of
the catalysts increased with the increase in the amount of CaO in the
catalyst, thus increasing the reaction rate. Not only has the amount of
the basic sites favored the best catalytic activity, but also its favorable
surface texture and morphology, as demonstrated with ESggq catalyst
(neat CaO) (Table 1).

3.6.3. Kinetic parameters of methanolysis reaction

To better understand the influence of the active sites concentration
and the intrinsic properties of the obtained catalyst on its performance in
the methanolysis reaction, the experimental FAME data were inter-
preted kinetically using two kinetic models based on the sigmoidal
FAME content profile (Model 1 — the irreversible pseudo-first-order rate
laws for both heterogeneous and homogeneous regimes and Model 2 -
the changing mechanism combined with TAG mass transfer limitations).
The analyzed kinetic models have already provided good results in the
catalytic systems similar to the present one and are described in detail
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Fig. 9. Influence of (a) catalyst calcination temperature and (b) active species content on FAME content profiles.
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Table 2

The calculated rate constants based on two kinetic models.
Catalyst T "MOR ‘CL Model 1 Model 2 TOF(s™)

kea (min~?t) R? Kapp,1 (min ™Y R? Kapp 2 (L mol ! min™1) R?

5Ca0/ZMgp 60 12:1 4 0.0016 0.86 0.0052 0.97 0.0064 0.92 2.6-1072
10Ca0/ZMgp 0.0030 0.85 0.0341 0.99 0.0176 0.99 8.6107°
15Ca0/ZMgp 0.0032 0.93 0.0422 0.98 0.0214 0.98 9.41073
20Ca0/ZMgp 0.0056 0.86 0.0517 0.70 0.0270 0.98 1.5.102

2 Reaction temperature (°C.

b Methanol to oil molar ratio.
¢ Catalyst loading (wt%).

4 Turnover frequency.

elsewhere [44,45]. The existence of the internal diffusion resistance was
determined by calculating the Thiele modulus. The values of Thiele
modulus for all catalyst samples (0.027-0.185) were less than 0.4,
indicating that the internal diffusion was negligible. The calculated rate
constants for the catalysts with different CaO loading are presented in
Table 2. The volumetric TAG mass transfer coefficient, k.a,
(0.0016-0.0056 min~!) and the apparent pseudo-first-order rate con-
stant, kapp,1, (0.0052-0.0517 min~ 1) increased with increasing the CaO
concentration of the catalysts. In general, the behavior of k.a can be
ascribed to the facilitated diffusion of the reactants towards the well-
dispersed active sites and the CaO concentration and basic strength of
the catalysts. When the values of different catalysts were assessed, a
much lower value was noticed for the catalyst with the lowest CaO
concentration (5Ca0/ZMgp). This was explained by a significantly lower
reaction rate in the second pseudo-homogeneous reaction stage due to
an insufficient amount of the active centers at a low concentration of
CaO. Fig. 9b shows that the reaction equilibrium was not reached with
the 5Ca0/ZMgy catalyst for 7 h. The kinetic parameter of Model 2, the
apparent pseudo-first-order rate constant, kapp, 2, changed similarly to
the kinetic parameters of Model 1 and corresponded well to the change
of the FAME content with time. The kapp 2>-values ranged from 0.0064 L
mol ! min~! to 0.0270 L mol~! min~!. The statistical analysis showed
that both models fitted satisfactorily the experimental data, as indicated
by relatively low values of the mean relative percentage deviation
(MRPD) of 8.6% and 10.5%, for Model 1 and Model 2, respectively.
The obtained results were in agreement with the similar CaO/Zeolite
catalyst, where the active sites were incorporated in a more complex
way (kca, kapp,1, and kapp 2> were 0.00236 min~!, 0.0617 min~!, and
0.0283 L mol ! min~!, respectively) [21], as well as with some others
CaO-based catalysts like pure CaO [46] or the CaO-ZnO mixed oxides
[47]. To better understand the correlation between the basicity/basic
strength and catalytic activity, the turnover frequency (TOF) was
calculated (Table 2). The highest calculated TOF value was 1.5.1072s7!
for 20Ca0O/ZMga, which correlated to the highest basicity and activity.

4. Conclusion

A completely waste-based CaO/ZMg, catalyst was prepared in a two-
stage process. First, the zeolite support was obtained, and then, the
ultrasound-assisted impregnation was used to deposit the active species.
Using a miniature autoclave reactor system, lignite FA was converted
into a well-crystallized, pure phase of cancrinite zeolite, vishnevite type
in an alkali activation process, where the favorable crystallization con-
ditions were enabled by contactless agitation. To shorten the synthesis
time and save energy, the ultrasound technique was chosen for the
dispersion of calcined chicken ES over the synthesized zeolite. The
suitable characteristics (structural, morphological, and textural) of the
obtained catalytic support and a method for catalyst synthesis led to the
catalyst with a stable structure, whereby the zeolite structure was pre-
served and the active catalytic species were properly incorporated in the
matrix. The synthesized catalyst exhibited remarkable characteristics
(well-dispersed active species, high basic strength, and regularly defined

pore network) and performances in the biodiesel production under
relatively mild conditions (reaction temperature of 60 °C, methanol/oil
molar ratio of 12:1, the catalyst concentration of 4 wt%). The catalyst
activation temperature of 550 °C and the active species concentration of
20 wt% were proved to be optimal. The highest TAG conversion of
96.5% was achieved using the 20CaO/ZMg, catalyst for 2 h. The
determined rate constants based on two different models corresponded
well to the realized catalytic activity and correlated to the CaO content
in the catalyst. The synthesis of this catalyst presents an economic and
environmentally friendly process, where the utilization of different
waste solids (coal fly ash and chicken ES) leads to the formation of
valuable zeolitic products with catalytic activity suitable for biodiesel
production.
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