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This work aims to present the strategies assessment to reduce the environmental impacts of the biodiesel pro-
duction from waste cooking oil (WCO) catalyzed by a heterogeneous bifunctional catalyst (a mixture of iron and
Ca0). The assessed strategies were based on varying iron precursor (Fe;O3 or Fe(NO3)3-9H20), iron content,
catalyst loading and alcohol/oil molar ratio. The biodiesel production is cleaner when the iron salt is the catalyst
precursor. In this case, the contribution to global warming potential (GWP), photo-oxidation (PO), eutrophica-
tion (E) and acidification (A), was 34.69%, 41.90%, 34.7% and 34.71%, respectively. This was established
through life cycle assessment (LCA). With any of the catalysts, the most impacted endpoint category was human
health, 26.7 mPt when using Fe3O3 and 14 mPt when iron salt is the catalyst precursor. The strategy that works
the best for any catalyst is to modify its concentration since the GWP and PO can change 20%, 35% the E and A
with the Fe(NO3)3-9H20 and up to 10% with the Fe;Os. It was established, through a sensibility analysis, that by
using solar energy instead of energy from fossil fuels, the carbon footprint of the biodiesel production can be
reduced ca. 93%: it becomes 48.73 gCOeq MJ ! when using Fe;03 and 26.48 gCOzeq MJ ! when using the iron
salt. With this catalyst precursor, in addition, a ratio of 0.56 MJy,-MJ;L is attained.

out

1. Introduction (15.8%) (Hartini et al., 2020). Any of these is considered a bad practice

from an environmental and economical point of view.

Biodiesel is a promising alternative to diesel fuel because of their
similar properties and cleaner burning in compression ignition (CI) en-
gines (Singh et al., 2021). Depending on the feedstock, biodiesel is
classified as first, second or third generation. First-generation feedstocks
compromise the availability of land and food output. Actually, the
current conflict between Russia and Ukraine has raised special concerns
and through a careful analysis it has been recommended (Shams
Esfandabadi et al., 2022) to switch to higher-generation biofuels by
using feedstock like waste cooking oil (WCO) or algae oil. In this sense,
there are worldwide generated, per year, approximately 16.5 million
tons of waste cooking oil (WCO) (Hosseinzadeh-Bandbatha et al., 2022a)
that is typically disposed to drains (66%), soil (8.6%) and garbage

Regarding its hazardous risks to environment, WCO has low solubi-
lity, reduces dissolved oxygen content and limits sunlight penetration
into water. Under these conditions, acidification and eutrophication are
likely to occur and fish are likely to die or not growing ( Hosseinza-
deh-Bandbafha et al., 2022a), thus negatively affecting the aquatic
ecosystem. Regarding the terrestrial ecosystem, the presence of WCO in
soil limits germination, plant growth and beneficial organisms like
earthworms (Hosseinzadeh-Bandbafha et al., 2022b).The valorization of
WCO not only decreases all the aforementioned adverse effects but also
reduces the emissions of greenhouse gases (GHG), supports the security
energy supply and the technological development. Currently, waste
conversion technologies in energy based on WCO are emerging systems

Abbreviations: LCA, Life Cycle Assessment; GWP, Global Warming Potential; WCO, Waste Cooking Oil; GHG, Green House Gases; SDG, Sustainable Development

Goals.
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of renewable and sustainable energy, and represent a circular economy
model studied as a sustainable measure to ensure economic viability and
low carbon (eco-friendly) fuels (Dahiya et al., 2020; Loizidou et al.,
2021).

The process to produce biodiesel from WCO includes mainly three
stages, pre-treatment, transesterification reaction and separation of
methanol (main reagent to conduct the transesterification) and glycerol
(transesterification by-product). The process can be either homoge-
neously or heterogeneously catalyzed. In either of these processes, the
pre-treatment usually consists in the addition of sulfuric acid to esterify
the free fatty acids (FFA) in the WCO. If this step is not conducted, the
yield of transesterification is considerably reduced (Enguilo et al.,
2021). The pre-treatment stage can be eliminated, however, by using a
bi-functional heterogeneous catalyst with both type of active sites, acid
and basic (Alanis et al., 2021; Mandari and Devarai, 2021). This means
that the esterification and transesterification reactions are conducted
with one catalyst at one stage.

Besides the catalyst, the most relevant process variables to improve
the efficiency of the esterification and transesterification reactions are
temperature, alcohol/oil ratio, amount of catalyst, and type of WCO.
Each of these variables offers a room for improvement in terms of energy
and chemicals consumption and therefore also in terms of environ-
mental impact of the process. Actually, the improvement of the sus-
tainability of the biodiesel production remains as a challenge for the
scientific community. As aforementioned, one strategy to achieve this
purpose is the use of waste cooking oil. Another strategy is the use of
bifunctional heterogeneous catalysts that allow to conduct esterification
and transesterification reactions of FFA in one stage, due to the presence
of both, acid and basic sites onto their surface (Al-Saadi et al., 2020;
Elias et al., 2020).

An already successfully proven bifunctional catalyst is the mixed Fe
and Ca oxide (Enguilo et al., 2021). In such an investigation, an
important variable found to impact the textural, structural and chemical
properties of the obtained catalyst was the iron precursor. Through this
variable, the attained fatty methyl esters content (FAMEs %) and reac-
tion time were also modified. Although it was demonstrated that using
Fe(NO3)3-9H20 as iron precursor, leads to a higher FAMEs yield at lower
reaction times and with lower amount of methanol than with Fe,O3 as
precursor, the cost of the salt is ca. six times that of the oxide. Then it is
also worth to analyze the environmental implications of using one or the
other. Moreover, the identification of the process variable impacting the
most to the environment has not been established neither.

