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ABSTRACT: The objective of this study was to prepare bifunctional . S
catalysts based on iron and CaO and test them in the biodiesel =
production using waste cooking oil (WCO) as feedstock. Two iron /\

precursors were studied, Fe,O; and Fe(NO,);:9H,0. The identified TX R . . .
crystalline phases were Ca,Fe,O5 and CaFeOj;. Surface morphology sdstomladsiestotalbasiostes | :

and textural properties (distribution of active species, specific surface
area, size, and pore volume) were also analyzed. Additionally, thermal
stability was studied and 800 °C was established as the optimum
calcination temperature. The density of both acidic and basic sites Westecookingoii+ cHyon —°C— 2 J
was higher with the catalyst prepared with Fe,O; than with that P 341 folelacdshealtelbose A
prepared with Fe(NO;);-9H,0. The latter, however, leads to reach 4 a2
equilibrium in half of the time than with the former. This was R : : : : :
ascribed to the ratio of acidic to basic sites, which is higher with the e

catalyst prepared with the precursor salt. This ratio not only affects

the overall cost of the process by affecting the time at which equilibrium is reached but also by dictating the methanol/oil molar ratio
at which the equilibrium is reached sooner. The prepared bifunctional catalyst allowed us to produce biodiesel with 90% of methyl
ester content at atmospheric pressure, reaction temperature of 60 °C, reaction time of 2 h, with 12:1 M ratio of methanol/WCO, 10
wt % of Fe over CaO, and a catalyst loading of 5 wt %. This catalyst can be used at least 3 times. The so-obtained biodiesel met the
European norm EN-14214 regarding viscosity and density.

Fatty Acid Methy! Ester (m/m)
s

1. INTRODUCTION catalysts is that they require oils with a low content of free fatty
acids (FFAs). This implies the use of refined oils, and thus, the
process becomes not competitive from an economic point of
view.”® In this sense, reused oils, such as waste cooking oil
(WCO), represent a viable alternative to lower production
costs; however, they have a high content of FFAs and can form
an important amount of waxes and soaps.”” To overcome this
problem, esterification with acidic catalysts is carried out
before transesterification. This alternative, however, involves
several expensive and complex processes.

In the last decade, research on the synthesis of
heterogeneous bifunctional catalysts has been reinforced to
obtain biodiesel from raw materials with a high content of
FFAs. Such bifunctional catalysts have acidic and basic centers
that allow the esterification of FFA and transesterification of

New sustainable energy alternatives have emerged to replace
the enormous dependence of society on limited fossil
resources.”” In this context, biodiesel is a viable alternative.
Biodiesel is a form of biofuel used as a substitute for fossil
diesel that can be used in diesel engines without conducting
major modifications. Some advantages of biodiesel over fossil
diesel include improved combustion efficiency, reduced carbon
monoxide and hydrocarbon emissions, and increased lubrica-
tion capacity and oxygen content. Also, biodiesel is a renewable
and biodegradable fuel.”* The American Society for Testing
and Materials defines biodiesel as a “fuel comprised of mono-
alkyl esters of long chain fatty acids derived from vegetable oils
or animal fats”. Usually, biodiesel is obtained by trans-
esterification of refined oils or reused oils using basic or acidic
catalysts in the presence of short-chain alcohols such as

methanol or ethanol. Such catalysts can be homogeneous or Received: July 7, 2021
heterogeneous. Published: September 10, 2021

One of the main advantages of heterogeneous catalysts over
homogeneous catalysts is the easy separation and purification
of biodiesel at the end of the reaction, minimizing the demand
of washing water.”® A disadvantage of basic heterogeneous
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Table 1. Summary of the Literature Related to Biodiesel Production Catalyzed with Bifunctional Catalysts

reaction conditions

catalyst feedstock T [°C]
MgO/Fe,05;-Si0, camelina oil 70
a-Fe,0;/AI00H cottonseed waste oil 60
a-Fe,0,/AIO0H(y-AL,O;)  cottonseed waste oil 60
CaSO,/Fe,0;—Si0, crude Jatropha curcas oil 120
Fe,0;/CaO used frying oil 65
Na/NaOH/AL O, soybean oil 60
Ca0O/La,0; crude Jatropha curcas oil 160
CAWS-(,)SO, PFAD (palm fatty acid distillate) 80
CaO/y-AL O, edible refined sunflower oil 60
WyMoy/CaO PDWO 70
(unrefined palm-derived waste oil)
CaFe,0,/Ca,Fe,O4 soybean oil and Jatropha curcas oil 100
CaO/SA (22.4)-FS olive pomace oil 62
4Mn—6Zr/CaO waste cooking oil 80
Fe;0,/Ca0 palm oil off-grade 70
cellulose/CaO—Fe,O; coconut oil 60
Mo—Zr/CS waste cooking palm oil 80
CaO@y-Fe, 0, dehydrated soybean oil 70

catalyst weight reaction methyl ester

methanol/oil ratio [% wt] time [h] content [%] refs
12:1 4.9 4.1 99 12
6:1 3 3 95 13
6:1 3 3 943 14
9:1 12 4 94 15

15:1 1 3 92 1
20:1 5 2 100 16
25:1 3 3 98.76 17
15:1 5 3 98 18
9:1 0.55 522 97.8 19
15:1 2 2 962 20
15:1 4 2 85.4 21
6:1 2 4 96.01 22
15:1 3 3 92.1 23
10:1 1 2 90 24
12:1 3.6 S 89.2 25
15:1 3 3 90.1 26
15:1 2 3 98.8 27

triglycerides to be carried out in a single stage.”'® This makes
them attractive at an industrial level since their use would
reduce production costs. Bifunctional catalysts are a mixture of
metal oxides, whose characteristics depend on the preparation
method and the metals used. In this sense, bifunctional
catalysts based on CaO have demonstrated to be a promising
alternative. In Table 1, there are the summarized CaO-based
bifunctional catalysts that were selected according to the
relevance of their performance in biodiesel production.