Therefore, the main objective of this work was to establish, through
life cycle assessment methodology (LCA), the scenario and/or strategy
exerting the largest effect on reducing mid-point and end-point envi-
ronmental impacts of the biodiesel production catalyzed by the
bifunctional catalyst (mixed iron-calcium oxide) proposed by (Enguilo
et al., 2021). There were assessed two main scenarios and in each of
them three strategies were also tested. In Scenario 1, the iron precursor
used in the catalyst synthesis was ferric oxide (Fe;O3) while in Scenario
2, the iron precursor was an iron salt (Fe(NO3)3-9H20). The assessed
strategies were three: varying catalyst concentration, iron content and
alcohol/oil molar ratio. The response-variables were contribution to
mid-point environmental impacts (global warming potential,
photo-oxidation, acidification and eutrophication), end-point environ-
ment impacts (human health, ecosystems damage and resources) and
change in environmental impacts. In addition, a sensibility analysis was
conducted to determine the change in carbon footprint when solar en-
ergy instead of energy from fossil fuels was used during the WCO
transesterification process.

The literature related to biodiesel production with WCO or with oil
extracted from a residue like fruit seeds is vast (Yaashikaa et al., 2022);
this is not the case; however, when LCA is added to the search. There-
fore, this study will contribute to design a more sustainable process to
produce biodiesel and it is also expected that the results will help to the
decision makers.
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2. Materials and methods

This study was conducted according to the ISO 14040 (ISO 14040,
2007) and 14044 (1SO14044, 2006) standards. In concordance, the LCA
phases were 1) goal and scope definition, 2) inventory analysis, 3)
impact assessment, and 4) interpretation.

2.1. Goal and scope definition

The goal of the LCA was to establish the environmental impacts and
benefits of biodiesel production from WCO with heterogeneous catalysts
with different iron (III) precursors (Fe3O3 and Fe(NO3)3*9H>0), catalyst
concentration (1, 3, 5 and 7 wt%), iron content (III) (1, 2.5, 5 and 10 wt
%) over CaO and methanol/WCO molar ratio. The functional unit (FU)
for the LCA, in a similar way than in other works (Caldeira et al., 2015;
Pasha et al., 2021; Sheinbaum et al., 2013), was 1 MJ of energy from
biodiesel produced, based on its calorific value (37.27 MJ L’l). The
study was from cradle to gate and included pretreatment, catalyst syn-
thesis, reusability and heterogeneous reaction, leaving outside of the
limits of the system the mixing operations, loading and use in vehicles.

2.2. System description

Fig. 1 shows the system of biodiesel production that is defined by the
stages: pretreatment of WCO, catalyst synthesis, reusability and het-
erogeneous reaction. Upstream processes, such as cultivation or oil
extraction, were excluded from this analysis. The outputs included waste
gas emission carbon dioxide (CO3) by thermal desorption of the catalyst,
wastewater, catalyst waste, methanol emission to air, glycerol and bio-
diesel production. The gases emitted due to electricity consumption
were not explicitly noted in Fig. 1 since the applied model takes them
into account based on the consumed kWh.

It is worth pointing out that during the reaction with both catalysts
there were not observed emulsification or saponification problems. The
boundary of the process was categorized by using a black doted box and
the solid line box represents independent subsystems such as pre-
treatment, catalyst synthesis and the heterogeneous reaction process.
WCO was obtained from the local food industry. The fatty acid
composition of this oil was 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) (52.48%), arachidic (C20:0) (0.33%) and
linoleic (C18:3) (6.65%). The WCO was a recycled product with the Cut-
off method, so the emissions associated with the recycled product are
only those of its collection.

2.2.1. Pretreatment of WCO

The WCO requires a pre-treatment to remove solid particles, soluble
salts and moisture. Initially, to eliminate the solid particles, the WCO
was filtered. After that, a process with hot water was carried out to
remove gums. This process consists of adding water at 80 °C to the
previously heated oil, separate and eliminate de excess of moisture. The
electricity consumption was 0.098 kWh in this stage, and it is relatively
low, compared to the other stages involved in the process. Emissions to
water at this stage are discharged for treatment in a wastewater treat-
ment plant.

2.2.2. Catalyst synthesis and reusability

Bifunctional catalysts based on iron (III) and CaO were prepared by
an ion exchange method. In this method, to prepare Fe/Ca a 10 wt% iron
catalyst, 3.6 g of CaO were dispersed in 400 mL of water during 5 min.
Two solutions of iron(III) (1.79 x 102 M) were prepared, one per each
iron precursor, i.e. FeoO3 or Fe(NO3)3-9H20. The solution was dropwise
added to the CaO slurry and the mixture was stirred for 4 h. The sus-
pension was filtered and the solid was dried overnight at 100 °C. Then
the catalyst is calcined at 900 °C in a muffle with a ramp of 2 °Ce min ™!
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Fig. 1. System boundary for the management of WCO, through a heterogeneous process.

for 8h, to produce the acid and basic sites and to achieve the catalytic
stability. This thermal treatment affects both, input and output in-
ventory, especially in the energy consumption and in the emissions
items (see Table 1). During this stage, the transformation of Ca(OH),
(major component of quicklime) to CaO proceeds by means of temper-
ature. This leads to waste gas emission (carbon dioxide) and clean water
vapor. The electricity thermal consumption in this stage was 5.837 kWh
and, as can be seen in Fig. 3, this is the stage with the highest energy
consumption due to the use of a furnace. In order to establish the des-
orbed carbon dioxide due to the phase transformation of Ca(OH), into
CaO, a thermogravimetric analysis using the simultaneous TGA/DSC

SDT Q600-TA Instruments was conducted.

The stability of the bifunctional catalyst was tested by evaluating its
reusability in consecutive transesterification reactions. The catalyst was
reused at least three times without sacrificing activity and it was easily
recovered. In this step, further energy consumption was not necessary.
Nevertheless, when the catalyst deactivates it will represent an emission
to soil as depicted in Fig. 1. It is worth pointing out that the limit of
reusability of the prepared catalysts has not been determined yet.

2.2.3. Heterogeneous process
The biodiesel production was carried out in a glass stirred tank

Table 1
Inventory analysis according to the functional unit (1 MJ) in biodiesel production with a heterogeneous process with different wt% of iron (III) content.
Inventory item Unit wt% of iron (III) Catalyst Quality data
1% 2.5% 5% 10%
Input Output Input Output Input Output Input Output
Methanol g 6.25 1.38 5.61 0.73 5.48 0.60 5.54 0.67 Cat_1 Experimental
5.95 1.07 5.74 0.86 5.54 0.67 5.54 0.67 Cat 2
Biodiesel MJ 1 1 1 1 Cat_1 Experimental
1 1 1 1 Cat 2
% FAME % 78% 87% 89% 88% Cat_1 Experimental
82% 85% 88% 88% Cat_2
Electricity consumption kWh 1.20 1.08 1.06 1.07 Cat_1 Experimental
0.60 0.58 0.56 0.56 Cat 2
Pig iron (Fe;03) g 0.02 0.03 0.07 0.13 Cat_1 Experimental
Vermiculite 0.08 0.18 0.36 0.71 Cat_2
Fe(NO3)3*9H,0
Lime Hydraulic (CaO) g 1.02 0.91 0.89 0.90 Cat_1 Experimental
0.97 0.93 0.90 0.90 Cat_2
Air emissions (CH3;OH) g 0.63 0.56 0.55 0.55 Cat_1 Reference (Chung et al., 2019)
0.59 0.57 0.55 0.55 Cat 2
Catalyst waste g 1.03 0.94 0.96 1.03 Cat_1 Experimental
1.04 1.12 1.26 1.61 Cat 2
Methanol recovered g 5.63 5.05 4.93 4.99 Cat_1 Experimental
5.35 5.16 4.99 4.99 Cat 2
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reactor with baffles, methanol-reflux system and a thermometer to
monitor the reaction temperature that was kept constant (T = 60 °C) at
all experiments. The stirring (600 rpm) and the heating were conducted
through a thermal plate. The reflux system consisted of a condenser that
was being constantly cooled by recirculating anti-freeze coolant through
the condenser. The electricity consumption at this stage depended on the
tested catalyst and considered the following equipment: heating and
stirring plate, rotary evaporator, recirculation system, vacuum pump
and centrifuge. This was used to conduct the reaction, separate the
unreacted methanol via evaporation under vacuum, the catalyst by
centrifugation and finally glycerol was recovered by settling.

2.3. Life cycle inventory analysis

The inventory data with experimental quality, were obtained in a
0.25 L stirred tank reactor. The inventory presented in Fig. 2, was
calculated according to experimental results previously reported by
Enguilo et al. (2021), when the studied variable is the iron precursor and
the resulting materials are Cat_1 and Cat_2. Quicklime, source of CaO,
was from the lime production hydraulic. Methanol ACS (CH30H) 99.9%
was supplied by Fermont. Iron (III) nitrate (Fe (NO3)3-9H20) 99.0% was
bought in MERCK and iron (III) Oxide (Fe203) 99.0% was obtained from
Reasol.

For the purpose of the simulation in SimaPro 9.3.0.3%®, electricity
and fuel consumption emissions were modeled with a Mexican database
(MX), Ecoinvent v.3 database. The disposal scenarios of solid waste and

Potable water
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wastewater were established according to the Ecoinvent v.3 RoW and
GLO database. The impact analysis of each process variable was con-
ducted separately. Nevertheless, a general inventory was established
(see Fig. 2) and the catalyst synthesis phase was conducted separately in
order to observe and evaluate the environmental impacts depending on
the iron precursor and the resulting catalyst, Cat_1 and Cat_2. The iron
precursor, Fe;O3, for Cat_1 was considered from the pig iron market
(Flowers et al., 2021) and for Cat_2 (iron precursor: Fe(NO3)3-9H50),
vermiculite market was elected (Chen et al., 2010). The allocation was
made based on energy biodiesel output. The LCA system includes ma-
terial and energy inputs and environmental emissions (water, air and
solid) for each stage.

The emissions of the catalytic synthesis and reusability stage were
calculated based on thermogravimetric analysis (TGA) results reported
by Enguilo et al. (2021). Each stage in Fig. 3, corresponds to a weight
loss observed by TGA and therefore to a chemical transformation that
has been indicated in Fig. 3. According to Camacho et al. (2016), Cat_1
in stage 1, between 150 and 200 °C, losses physisorbed water; the second
stage at 350-500 °C corresponds to the decomposition of calcium hy-
droxide (Ca(OH)y) and finally, in the third stage between 550 and
900 °C, the decomposition of calcium carbonate (CaCO3) proceeds and
calcium ferrite oxide (CagFes0s) is formed (Enguilo et al., 2021). For
Cat_2, four stages can be distinguished: physisorbed water is desorbed
between 50 and 100 °C (stage 1), Fe(NO3)3-9H0 decomposes between
200 and 250 °C (stage 2); then in the third stage, 350-450 °C, calcium
hydroxide becomes calcium oxide, iron oxide (III) is formed and also
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Fig. 2. Inventory analysis data of the heterogeneous production of biodiesel catalyzed by Cat_1 (Iron precursor: Fe;O3) (Scenario 1) and by Cat_2 (Iron precursor: Fe

(NO3)3-9H,0) (Scenario 2).
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CaFey04 appears. Finally, in stage four, calcium ferrite (CayFe2Os) is
formed by the interaction of calcium oxide and iron oxide (III). In Figs. 3,
1.51 and 1.16% correspond to the CO, desorbed from Cat_1 and Cat_2,
respectively (Enguilo et al., 2021).