It can be seen in Table 1 that the doping of CaO is a proven
strategy to obtain high methyl ester content (>90%) either
from refined or waste oils. Regarding the latter, it has also been
reported that doping the CaO reduces its deactivation.'" The
methyl ester content is an indicator of the biodiesel quality and
depends mainly on the operational variables included in Table
1. According to the works shown in Table 1, a high methyl
ester content is attained, in some cases, at temperatures rather
high (160 °C) and alcohol/oil molar ratios as high as 25:1 and
with reaction times that vary between 2 and 5.5 h. By
conducting an analysis of the results reported in the references
included in Table 1, it can be concluded that the addition of
metal oxides affects the acidic site density, which in turn has
been related in some works to the methyl ester content mainly
when the FFA content is high such as in the case of waste oils
(FFA > 1%).

Among the preferred metals to modify the acidic site
density, one can find Fe, Mo, W, and Zr. It can also be
observed in the available literature that, generally speaking,
doping of CaO with iron oxides not only impacts the acidic site
density but also allows us to obtain methyl esters at moderate
reaction temperature. Only relatively few works can be found
regarding the production of biodiesel using iron oxides and
CaO as bifunctional catalysts. Furthermore, in most of these
works, the bifunctional catalyst is underutilized since it is
applied to catalyze the biodiesel production from refined oils
that usually exhibit a relatively low acid value. In the context of
iron and calcium bifunctional catalysts, the activity of the
catalyst has been mainly related to the iron oxide structure,
such as Fe;0,, Fe,0;, y-Fe,0;, CaFe,0,, and Ca,Fe,0q, and

to the basic site density. In only few works, the importance of
the acidic site density has been hinted, and other works with
catalysts, such as W—Zr/CaO, have stated that both acidic and
basic sites are important. None of these works, however, pay
attention to the ratio of acidic to basic sites and its relationship
with the iron precursor, FAME (fatty acid methyl ester)
content and methanol/oil molar ratio. Therefore, the main
objective of this work was to prepare a bifunctional catalyst
(based on iron over calcium oxide) for FAME production
using WCO and to evaluate the influence of its properties
(morphological, textural, structural, and chemical) on FAME
content. From an economic point of view, it is rather
important to establish the catalyst properties and preparation
conditions that might lower the cost of the overall process. In
this sense, it is worth pointing out that quicklime was used as
the source of CaO. Furthermore, one of the investigated
variables is the precursor of the iron. Two iron precursors are
compared, Fe,0; and Fe(NO;);-9H,0, the cost of the former
being lower than the latter. The precursor salt, however, is
typically utilized in the related literature.""*>*”

2. EXPERIMENTAL METHODS

2.1. Materials. WCO was provided by a local food
industry. Quicklime, a source of CaO, was acquired from a
local store. The fatty acid composition of WCO is shown in
Table 2.

The acid value, density, viscosity, and water content were
obtained according to quality methods (Norm EN-14214).
These results are shown in Table 3. Methanol ACS (CH;OH)
99.9% was supplied by Fermont. Iron(III) nitrate (Fe (NO;)5:
9H,0) 99.0% was bought from Merck, and iron(III) oxide
(Fe,043) 99.0% was obtained from Reasol. In order to quantify
the FAMEs by gas chromatography, the reference standard
(methyl heptadecanoate, >99.7%) was purchased from Sigma
Aldrich and n-heptane high-performance liquid chromatog-
raphy CH;(CH,)4CH; from ].T Baker.

2.2. Pretreatment of WCO. The WCO required a
pretreatment to remove solid particles, soluble salts, and
moisture. Initially, to eliminate the solid particles, the used

https://doi.org/10.1021/acsomega.1c03586
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Table 2. Fatty Acid Composition of WCO

fatty acid composition %
lauric (C12:0) 0.03
myristic (C14:0) 0.16
palmitic (C16:0) 12.03
palmitoleic (C16:1) 0.17
margaric (C17:0) 0.12
stearic (C18:0) 4.40
oleic (C18:1) 23.58
linoleic (C18:2) 5248
arachidic (C20:0) 0.33
linolenic (C18:3) 6.65

Table 3. WCO Properties

property value
acid value (mg KOH/g) 2.53
free fatty acid (wt %) 1.26
molecular weight (g/mol) 277.84
water content (wt %) 0.042
density at 15 °C (kg/m®) 926.02
viscosity at 40 °C (mm?/s) 36.08

cooking oil was filtered. After that, a process with hot water
was carried out to remove gums. This process consisted of the
addition of water at 80 °C to the previously heated oil. Finally,
the oil was separated and kept under vacuum at 80 °C to
eliminate the excess of moisture.

2.3. Catalyst Synthesis. First, lumps of quicklime were
triturated to obtain particles of a homogeneous size of 0.42
mm. To transform Ca(OH), (major component of quicklime)
to CaO, a heat treatment in a furnace was necessary. The
conditions of calcination were 900 °C with a ramp of 2 °C/
min for 8 h.**

Bifunctional catalysts based on iron(III) and CaO were
prepared by an ion exchange method. This method has also
been used by Ezzah-Mahmudah et al,," albeit without assessing
the effect of the iron precursor or the iron oxide structure
(calcination temperature) and with additional preparation
stages (washing of the catalyst with distilled water after
filtration).

In this work, the effect of the iron(III) precursor was
investigated by using either Fe,0O; (Cat 1) or Fe(NO;);
9H,0 (Cat_2). This variable was studied with a 10 wt % iron
catalyst (Fe/Ca mass ratio = 0.15). This percentage was
selected since compared to the other assessed iron contents (1,
2.5, and S wt %), it provided the best results in terms of FAME
content and time to reach equilibrium. To prepare the catalyst
with 10 wt % of iron, 3.6 g of CaO was dispersed in 400 mL of
water, and then, the mixture was stirred for S min. Next, 0.54 g
of Fe,0; or 2.86 g of Fe(NO;);:9H,0 was slowly added to the
slurry in such a way that a 1.79 X 107> M concentration of
iron(III) could be attained. The resulting mixture was stirred
for 4 h. Next, the suspension was filtered and the solid was
dried overnight at 100 °C. The effect of the calcination
temperature was studied by calcining the material at 500 and
800 °C for S h. This variable was also assessed with 10 wt % of
iron over the CaO catalyst.

The study of the variables was conducted under the
following reaction conditions: 60 °C of temperature, reaction
time of S h with 12:1 methanol/oil ratio, and 5 wt % of catalyst
loading.