2.3.1. Strategy 1: modifying the iron content

The conversion of FFA’s achieved with a bifunctional catalysts may
depend on the equilibrium of acid and basic sites (Atadashi et al., 2013;
Maroa and Inambao, 2021), which ensures high catalytic activity.
Enguilo et al. (2021), reported that the ratio of acid to basic sites in Cat_2
is almost double than that in Cat_1. This ratio is modified by altering the
iron content onto the catalytic surface. To assess the environmental
impacts of varying iron content, a new inventory analysis was conducted
only in that related to the heterogeneous process since the rest of the
stages remain the same. This inventory analysis is presented in Table 1
and the output values were obtained at 2 h of reaction with Cat_1 and
after 1 h of reaction with Cat 2. This time is where the highest

2 in various stages for quantifying emissions of COx.

percentage of FAMEs is achieved according to the results of Enguilo et al.
(2021). FAMEs content was determined by gas chromatography and the
standard deviation of the analysis was 1%.

As can be seen in Table 1, other than reaction time, there are also
variables such as electricity consumption, used and recovered methanol
that are affected by the type of employed catalyst. The electricity con-
sumption is practically half with Cat_2 than with Cat_1 since the reaction
time, i.e. heating time, to reach the maximum FAMEs% is half than that
used by Cat_1. This increase in catalytic activity was ascribed (Enguilo
et al., 2021) to the ratio of acid to basic sites, which is higher in Cat_2
than in Cat_1. It can also be observed in Table 1 that the electricity
consumption is a function of the iron percentage and this is due to the
different catalytic activity exhibited by each of the prepared catalysts
that is reflected in the final FAMESs content. It is worth noticing that this
consumption is inversely correlated with the FAMEs content.

Table 2
Inventory analysis according to the functional unit (1 MJ) in biodiesel production with a heterogeneous process with different catalyst concentration.
Inventory item Unit Catalyst concentration Catalyst Quality data
1% 3% 5% 7%
Input Output Input Output Input Output Input Output
Methanol g 6.25 1.38 5.74 0.86 5.48 0.60 8 3.12 Cat_1 Experimental
7.07 2.19 5.74 0.86 5.54 0.67 8.13 3.25 Cat 2
Biodiesel MJ 1 1 1 1 Cat_1 Experimental
1 1 1 1 Cat 2
% FAME % 78% 85% 89% 61% Cat_1 Experimental
69% 85% 88% 60% Cat_2
Electricity consumption kWh 1.20 1.10 1.06 1.54 Cat_ 1 Experimental
0.72 0.58 0.56 0.82 Cat 2
Pig iron (Fe;03) g 0.03 0.08 0.13 0.27 Cat_1 Experimental
Vermiculite 0.19 0.45 0.71 1.49 Cat_2
Fe(NO3)3*9H,0
Lime Hydraulic (CaO) g 0.20 0.55 0.89 1.80 Cat_1 Experimental
0.23 0.55 0.90 1.82 Cat_2
Air emissions (CH3;OH) g 0.63 0.57 0.55 0.80 Cat_1 Reference (Chung et al., 2019)
0.71 0.57 0.55 0.81 Cat 2
Catalyst waste g 0.23 0.64 1.02 2.07 Cat_1 Experimental
0.41 1.00 1.31 3.32 Cat 2
Methanol recovered g 5.63 5.16 4.93 7.20 Cat_1 Experimental
6.36 5.16 4.99 7.32 Cat 2
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2.3.2. Strategy 2: modifying the catalyst concentration

The second strategy was varying the catalyst concentration (1, 3, 5
and 7%) for Cat_1 and Cat_2. The inventory analysis, Table 2, describes
the output values obtained at 2 h of reaction with Cat_1 and after 1 h of
reaction with Cat_2. The percentage of FAMEs was studied with reaction
time and electricity consumption, used and recovered methanol and
catalyst waste. The electricity consumption is also practically half with
Cat_2 than with Cat_1 since the reaction time to achieve the maximum
FAMEs content was 1 h for Cat_2 and 2 h for Cat_1 (Enguilo et al., 2021).
As can be seen in Table 2, the maximum FAMEs % was attained when
using 5% iron content.

2.3.3. Strategy 3: modifying the alcohol/oil molar ratio

The inventory analysis modifying the alcohol/oil molar ratio is
presented in Table 3. The values for this process variable were 9:1, 12:1,
18:1 and 25:1, the percentage of FAMEs was studied with reaction time
and electricity consumption, used and recovered methanol and catalyst
waste. The electricity consumption is also practically half with Cat_2
than with Cat_1. The reason for this is that, as in the case of the previous
variable, the reaction time with Cat_2 to achieve the maximum FAMEs
content was half of that with Cat_1 (Enguilo et al., 2021).

2.4. Life cycle impact assessment

The environmental impact of the whole processes has accuracy,
consistency and specification of data collection. The software SimaPro®
9.3.0.3 PhD (Pré Sustainability, Amersfoort, Netherlands) was used to
analyze and compare the environmental impact categories. Inventory
models for inputs were obtained from the Ecoinvent v.3 database
(Ecoinvent, 2019). The method to establish the endpoint LCA damage
categories was ReCiPe 2016Endpoint (H) V1.04/World (2010) H/A
(ecosystem quality, human health, and resources).

The midpoint assessment of biodiesel production from WCO with
heterogeneous catalyst, (Cat_1) and (Cat_2), was conducted using the
CML-IA baseline V3.06/EU25 method (CML, 2001) and assessing the
impact of variables such as amount of catalyst (with 10% of iron) respect
to the mass of oil (1, 3, 5 and 7%), and wt% of iron (III) (1, 2.5, 5 and 10
wt%) over CaO, and the alcohol/oil molar ratio (9:1, 12:1, 18:1 and
25:1). The midpoint categories considered were: Global warming po-
tential (GWP100a) (kg CO ¢q), Photochemical oxidation (PO) (kg CoHs
eq), Acidification (A) (kg SOz ¢q) and Eutrophication (E) (kg POy eg).
These environmental impact categories have previously been used by
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other authors that have performed a LCA (Corral-Bobadilla et al., 2022;
Hartini et al., 2021) and were elected because they are related with the
consumption of energy by fossil fuels, raw materials and waste that the
process generates (Achten et al., 2010).

2.5. Interpretation

To complete the life cycle impact assessment, a sensitivity analysis
was carried out to evaluate each scenario based on allocation energy.
Such an analysis is presented to identify the environmental impact of
GWP affecting the biodiesel production viability, to contrast with sus-
tainability criteria already established by the Renewable Energy Direc-
tive (RED). These criteria are based on the evaluation of CO, emissions,
saving targets and comparison to fossil fuels, reported in LCA studies
(Caldeira et al., 2015; Hosseinzadeh-Bandbafha et al., 2022b). The
modified variable was energy source, i.e. fossil fuels or solar.

3. Results and discussion
3.1. Midpoint impact assessment of scenario 1 and scenario 2

Under the best conditions of biodiesel production (5 wt% amount of
catalyst and 10 wt% of iron (III) over CaO) (Enguilo et al., 2021), the
midpoint assessment of Cat 1 and Cat_2 summarized in Fig. 4, shows the
biodiesel production catalyzed with Cat 1 has the greatest environ-
mental contributions in next categories: 65.31% GWP, 58.10% PO,
65.30% A and 65.29% E. The principal contributor to the environmental
impact is the use of electricity, mainly produced from fossil fuels in
Mexico (Santoyo-Castelazo et al., 2014).

3.1.1. Global warming potential (GWP 100a)

The GWP 100a, was evaluated for a time horizon of 100 years, and
for this stage was 0.60 kgCO, eqeMJ ! for Cat.1l and 0.32 kgCO-
eqeMJ ! for Cat 2, due to the effect of electricity consumption and
methanol inputs in the heterogeneous reaction. This concurs with that
reported by other research groups, regarding the heterogeneous process
exerting the highest damage level, since it contributes to a large elec-
tricity consumption and to the energy expenditure in methanol recovery
(Chung et al., 2019).

3.1.2. Photochemical oxidation (PO)
Photochemical oxidation recorded in kg non-methane volatile

Table 3
Inventory analysis according to the functional unit (1 MJ) in biodiesel production with a heterogeneous process with different alcohol/oil molar ratio.
Inventory item Unit Alcohol/oil molar ratio Catalyst Quality data
9:1 12:1 18:1 25:1
Input Output Input Output Input Output Input Output
Methanol g 4.82 1.16 5.42 0.54 7.78 0.47 11.54 1.38 Cat_1 Experimental
4.21 0.55 5.54 0.67 8.31 1 11.54 1.38 Cat 2
Biodiesel MJ 1 1 1 1 Cat_1 Experimental
1 1 1 1 Cat 2
% FAMEs % 76% 90% 94% 88% Cat_ 1 Experimental
87% 88% 88% 88% Cat_2
Electricity consumption kWh 1.24 1.04 1 1.07 Cat_ 1 Experimental
0.57 0.56 0.56 0.56 Cat 2
Pig iron (Fe;03) g 0.16 0.13 0.13 0.13 Cat_1 Experimental
Vermiculite 0.72 0.71 0.71 0.71 Cat 2
Fe(NO3)3-9H,0
Lime Hydraulic (CaO) g 1.04 0.88 0.84 0.90 Cat_1 Experimental
0.91 0.90 0.90 0.90 Cat_2
Air emissions (CH3;OH) g 0.48 0.54 0.78 1.15 Cat_1 Reference (Chung et al., 2019)
0.42 0.55 0.83 1.15 Cat 2
Catalyst waste g 1.20 1.01 0.97 1.03 Cat_1 Experimental
1.63 1.61 1.61 1.61 Cat 2
Methanol recovered g 5.49 5.42 7.47 11.27 Cat_1 Experimental
4.33 5.65 8.48 11.77 Cat_2
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Fig. 4. Comparative results of life cycle environmental impacts for 1 MJ of biodiesel production from waste cooking oil with Cat 1 (Fe;O3) and Cat 2 (Fe

(NO3)3*9H,0), using CML-IA baseline V3.06 midpoint indicators.

organic compounds equivalent refers to emissions of reactive substances
injurious to human health and ecosystems. In this impact category, the
production of methanol contributes 1.69E-04 kg CoHseq when using
Cat_1 and 1.22E-04 kg CoH4eq when using Cat_2. Nevertheless, it is
plausible that this impact category is affected by the catalyst synthesis
stage (because of the raw materials) and therefore the catalyst dosing
will also affect this indicator (Al-Muhtaseb et al., 2021).

3.1.3. Acidification (A) and eutrophication (E)

Acidification measured in kg SO, equivalent is caused by the emis-
sion of acidifying substances that decrease the pH of rainwater released
into the environment. This impact category derives from acidifying
pollutants, such as NHs, NO,, NOx, SO3 and SOx reaching the atmo-
sphere and reacting with water vapor to form acids. The trans-
esterification stage contributes (2.48 E—03 kg SO.eq) with Cat_1 and
(1.32E-03 kg SO2eq) with Cat_2, respectively. This could be due to the
use of methanol and electrical energy from fossil fuels, which has been
related to the emission of acidifying substances (Al-Muhtaseb et al.,
2021). Also, a contribution to this impact category might be given by the
extraction of pig iron, vermiculite and calcium oxide. It is also worth
noting, that based on previous LCA studies on biofuels, biodiesel from
WCO has lower acidification and eutrophication than fossil diesel (Pasha
et al., 2021).

Eutrophication consists of the effect of releasing an excessive amount
of nutrients reported as kg PO4 equivalent. The eutrophication impact
comes from the waste liquid effluents that are released into water
bodies, increasing eutrophication levels produced during trans-
esterification, for Cat_1 (2.33 E—04 kg PO4eq) and Cat_2 (1.24E-04 kg
PO4eq), respectively. The LCA of electricity generation in Mexico reports
that eutrophication potential from the operation of coal, heavy fuel oil
and gas power plants contributes 27%, 24% and 30% (Santoyo-Caste-
lazo et al., 2011), respectively.