2.4. Catalyst Characterization. The crystalline phases of
bifunctional catalysts were analyzed by X-ray diffraction in a
PHILIPS PW-1711 diffractometer with Cu Ko radiation at 30
kV and 25 mA. The samples were scanned in the 26 range
from 20 to 100° and step time of 0.04°.

The surface morphology and distribution of the active
species of the bifunctional catalysts were analyzed in a JEOL
JSM-6510LV scanning electron microscope coupled with an
energy-dispersive X-ray spectrometer.

The specific surface area, size, and pore volume of the
bifunctional catalysts were determined by N, adsorption and
desorption data acquired with a Quadrasorb SI surface area
and pore size analyzer. Prior to adsorption, the samples were
degassed under high vacaum (1013 mbar) for 4 h and 180 °C
and 1 h under vacuum (1077 mbar) at 180 °C.

The thermal stability of the catalyst was examined in a SDT
Q600 simultaneous TGA/DSC apparatus under a purge flow
of 30 mL/min of nitrogen and within a temperature range of
25—1000 °C with a heating rate of 10 °C/min.

A temperature-programmed reduction (TPR) study was
carried out in an AutoChem 2950 HP chemisorption analyzer.
First, the sample was treated with argon flow at 20 cm?/min
and 250 °C for 10 min. Subsequently, a mixture of gases (5%
H,-95% Ar) was passed at 40 cm®/min through the sample for
30 min. During heating at 10 °C/min, the temperature and
detector signals were recorded. The determination of H,
consumption was carried out using a thermal conductivity
detector (TCD).

Total basic and acidic site density, as well as strength
distribution of the bifunctional catalysts, were measured by
temperature-programmed desorption (TPD-CO, and TPD-
NHj,). The apparatus used was the same as the one described
above. The samples were heated at 5 °C/min up to 50 °C
under a flow of helium (100 cm®/min). After a period of 30
min at this temperature, a stream of CO, was allowed to flow
over the sample. To eliminate physisorbed species, a flow of
helium (100 cm®/min) was passed through the sample for 1 h.
CO, desorption of the samples was recorded using a TCD at
900 °C with a ramp of 10 °C/min. Acidity analysis was carried
out under the same conditions, only that in this case, the used
gas was ammonia (NH,).

The percentage of metals in the catalysts was determined in
a Varian Liberty RL sequential ICP-AES multielemental
analyzer. Prior to analysis, the solid samples were subjected
to acid digestion treatment with concentrated nitric acid (S
mL) and concentrated hydrochloric acid (S mL) to achieve the
dissolution of metals.

2.5. Biodiesel Production. The synthesized catalysts were
tested in the biodiesel production using WCO as the raw
material. First, however, in order to demonstrate the advantage
of adding iron to Ca0, an experiment with only CaO (calcined
quicklime) was conducted. The reaction conditions for this
experiment were: methanol/oil molar ratio = 12:1, reaction
temperature = 60 °C, and 5 wt % of CaO. Unless otherwise
stated, these conditions were also used to establish the effect of
the other variables: the amount of the catalyst (with 10% of
iron) with respect to the mass of oil (1, 3, S, and 7%),
percentage of iron supported on CaO (0, 1, 2.5, S, and 10 wt
%), methanol/oil molar ratio (9:1, 12:1, 18:1, and 25:1) with
the catalyst with 10% of iron, and reaction time (1—5 h). The
range of study of the molar methanol/oil was established based
on the previous literature related to the processing of WCO
with doped CaQ."”>***® The reaction temperature was kept
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constant in all experiments. These were conducted in a glass
stirred tank reactor (250 mL) with baffles. The temperature
was constantly monitored with a thermometer. A methanol
reflux system was placed on top of the reactor. This system
consisted of a condenser that was being constantly cooled by
recirculating an antifreeze coolant through the condenser. The
stirring was conducted with a magnetic bar and the heating
with a thermal plate. Once the methanol—catalyst mixture was
heated at 60 °C, the WCO, also at the same temperature, was
added and mixed at approximately 600 rpm. The reaction was
monitored for S h, taking a sample every hour. To recover the
catalyst at the bottom, the samples were centrifuged at 3500
rpm, and then, methanol was separated via evaporation and
glycerol was recovered by settling.

2.6. Biodiesel Characterization. The FAME content was
determined using a SCION model 456 gas chromatograph
with a flame ionization detector and HP-INNOWAX polar
capillary column (30 m length, 0.320 mm internal diameter,
and 0.25 um film). This quantification was conducted
according to the European regulation procedure UNE-
EN14103. The kinematic viscosity at 40 °C was determined
using a Canon-Fenske capillary viscometer following the
European Norm EN ISO 3104. Finally, density was measured
in an Anton Paar densimeter model DMA 5000 M. Both the
reactions and the analysis of FAMEs by chromatography were
performed 3 times. The calculated error was 3%.

2.7. Catalyst Stability. The stability of the bifunctional
catalyst was tested by evaluating the reusability. For this
purpose, the bifunctional catalysts were used in consecutive
transesterification reactions to verify their catalytic perform-
ance. For these experiments, the used solid catalyst was
separated from the reaction mixture by centrifugation. After
that, the catalyst was washed with hexane to remove nonpolar
compounds, such as methyl esters, and then washed with
methanol to eliminate polar compounds, for example, glycerol.
Finally, the catalyst was dried at 100 °C for 12 h and activated
at 800 °C for 4 h; the active used catalyst was directly used in
repeated reactions under the best resulting conditions of this
study (temperature 60 °C, S wt % catalyst, and 10 wt % of iron
over CaO using iron nitrate as the precursor).