3.2. Endpoint impact assessment of scenario 1 and scenario 2

According to the endpoint analysis presented in Fig. 5, Cat_.
contributed a total of 26.7 mPt and Cat_2, 14 mPt. The highest damage
category was human health and this has been documented to be
impacted by toxicological effects and climate change (Finnveden et al.,
2009). Thus, this category includes Global warming, Human toxicity
and Ozone layer depletion. The relative high single score of this category
can be ascribed to the required heating and time to conduct the biodiesel
production (Kumar et al., 2022), and it is also impacted by the use of
methanol that has been associated to the damage of human health
(Hosseinzadeh-Bandbafha et al., 2022b). Cat_1 contributed with 25.20

30

mCat_2
mCat_1

Human health  Ecosystems Resources
Fig. 5. ReCiPe’s endpoint impact categories for the production of 1 MJ of
biodiesel from waste cooking oil with Cat 1 (FeyO3) and Cat2

(FE(N03)3*9H20).

mPt and Cat_2 with 13.34mPt to the category of Human Health. This is
related to the impacts of environmental degradation that results in an
increase of and duration of loss-of-life-years due to ill health, disability
or early death.

These results demonstrate that the process of biodiesel production
with Cat_2, not only implies the valorization of WCO but also provides
environmental improvements in the use and production of alternative
renewable energies instead of fossil fuels. Nevertheless, the cost of raw
materials to produce Cat_2 is about six-fold than that of Cat_1 (Enguilo
et al., 2021). Therefore, it is worth to analyze if by any of the assessed
strategies in this work, the environmental impacts of Cat_1 can get near
to those of Cat_2 with the purpose of utilizing Cat_1 instead of Cat_2
since the cost of the former is lower than the latter.

3.3. Strategy I: modifying iron (III) content

From a chemical point of view, the variation of the iron (III) content
implies a change in acid sites concentration on the catalytic surface,
available to conduct the esterification reaction of free fatty acids. From
an economical perspective, this variable implies a cost change of the
catalyst preparation, i.e. higher iron (III) content implies a higher
catalyst cost. So far, the environmental implication of this variable has
not been determined and this is the objective of this section. For this
purpose, Fig. 6 was generated for scenario 1 and 2. It can be observed
that the changes in impacts are a function of catalyst. Nevertheless, the
changes in impacts per category and per catalyst overlapped.
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Fig. 6. Effect of iron content on the changes of midpoint environmental im-
pacts using Cat_1 and Cat_2.

When Fey0j3 is used as catalyst precursor, this is Cat_1, all the four
assessed categories, i.e. GWP, PO, A and E, are similarly affected with
the iron content. Actually, it can be seen in Fig. 6, that the impact on the
four categories is decreased when the iron content is increased from 1%
to 5%, the change in impact is from ca. 27%-24%. A similar behavior
was observed with Cat_2. In this case, however, the change in impacts
was lower than that for Cat_1 since it changed from 26 to ca. 24%. In
both cases, this behavior can be ascribed to an increase in FAMEs con-
tent (see Table 1) that leads to a decrease in energy consumption to
produce 1 MJ. It is worth noticing in Fig. 6, that an increase in iron
content beyond 5% does not imply a further change in impacts.

Summarized in Table 4 are the input and output energy values for
each wt% of iron (III). The input energy refers to the fossil energy
consumption and the output energy refers to the functional unit that is 1
MJ of biodiesel. Therefore, the ratio means the used energy from fossil
fuels required to produce 1 MJ of energy from biodiesel. This ratio has
been reported to be a function of the type of produced biofuel (Jeswani
et al., 2020). This ratio, for instance, is 0.35 for the average studies
related to second generation bioethanol. In the context of biodiesel, the
average ratio is 0.5 although there are studies in the 3rd quartile that
report values up to 0.58 (Jeswani et al., 2020). From now onwards, this
ratio will be referred as fossil energy use and is expected to be as low as
possible with the objective of reducing the dependence of fossil fuels and
contribute to goal 13 for climate change mitigation and consequently to
meet national strategies, policies and planning.

For Cat_2, the ratio was between 0.6 and 0.56 MJinput-MJgultput and
for Cat_1 varies between 1.20 and 1.07 MJinputoMJgultput (see Table 4).
The difference is due to the longer time required for Cat_1 to achieve a
maximum compared to Cat_2 and to the high energy requirements for
heating and stirring plate, rotary evaporator, recirculation system,
vacuum pump and centrifuge. This is reflected in the global warming
potential (see Table 5), that is about twice when using Cat_1 than when
using Cat_2.

Table 4
Effect of the iron content on the fossil energy use (MJoMJ™1).
Inventory item Unit wt% of iron (III) Catalyst
1% 2.5% 5% 10%
Output energy MJ 1 1 1 1 Cat_1
1 1 1 1 Cat_2
Input energy MJ 1.20 1.08 1.06 1.07 Cat_1
0.60 0.58 0.56 0.56 Cat_2
Ratio 1.2 1.08 1.06 1.07 Cat_1
0.6 0.58 0.56 0.56 Cat_2
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Table 5
Environmental impact due to biodiesel production process (1 MJ) and effect of
the iron content, using CML-IA baseline V3.06.

Impact Unit wt% of iron (III)

Category

Catalyst

1% 25% 5% 10%

Global warming kg CO, 0.76  0.68 0.67 0.68 Cat.l
(GWP100a) eq 0.36  0.37 036 0.38 Cat2

3.4. Strategy 2: modifying the catalyst concentration (Wcq)

This variable implies a higher number of acid and basic sites avail-
able to conduct both reactions, esterification and transesterification. It
also implies an increased cost of the process due to a higher catalyst
concentration per batch. In a multiphase reaction, like the one in this
study, when the process is free of mass transport resistances, then an
increase in this variable will lead to an increase in reaction rate (Pena
et al., 2009). Thus, it is important to establish if such an improvement is
worthy in terms of environmental impacts.