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization. The crystalline phases of
bifunctional catalysts and calcined quicklime were determined
by X-ray diffraction. As can be seen in Figure 1, after
calcination at 900 °C for 8 h, the principal components of
quicklime [Ca(OH), and CaCO;] were completely trans-
formed to CaO. Characteristic CaO peaks were obtained at 26:
32.26, 37.46, 53.90, 64.18, and 67.44° (JCPDS # 75-0264).
This result is consistent with that reported by Ezzah-
Mahmudah et al,' Camacho et al.,”® and Nunes et al.,”’ who
suggested that the optimal temperature to transform CaCOj;
and Ca(OH), from oyster shells, quicklime, and egg shells to
CaO is 900 °C. The X-ray diffraction patterns of bifunctional
catalysts prepared from different precursors are also depicted
in Figure 1 (Cat_1 and Cat_2). In such patterns, an increase in
the crystallinity of the CaO structure was observed with
respect to the calcined CaO. In addition, brownmillerite
(Ca,Fe,0;) was identified in both, Cat_1 and Cat_2, catalysts
at 20: 32.18, 33.5, 43.4, and 46.7°, with an orthorhombic
crystalline system (JCPDS # 11-0675) at a small concen-
tration. This compound is considered to be a mixed oxide

Calcined Quicklime «
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Figure 1. XRD patterns of calcined quicklime, Cat_1, and Cat_2 with
a 10% w/w of iron [lCaO (JCPDS # 750264), oCa,Fe,0; (JCPDS #
11-0675), and *CaFeO; (JCPDS # 41-0753)].

associated with the crystalline phase in which the iron has an
oxidation state of 3*.*

As can be seen in Figure 1, the synthesized materials also
showed the CaFeO; crystalline phase with a perovskite
tetragonal crystal structure whose characteristic peaks of the
species are found at 26: 33.5, 48.5, and 60.04° (JCPDS # 41-
0753). Finally, the absence of the Fe,O; phase indicates an
adequate distribution of the metal oxides over calcium oxide®’
and that in this case, this phase is not the one responsible for
the catalytic activity of the synthesized materials.

Figure 2 is a representative scanning electron micrograph of
the calcined quicklime and prepared bifunctional catalysts.
Typical porous and amorphous morphology of calcium oxide
can be observed for calcined quicklime; the calcined samples
have irregular shapes, and pores are more visible; these
characteristics are in concordance with previous studies.’
When the iron(III) precursor was added to CaO, a change in
morphology of the external surface was observed in Cat_1 and
Cat_2, and the development of agglomerated structures was
observed. This is probably due to the change in the crystalline
phase, as indicated by XRD analysis. The agglomerates present
different average sizes depending on the iron precursor, that is,
0.75 and 1.39 pum for Cat_1 and Cat_2, respectively. Also,
both bifunctional catalysts exhibit a porous nature, and this is
an important characteristic during transesterification and
esterification reactions.

According to EDS chemical mapping (Figure 3), the
bifunctional catalysts contain calcium and iron, homogene-
ously dispersed. Regarding iron, Figure 3 suggests that there is
a higher Fe content in Cat_2 than in Cat_1. This is true
despite being prepared based on the calculation of having the
same final iron % w/w (10%). The amount of iron and calcium
present in the catalysts was determined by inductively coupled
plasma—atomic emission spectroscopy (ICP-AES) analysis.
Although it was aimed to obtain 10 wt % of iron in each
catalyst, it was determined that Cat 2 contained a higher
amount of iron (10%) compared to Cat 1 (7.2%). This is
probably due to the iron nitrate salt dissolving easily in the
impregnating medium, thus allowing iron ions (Fe’") to diffuse
more effectively through the CaO. Finally, the amount of
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Quicklime

Figure 2. Scanning electron microscopy images of quicklime, Cat_1, and Cat_2 catalysts with 10 wt % of iron.

Catalyst Calcium (Ca) Iron (Fe)

Cat_1

Cat_2

Figure 3. Chemical mapping of iron (10 wt %) and calcium in
bifunctional catalysts.

calcium in both catalysts is similar, that is, 58.30 wt % for
Cat_1 and 57.30 wt % for Cat_2.

The BET area, pore volume, and pore size of calcined
quicklime (CaO) and bifunctional catalysts are shown in Table
4. The surface area of calcium oxide was 7.99 m?/ g. It has been
reported that the incorporation of some dopants improves the
surface area.”’’® When ferric oxide was added to CaO
(Cat_1), the area increased from 7.99 to 12.15 m’/g. This
effect is probably due to the strong interaction and adequate
dispersion of iron with the support, reducing the surface

Table 4. Textural Properties of Bare CaO and the Prepared
Catalysts

catalysts  surface area (m*/g)  pore volume (cm3/g)  pore size (A)
CaO 7.99 0.0683 171.00
Cat_1 12.15 0.0754 124.17
Cat_2 6.71 0.0267 79.59

diffusion of Ca; this hinders the sintering and stabilizes the
crystal surface of CaO. This trend is in concordance with that
reported by Wan Omar et al,** who observed an increase in
the surface area when doping zirconia with alkaline metals.
Additionally, Rabiah Nizah et al.** reported that the addition
of Bi,O; over La, 0 also increases the surface area of the final
material, and this was ascribed to the effective dispersion of
dopants onto the support. Finally, Alhassan et al.*' synthesized
Fe,0;—MnO— SO, ?/ZrO, and determined that the disperse
Fe,0; over ZrO, surface avoids the agglomeration of metal
oxides throughout the calcination process.

For Cat_2, when iron nitrate was used as the precursor, a
different effect was observed. The surface area was reduced to
6.71 m’/g. This effect might be attributed to the partial
blockage of pores.”’ Also, previous studies concluded that the
decomposition of iron precursors defines morphology and
tends to reduce the surface area.*® In addition, previous studies
of bifunctional catalysts have reported similar surface
characteristics for impregnated CaO.'”*°

All the catalysts have a pore diameter greater than the
average diameter of the triglyceride molecule (S8 A). It was
observed, however, that the addition of iron causes a decrease
in the average pore diameter size of CaO from 171 to 124.17
and 79.59 A for Cat_1 and Cat_2, respectively. Thus, it can be
observed that in the case of Cat_1, the average pore diameter
is about twice the diameter of the triglyceride molecule, so the
pores are large enough to allow reagents to pass through. In
the case of Cat_2, however, the average pore diameter is closer
to the size of the triglyceride molecule, and this might hinder
or restrict diffusion. Finally, the prepared catalysts can be
defined as mesoporous since the pore diameter was between
20 and 500 A.

To establish the calcination temperature, quicklime and
bifunctional catalysts were analyzed by thermogravimetric
analysis (TGA) and the results are shown in Figure 4. As can
be seen, quicklime lost weight in three steps. The first step at
around 150 °C, can be attributed to the loss of physisorbed
water on the catalyst surface. The second step, at around 400
°C, is due to the decomposition of calcium hydroxide
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Figure 4. TGA analysis of quicklime, Cat_1, and Cat_2 catalysts with
10 wt % of iron.

the decomposition of calcium carbonate. This is summarized
in Table 5. These results are in agreement with Ezzah-
Mahmudah et al,,' who studied the thermal transformations of
iron nitrate over cockle shells.

TPR analysis of bifunctional catalysts allows us to obtain
information of reducible species in the materials and the
interaction force of iron with calcium.*” Figure S shows the
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Figure S. TPR profile of Cat_1 and Cat_1 with 10 wt % of iron.

(Ca(OH),). This result agrees with that of Camacho et al,””
who reported the decomposition of calcium hydroxide at 380
°C. Finally, at 800 °C, the third loss of weight corresponds to
the decomposition of calcium carbonate to calcium oxide. This
result is in concordance with X-ray diffraction analysis,
confirming that at 900 °C, only calcium oxide is present.

The TGA curve for Cat_1 shows three weight losses just like
the TGA curve for quicklime. In this case, however, there are
additional thermal transformations, one between 350 and 500
°C (stage 3c) and a second one between 550 and 900 °C
(stage 4b). These transformations are summarized in Table S.
As can be seen, CaFe,O, can be obtained at 500 °C, while
Ca,Fe,Og can be obtained at any temperature between 550
and 900 °C.

Table 5. Thermal Transformations of the Prepared
Materials®"*"*

temperature
stage ranges process
1 50-100 °C H,01

2 200-250 °C
3 350-500 °C

Fe(NO3);9H,0 — FeOOH + 3HNO, + 7H,0
(a) Ca(OH), — CaO + H,0

(b) FeOOH — 1/2 Fe, 05+ 1/2H,0

(c) CaO + Fe,0; — CaFe,0,

(a) CaCO; —» CaO + CO,

(b) 2Ca0 + Fe,0; — Ca,Fe,04

4 550-900 °C

Finally, Cat_2 showed four losses of weight. At 100 °C, the
elimination of water is observed. At 200 °C, the decomposition
of iron nitrate nonahydrate begins; when the temperature
reaches 400 °C, there are two decompositions; the first one
can be ascribed to the transformation of calcium hydroxide to
calcium oxide, and the second one is due to the formation of
iron(III) oxide. Finally, calcium oxide is obtained, derived from

24097

TPR profiles of Cat 1 and Cat_2 with a theoretical 10% w/w
of iron. Three peaks were identified for the Cat_1 catalyst. The
first at 470 °C is attributed to the reduction of the CaFeO,
species, detected by XRD. The second peak at 579 °C is due to
the reduction of Fe;0, to FeO. Finally, the peak at 780 °C can
be ascribed to the reduction of Ca,Fe,O;. The presence of
three reduction peaks can be attributed to the low interaction
of iron with the support.”

As can be seen in the TPR profile of the Cat_2 catalyst, only
two reduction peaks were observed. A small peak at 572 °C
can be attributed to calcium oxide reduction. A second one at
840 °C is due to the reduction of Fe', present in the
Ca,Fe,O; species, to Fe’. The high reduction temperature
demonstrates the stability of the bimetallic oxide in which iron
interacts strongly with the support; these results are similar to
those previously reported for the Fe/CaO interaction.*’

Both basicity and acidity of bifunctional catalysts were
determined using CO, and NH,;—TPD, respectively. The
results are shown in Figure 6. As can be seen in TPD
desorption, both catalysts exhibited bifunctional properties
having acidic and basic sites.

TPD-CO, analysis for both catalysts showed two desorption
peaks of CO,; see Figure 6a,b. The first one, from 350 to 400
°C, can be attributed to the interaction of CO, with sites of
medium basic strength. The second peak from 550 to 650 °C
can be associated with strong basic strength. The amount of
CO, desorbed of the Cat_1 catalyst was larger than that of the
Cat_2 catalyst (Table 6), indicating greater basic strength.
Strong basic sites correspond to the presence of CaO due to
the isolated O~ anions situated in the mixed oxide surface.”*
The results are in good agreement with those previously
reported.*' ™+

Meanwhile, the TPD-NHj analysis for both catalysts with a
10% w/w of iron also showed two desorption peaks; see Figure
6¢,d. The first one appeared between 350 and 400 °C, while
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Table 6. Density of Basic and Acidic Sites of Bifunctional
Catalysts

acidic site density

basic site density
(umol NH;/g)

(umol CO,/g)

catalyst weak sites strong sites weak sites strong sites
Cat_1 93.16 65.06 301.47 238.19
Cat_2 42.37 22.86 241.27 115.38

the second one was detected in the range of 550—650 °C.
These peaks were also attributed to medium and strong acid
strength, respectively.’® The temperatures of desorption and
acidity were in good agreement with those reported by
Alhassan et al.** who synthesized Fe,0;—MnO—-S0,2"/ZrO,
as a heterogeneous acid—base bifunctional catalyst.

In Table 6, the basic and acidic site density as well as basicity
and acid strength attained with every catalyst are summarized.
It can be observed that Cat_1 exhibits a higher basic and acidic
site density than Cat_2. The same occurs with strength.

3.2. FAME Production. 3.2.1. Effect of Catalyst
Calcination Temperature. Table 7 shows FAME content

Table 7. Effect of Calcination Temperature on FAME
Percentage at Equilibrium

calcination temperature

catalysts 500 °C 800 °C
Cat_1 62%FAMEs 91%FAMEs
Cat_2 67%FAMEs 90%FAMEs

related to the equilibrium state (3 h) for every catalyst calcined
at different temperatures. It can be observed that less than 70%
of the FAME content was obtained with the catalysts calcined
at 500 °C. This may be due to the formation of CaO not being
complete at this temperature.”>"

In addition, it has been demonstrated by Helwani et al.**
that the effect of the calcination temperature is of paramount
importance since it determines the strength of the produced
basic sites. These researchers used Fe;O, as the iron precursor
and established that when calcining at 500 °C, the strength of
the basic sites was lower than when calcining at 600 °C.