Regarding Cat_1, Fig. 7, the effect of catalyst concentration in the
range of 1-5% is not considered significant for the contribution to
environmental impacts, since all impacts are changed only between (24-
22%), the change becomes significant when using a 7% of catalyst
loading. In the case of Cat_2, all impacts of midpoint analysis exhibit an
important change when changing catalyst concentration: GWP
(25-36%), PO (24-37%), A (19-47%) and E (19-48%).

For the purpose of improving the environmental contribution by
varying the amount of catalyst, Cat_2 has significant percentage changes
in all the impacts categories studied, compared to Cat_1. The environ-
mental impacts that presented higher changes were: A and E. This might
be due to increase inputs such as catalyst concentration (vermiculite and
lime hydraulic) and electricity consumption, and outputs (catalyst
waste). Therefore, this strategy can be concluded to exert an important
effect on the changes in impacts when using Cat_2. With this catalyst, the
catalyst concentration with the minimum impacts was 5%. With this
concentration, the environmental impact of GWP for Cat_1 was 0.67 kg
CO3 eq and Cat_2 was 0.36 kg CO3 eq, see Table 5. It is worth noting that
with the same catalyst concentration, the carbon footprint is reduced ca.
by half when using Cat_2 instead of Cat_1.

3.5. Strategy 3: varying the alcohol/oil molar ratio

According to the stoichiometry of the triglycerides transesterification
reaction, 3 mol of methanol are required to produce 3 mol of methyl
esters (biodiesel) by means of reaction 1 (Galvan Mucino et al., 2016),

T+3CH; —OH — G+ 3ME (€D)]

this reaction, however, is reversible and to promote the direct reac-
tion instead of the reverse one, a typical action is the use of a higher
alcohol/oil molar ratio than the stoichiometric one (Camacho et al.,
2018; Mucino et al., 2014). Therefore, although reported that the re-
action rate increases directly with the alcohol/molar ratio, it is impor-
tant to establish whether or not such an improvement justifies the
increase in methanol consumption and the changes in environmental
impacts.

Fig. 8 shows the effect of varying the alcohol/oil molar ratio on
changes in impacts, when using Cat_1 and Cat_2. In this case, PO was
identified as the impact category with the most significant change, for
Cat_1 this impact changes between 23-31% and 19-36% with Cat_2. This
category is the most affected because of the increased use of a volatile
compound, methanol. The other impacts for Cat_1, i.e. GWP, A and E,
overlap and vary from 28 to 23% when increasing the alcohol/oil molar
ratio from 9 to 18. This reduction is due to the increase in reaction rate
that implies a change in the inventory, specifically in energy consump-
tion (see Table 3). According to the inventory, the energy consumption
decreases from 1.24 to 1 kWh and then increases again to 1.07 with the
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Fig. 8. Effect of alcohol/oil molar ratio on the change of environmental impacts when using Cat_1 and Cat_2.

highest assessed alcohol/oil molar ratio (25:1). This also explains why
the change in impacts also slightly increases (see Fig. 8).

Therefore, it can be concluded that when using Cat_1 the strategy of
increasing the alcohol/oil molar ratio up to 12:1 reduces GWP, PO, A
and E; a further increase not only will not significantly improve these
categories but will negatively affect PO. Regarding Cat 2, the only
affected impact category is PO and this is, once again, due to the
increased use of methanol. The other impact categories overlap and are
not affected since the energy consumption to obtain 1 MJ was very
similar with any of the assessed alcohol/oil molar ratios, ca. 0.56 kWh.

The environmental impact of GWP with 12:1 alcohol/oil molar ratio
for Cat_1 was 0.66 kg CO» eq and Cat_2 was 0.36 kg CO» eq. Thus, the
carbon footprint is reduced by about half when the iron nitrate is used as
precursor of the catalyst. The photochemical oxidation is also consid-
erably reduced, about 40%, when changing iron precursors (see Fig. 9).

This is because with the same amount of alcohol, a higher FAMEs% is
obtained after 1 h of reaction with Cat_2 than with Cat_1.

3.6. Sensitivity analysis

The impact categories GWP and PO could be minimized by
substituting the electricity mix from carbon to other energy sources with
lower carbon and Sulfur content. A possible way of reducing such de-
pendency is to increase the electricity production and chemicals from
renewables, as for example the production of electricity with solar
panels. There is presented in Fig. 10, the sensitivity analysis when
electricity consumption was solar energy. In such a case, the GWP de-
creases approximately 93%, for both catalysts, Cat 1(48.73
gCOseqeMJ 1) and Cat_2 (26.48 gCOreqeMJ 1), when conducting the
process with a catalyst loading of 5%, an iron content of 10% and a 12:1
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The energy allocation indicates the importance of clearly identifying,
describing and motivating the choice of energy use indicator (Arvidsson
et al., 2012), as per the RED approach leads to GHG emissions of 15-20
gC02eq MJ-1 (Shonnard et al., 2015). The RED has established a typical
greenhouse gas emission for biofuels systems using allocation energy
content (European Parliament, 2018; Malca y Freire, 2012), this mea-
sure in the EU has motivated the use of biofuels instead of fossil fuels.
The recently established goal is that at least 32% of the total EU energy
needs are met with renewables by 2030 (EPF, 2018).

Biofuels regulations, such as those established by the RED, use the
energy content of biofuels (MJ) as the functional unit (Caldeira et al.,
2015; Jeswani et al., 2020). Mexico has committed to an uncondition-
ally goal of reducing 22% of GHG emissions by 2030 with respect to a
business as usual baseline (SEMARNAT, 2018). Therefore, under the
framework of this energy reform, the state must introduce a clean energy
certificate market that forces power generators to include clean energy
sources such as wind, photovoltaic, and biomass. In this sense, the re-
sults shown in Fig. 10 demonstrate that biodiesel from WCO importantly
contributes to this goal.