On the other hand, when the calcination temperature was
increased to 800 °C, the FAME percentage increased

24098

significantly (Table 7). XRD analysis indicated that at 800
°C, only CaO and mixed iron oxides are present. In addition,
the TGA analysis shows that at higher temperatures, there are
no further transformations. Therefore, the calcination temper-
ature of 800 °C was selected to study the effect of other
variables.

3.2.2. Effect of the Iron(ll) Precursor. 1t has been reported
that the addition of metal oxides such as iron oxide(III) over
some supports has significant chemical advantages such as
improved catalyst thermal stability and generation of acidic
sites.”*#*® Besides, it has been shown that the type of the
iron(III) precursor largely defines the chemical and morpho-
logical properties of the synthesized catalyst.*®

Figure 7 shows a different behavior at the initial reaction
time for each catalyst. This trend reveals the different catalytic
activity of each material. In the first hour of the reaction, the
catalysts reached 29 and 88% of FAMEs for Cat_1 and Cat 2,
respectively. For both catalysts, the maximum FAME % is
reached within the first and the second hour of the reaction.

The different initial behavior can be ascribed to the acidic
and basic characteristics of materials. In the context of the use
of CaO doped with iron oxides, the works reported in Table
1120292527 quggest that there is a relationship between the
FAMEs obtained and the strength of the basic sites in the
surface. This is true when the feedstock is a refined oil”"*” but
is controversial when the feedstock is a high-FFA-content
oil"”*»** since the highest FAME % is not obtained with the
catalyst with the strongest basic sites or with the highest
concentration of them. It is with other CaO dopants, such as
W—2Zr*" and Mn—Zr,” that the importance of the acidic sites
has been evidenced, and therefore, it has been suggested that
the final FAME content achieved with a bifunctional catalyst
may depend on the equilibrium of acidic and basic sites
available for reaction.””***® Nevertheless, this has not really
been proven with CaO doped with iron species. In this sense,
the results shown in Table 8 suggest that what really dictates
the initial FAME production reaction rate catalyzed with a
bifunctional catalyst is the ratio of acidic sites to basic sites
rather than their density and strength. The final FAME content
(at equilibrium) is not affected by this property although.
However, it is worth pointing out that the production cost of
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Figure 7. Effect of the iron(III) precursor on FAME profiles as a function of time. Reaction conditions: T = 60 C, 12:1 methanol/oil molar ratio.

Table 8. Effect of the Acidic/Basic Site Ratio on the Initial
Production Rate and Content at Equilibrium of FAMEs”

total acidic sites/total initial FAME FAME content at
catalyst basic sites production rate equilibrium
Cat_1 341 29 91%
Cat_2 5.46 88 90%

“Reaction conditions: T = 60 °C, methanol/oil molar ratio = 12, W_,,
=5wt%

Cat_2 ($4.6 USD/g) is about 6.5 times higher than Cat 1
($0.70 USD/g).

3.2.3. Effect of Fe Content and the Plausible Reaction
Pathway on the Synthesized Catalysts. In order to
investigate the influence of the iron content in the prepared
catalysts, different percentages of iron related to the catalyst
weight were tested: 0, 1, 2.5, 5, and 10 wt % for every proposed
material. The results shown in Figure 8 indicate that the higher

the percentage of iron, the greater the FAME content obtained.
Thus, when 10 wt % of iron was incorporated, the maximum
FAME content was obtained, that is, 91 and 90% at
equilibrium for Cat_1 and Cat_2, respectively. Given the
instrumental error, this difference is not considered significant.
Interestingly enough, the trend observed with the catalysts
with lower content than 10 wt %, is rather different, mainly for
Cat_1. It can be observed in Figure 8 that for the catalysts with
an Fe wt % between 1 and S, the FAME content reaches a
maximum after 2 h of reaction and then steeply decreases
without achieving an equilibrium state. This equilibrium state
refers to the transesterification reaction indicated in Schemes
la, 2a, and 3 and is achieved when both rates are equalized,
that is, the one to produce the esters and the one to reconvert
them into mono-, di-, and triglycerides. It is worth pointing out
that the rate at which the FAME content decreases is inversely
proportional to the amount of added iron, and then, the final
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Scheme 1. FAME Consumption Routes as a Function of Iron Concentration: (a) High Iron Content and (b) Low Iron Content
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FAME content, after S h of reaction, keeps a direct relationship
with the iron content. This trend can be explained based on
the plausible reactions of the produced FAMEs according to
Scheme 1. It is proposed here that when the iron content
increases, route (a) is favored, thus maintaining the
equilibrium observed with the catalyst with the highest iron
content (see Figure 8). FAMEs, however, can also be
hydrolyzed by route (b) in Scheme 1. In such a case, the
products are fatty acids and saponification products. For route
(b) to proceed, the chemical substituent R* should be
hydrogen, and therefore, this route will be favored under
both, low iron content in the catalyst and the presence of

water. This water can be part of the initial composition of the
feedstock or being produced during the esterification step
(Scheme 2b). This concurs with our observation during
experimentation since a fatty and sticky solid was obtained
when the catalyst with the lowest iron content was utilized. In
addition, in the cases where a maximum of FAMEs is reached
but equilibrium is not (catalysts with iron content lower than
10%), the reaction to the left in Schemes 2a and 3 is also
favored. At this point, it is worth noticing that within the time
before a maximum of the FAME content is reached (2 h for
Cat 1 and 1 h for Cat 2), the transesterification rate in
Schemes 2a and 3 (to the right) is faster than the
corresponding reversible rate.

Besides favoring route (a) in Scheme 1, the role of iron ions
in the resulting mixed oxide is to provide acidic sites necessary
for the esterification of FFAs. When using only CaO (0% iron),
a 49% FAME was obtained after 2 h of reaction, and in the
third hour, the mixture became a solid fat. This can be ascribed
to the high content of FFAs (1.26 wt %) in the WCO, favoring
saponification.””"” The low FAME content achieved was
expected since, according to several authors, the basic catalysts
have a better catalytic activity, in the transesterification
reaction, if feedstock with less than 1 wt % FFA is used.*
The saponification is evidence of the combination of the FFA
with the basic sites, and water is also produced in this step.’
Nevertheless, the WCOs also have triglycerides (see Table 2),
and these are the main source of the obtained FAMEs when
using only CaO. For this reaction to proceed, methanol must
be first chemisorbed, so when triglycerides reach the surface,
they can react with the chemisorbed methoxy group (Scheme
2a).” According to Scheme 2a, esters are the product of this
reaction, and a diglyceride is produced and follows the same
reaction as triglycerides. This is repeated 3 times until 3 mol of
esters and 1 mol of glycerol are produced per mole of
triglycerides.

By contrasting the results obtained with CaO (49% FAMEs
after 2 h) and with the iron- and calcium-based catalysts
(Figure 8), the advantage of adding iron is evident and implies
an increase in the acidic-site density necessary to conduct the
esterification reaction of the FFA. The mechanism of this
process has been previously reported and is depicted by
Scheme 2b.° Tt consists of three main steps: (i) chemisorption
of the FFA on an acidic site (iron ions in this case), (ii)
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Scheme 3. Transesterification on Acidic Sites (Adapted from Lotero et al.*?)
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Figure 9. Effect of catalyst loading on FAME profiles as a function of time for Cat_1 and Cat_2 catalysts. Reaction conditions: T = 60 C,

methanol/oil molar ratio: 12:1 and 10 wt % of iron.

reaction of bulk methanol with chemisorbed FFA, and (iii)
desorption of the methyl ester and water.

Transesterification can also occur on acidic sites by means of
the reaction depicted in Scheme 3.*” These sites can be any
proton donors such as H* or iron ions. This process, however,
is expected to proceed at a much lower rate than that in
Scheme 2.

In summary, the role of iron in the prepared catalysts is to
provide acidic sites to esterify the FFA in the WCO and
transesterify triglycerides.

Because of the aforesaid, the global reaction pathway with
the prepared catalysts is obtained when Schemes 1-3 are
placed together.

3.2.4. Effect of Catalyst Loading (W_,,). Catalyst loading is
an important variable that affects biodiesel production since it
is intimately related to both external and internal mass transfer
resistances.”’ When the process is free of mass transfer

24101

resistances or these are minimized, the FAME content is
expected to increase when catalyst loading increases; however,
there is a maximum increase and therefore, it is necessary to
identify the appropriate amount of the catalyst that provides
the active sites to carry out the biodiesel production because
exceeding the optimal amount dramatically reduces perform-
ance. For this reason, this variable needs proper control.

As can be seen in Figure 9, both catalysts exhibit a similar
performance for the same catalyst loading, except for 7% wt.
The produced FAMEs were less when 1 and 3% of catalyst
loadings were used and increased when the amount of the
catalyst increased to 5%. Nevertheless, it was observed that by
increasing the amount of the catalyst to 7%, the FAMEs
obtained considerably decreased; this effect can be attributed
to two important reasons: (1) a greater amount of the catalyst
causes an increase in viscosity, favoring resistance to mass
transfer,"*”*" and (2) the agglomeration of the catalyst within
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Figure 10. Effect of methanol/oil ratio on FAME profiles as a function of time for Cat_1 and Cat_2 catalysts. Reaction conditions: 60 °C, S h, and

5 wt % of the catalyst.

the reaction system, which was observed during the reaction,
causes a decrease in the available active surface area, diffusion,
and mixing problems.””” Because of the aforementioned
reasons, 5 wt % of catalyst loading was selected as the
optimum.

3.2.5. Effect of Methanol/Oil Molar Ratio. The alcohol/oil
molar ratio is one of the most relevant parameters during the
optimization of biodiesel production due to being closely
related to production costs. Since biodiesel production is a
reversible process, an extra amount of alcohol is required to
force the process to the right side of the products.** In this
work, an excess of methanol was used to obtain a higher FAME
content in the produced biodiesel.

The effect of methanol/WCO molar ratio on the FAME
content is shown in Figure 10. The FAME temporary profile
for Cat_1 indicated that when the molar ratio was increased
from 9:1 to 18:1, the FAME content increased from 83 to 91%,
respectively, in the third hour of the reaction. However, when
the molar ratio was increased to 25:1, the FAME content
decreases and 90% of FAMEs were obtained in the third
reaction hour. This trend was consistent with that previously
obtained by Ezzah-Mahmudah et al,' who reported the
reduction of FAME content when methanol exceeded its
optimum amount due to the moisture inside the methanol
solution, causing the hydrolysis of the FAMEs (see Scheme
1b). Moreover, the separation of methyl esters and glycerol
from the reaction mixture becomes difficult due to the polar
hydroxyl group derived from methanol acting as the
emulsifier.

For the Cat_2 catalyst, a similar trend was observed when
the methanol/oil molar ratio was increased from 9:1 to 12:1,
and the FAME content of biodiesel increased from 87 to 90%
in the third hour. Higher addition of methanol to the reaction
mixture resulted in reduction of FAMEs. Hence, in this work, a
methanol/oil molar ratio of 12:1 was considered as the optimal
ratio.

In addition, in contrast to the results obtained with Cat 1
and Cat_2, as depicted in Figure 10, it is worth noticing that
despite having the same active phases, the effect of the alcohol/
oil molar ratio on the initial production rate of FAMEs is
different. For Cat_1, this rate increases when increasing the
alcohol/oil molar ratio, while for Cat 2, this rate does not

show a correlation with the alcohol/oil molar ratio. Since these
catalysts are also similar in morphology, these results suggest
that the effect of the alcohol/oil molar ratio depends, once
again, on the ratio of acidic/basic sites (see Table 8). A higher
ratio (Cat 2) demands a lower methanol/oil ratio to achieve
the maximum FAME % at a higher initial rate than when the
ratio of the acidic/basic sites is lower, which is the case for
Cat_1, despite exhibiting a higher number of acidic and basic
sites with higher strength than Cat_ 2. This can be ascribed to
methanol being highly consumed, as expected, by the high
number of basic sites in Cat_1. This might lead to methanol
deprivation for the acidic sites. In consequence, the methyl
ester initial production rate from the FFAs in the waste oil is
significantly lower when compared to that obtained with
Cat_2 at the same methanol/oil molar ratio (see Table 8).
Thus, to achieve the same initial rate with Cat 1 as with
Cat_2, the methanol/oil molar ratio should be about twice
(25:1 instead of 12:1). This molar ratio allows having enough
available methanol to occupy the basic sites and also to react
with the expected FFAs chemisorbed onto the acidic sites,
according to the mechanism suggested by Wan Omar et al.**
(see Scheme 2b). Therefore, these results suggest that the ratio
of acidic/basic sites is an important parameter at the time of
minimizing the required alcohol/oil molar ratio.

Finally, it is worth noticing that for both catalysts, once
equilibrium is reached with all the assessed molar ratios (after
2 h for Cat 1 and after 1 h for Cat 2), there is not an
appreciable effect on the FAME content for molar ratios higher
than 9:1 for Cat_1 and for all molar ratios for Cat_2, except at
18:1. Therefore, despite the initial production rates being
different for Cat_1, at the end, the selection of the methanol/
oil molar ratio can be done based on the overall cost.

It is important to highlight that the optimum alcohol/oil
molar ratio reported in previous studies for bifunctional
catalysis (under similar reaction conditions) is greater than
that obtained in this work to achieve similar percentages of
FAME content in biodiesel; for example, the catalyst of cesium
and zirconium doped in alumina (Cs—Zr/Al,O,) required an
optimum alcohol/oil ratio of 20:1 to reach 90% of FAMEs;”"
92.1% of FAMEs was reached using a sulfated iron catalyst
(Fe203/SO4_2) and an alcohol/oil ratio of 25:1;46 an alcohol/
oil ratio of 20:1 led to obtain 94.3% FAMEs with the CaO/
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La,0; catalyst.” In the case of CaO doped with iron oxides
and high-FFA-content oil, the optimum value reported for the
alcohol/oil molar ratio was 15:1 reported by Ezzah-Mahmudah
etal.' and 10:1 by Helwani et al.** It is worth pointing out that
in both cases, the reaction temperature was higher, that is, 65
and 70 °C, respectively, than the one used in this study (60
°C).

3.2.6. Effect of Reaction Time. The effect of reaction time
was studied by employing optimal reaction conditions:
methanol/oil ratio 12:1, 5 wt % of catalyst at 60 °C, and
atmospheric pressure. The reaction was monitored for S h. As
can be seen in Figure 7, equilibrium is reached using both
proposed bifunctional catalysts, Cat_1 and Cat_2, within the
first 2 h of the reaction considering that there is an error of 2%.
The FAME % decreases slightly during the following hours;
this can be attributed to the reversibility of the process, and
this has also been previously observed by other research-
ers.””*® For this reason, 1 h was established as the optimal time
to reach the maximum performance with Cat 2 and 2 h for
Cat_1.

3.3. Reusability Test of the Catalyst. The stability of the
catalytic activity of the Cat 2 catalyst was evaluated by
determining the reusability, which is an important factor for
heterogeneous catalysts due to their production cost.”"**

Reusability was determined by analyzing the amount of
FAMEs that the catalyst is able to produce during consecutive
reaction cycles. All experiments were performed under the
previously determined optimal reaction conditions (temper-
ature 60 °C, 5 wt % catalyst, and 10 wt % of Fe over CaO using
iron(IlI) nitrate as the precursor). After 3 hours of the
reaction, the components of the mixture (methanol, FAMEs,
glycerol, and catalyst) were separated, a sample of FAMEs was
taken, and the catalyst was recovered and washed with
methanol and hexane for the subsequent use in a new reaction.
In the first reaction, 90% of FAMEs was reached; in the second
reaction, 88%, and during the third cycle, an 89% of FAMEs
was obtained. According to the implicit error, this is not
considered to be a significant difference and therefore, Cat_2
can be used up to 3 times without compromising its catalytic
activity.

3.4. Characterization of the Synthesized Biodiesel.
Table 9 shows some properties of biodiesel obtained under

Table 9. Characterization of Biodiesel

property value
FAMEs 91%
free fatty acid (wt %) 0.27
density at 15 °C 894.46 kg/m3
viscosity at 40 °C 4.6 mm?*/s

optimal reaction conditions; Fe(NO,;);9H,0 over CaO,
alcohol/oil ratio 12:1, temperature 60 °C, 5% of the catalyst,
and 10% by weight of iron over CaO. The amount of FAMEs,
density at 15 °C, and kinematic viscosity at 40 °C were
determined according to the European Union Quality
Standard (EN-14214). It is worth pointing out that these
parameters comply with the aforementioned standard.

4. CONCLUSIONS

In this work, two bifunctional catalysts were prepared and
tested in the conversion of WCO with high content of FFAs,
into biodiesel. The active phases of such catalysts are CaO,

24103

Ca,Fe, 05, and CaFeO;. Fe,O; was not found in the catalyst.
The addition of the iron phases allows attaining a FAME
content of 90%, while with the use of CaO, only 49% is
reached. The results suggest that what dictates the methanol/
oil molar ratio and the initial FAME production rate is not the
total amount and strength of acidic and basic sites but the ratio
of them. A way to vary this ratio is by changing the iron
precursor. The use of Fe,O; as a precursor leads to a higher
density of basic and acidic sites; however, when using
Fe(NO,);-9H,0, the ratio of acidic to basic sites is almost
double than that obtained with the oxide. This leads to reach
equilibrium at half of the time used with the catalyst prepared
with the other precursor (Fe,O;). Nevertheless, the production
cost of the catalyst prepared with Fe(NO;);-9H,0 is 6.5 times
higher than the catalyst prepared with Fe,O5;.

Finally, it can be concluded that the prepared catalyst using
the salt as the precursor (Cat_2) has the potential to catalyze
esterification and transesterification simultaneously under mild
conditions. The obtained FAME percentage with this catalyst
was 90% at optimum reaction conditions of: 10 wt % of iron
over CaO, methanol/oil ratio 12:1, 5 wt % of the catalyst,
temperature of the reaction 60 °C, atmospheric pressure, and 1
h of reaction time. At the best reaction conditions with both
catalysts, there were not observed problems of emulsification
or saponification. The latter was observed when using undoped
CaO and with Cat_1 with low iron content. The synthesized
catalyst was easily recovered and was capable of being reused
at least 3 times.
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