3.7. Implications

There are in Table 6 summarized the works and the results obtained
when applying LCA to establish midpoint category impacts and endpoint
damage impact on human health. The works included in this table are
merely those that have assessed the biodiesel production from some type
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of waste, catalyzed by heterogeneous catalysts. Because the FU of this
work (1 MJ) is different to that of the references shown in Table 6 (1000
kg), a direct comparison is not straightforward. Nevertheless, by con-
trasting the reaction conditions some practical implications of this work
can be established. These being providing by the first time the global
warming potential of biodiesel production with the prepared bifunc-
tional catalyst and the damage to human health. In addition, if the
calorific value of biodiesel, 43.28 MJ/kg (Al-Muhtaseb et al., 2021), is
taken into account, then the minimum GWP per 1000 kg of biodiesel of
the assessed process in this work is 1125.3 kg CO2 eq when using solar
energy and Cat_2 (see last row in Table 6). This value is higher than
those reported in the literature and this might be due to the fact that the
values from literature correspond to only one stage of the process (the
one contributing the most to GWP) while the value reported from this
work includes the separation of glycerol and catalyst by centrifugation
and the recovery of methanol by evaporation-condensation in a rotatory
evaporator. In addition, the relative high GWP values of the processes
conducted with energy from fossil fuels, might be due to the
before-mentioned unit operations being conducted at lab-scale and then
the input data in the inventory correspond to the same scale; which
would not be really practical to purify 1000 kg of biodiesel. An impor-
tant indicator, however, of the viability of using the herein proposed
catalyst is the 0.56 energy ratio (MJin~MJ;L}t) obtained with Cat_2. In
addition, this research contributes to United Nations Sustainable
Development Goals (SDG) by providing a pathway to clean energy op-
tions (SDG 7) and is aligned to SDG 13 (Climate Action) and SDG 12
(Responsible Consumption and Production). Going forward, it is crucial
that the innovations applying circular economy approaches not only
entail production and chemical processes but also assess life cycle
environmental impacts (H. Al-Muhtaseb et al., 2022).

3.8. Challenges and future directions

There were shown in this work, some scenarios and strategies to face
an important challenge in the biodiesel production, i.e. decrease the
associated environmental impacts. An important result was the ratio of
energy input and energy output being lower than 1. Nevertheless, it is
challenging to further decrease such a ratio since this is intrinsically
associated with the mid-point and end-point category impacts, because
of the electricity consumption from fossil sources. For this, reaction time
and temperature should be reduced.

The above mentioned can be achieved by optimizing the catalyst
synthesis, especially in the precursor and in the calcination temperature
aspects. The challenge here is to produce a highly active catalyst at low
temperatures, with both type of sites, acid and basic, that could be
synthesized from waste like clam shells (Ceron-Ferrusca et al., 2021) and
egg shells (H Al-Muhtaseb et al., 2022) and which synthesis implies the
minimum of resources, i.e. electricity, water and chemicals. Actually,
the high calcination temperature and lengthy calcination to prepare the
catalysts for this study can be considered as one of the drawbacks that
might limit their use. A relevant review on different biowastes utilized as
catalyst of the biodiesel production has been given by (Hosseinza-
deh-Bandbafha et al., 2022a). At this point, hybrid systems, i.e. bio-
logical and inorganic might become important. In addition, there is also
other type of catalyst synthesis that might result in lower energy con-
sumption, such as molten salt (Sikalidis, 2011).

The type of reactor also plays an important role since its design will
intensify mass transfer and that might reduce reaction time. This has
also been pointed out by (Hosseinzadeh-Bandbafha et al., 2022b). Other
challenges to increase the sustainability of biodiesel production is the
actual re-utilization of methanol and valorization of glycerol. In this
sense, a sustainable production of methanol might also help to reduce
the environmental impacts observed in this work. Actually, Brandao
et al. (2022) have recently pointed out the importance of incorporating
the uncertainty associated to feedstocks and LCA modelling approach.
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Table 6
LCA of biodiesel production from waste and with heterogeneous catalysts.
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Reaction conditions Assessed environmental impact categories

Stage or process variable that

Midpoint category Reference

contributes the most to

impact (GWP)

Endpoint damage
impact (Human

environmental impacts (kg CO; eq) health)
Points (Pt)

Catalyst: H,SO4 and Waste 1SO 14044 Transesterification of WCO 27.2 0.138 (Chung et al.,
Chicken Eggshell FU: 1000 kg de biodiesel 2019)
derived CaO Software: SimaPro 7
T: 65 °C Database: Ecoinvent
Reactor type: Batch Method: Eco-indicator 99 midpoint (11
Raw materials: impact categories) and endpoint (3
methanol, WCO damage categories)

Reaction time: 2h
% FAMEs: 80%

Catalyst: CaO/CeO, ISO 14044 Catalyst preparation and a 402.28 119.19 (Al-Muhtaseb
T: 70 °C FU: 1000 kg de biodiesel regeneration et al., 2021)
Reactor type: Batch Software: SimaPro 8.0
Raw materials: loquat Database: Ecoinvent
seed oil and methanol Method: midpoint CML-IA baseline V3.06
Reaction time: 1.5h (11 impact categories), endpoint ReCiPe
% FAMEs: 90.14% 2016 (3 damage categories).

Catalyst: SrO-La;03 1SO 14044 Transesterification of WCO 445.59 NR (Al-Muhtaseb
T: 65 °C FU: 1000 kg de biodiesel et al., 2022)
Reactor type: Batch Software: SimaPro v9
Raw materials: prunus Database: Ecoinvent
Armeniaca seeds oil and ~ Method: CML-IA baseline V3.06 (4 impact
methanol categories)

Reaction time: 1.25h Sensitivity analysis
% FAMEs: 97.28%

Catalyst: Fe304 1SO 14044 Catalyst preparation and reuse 726.80 199.81 (Al-Mawali
T:55°C FU 1000 kg biodiesel et al., 2021)
Reactor type: Batch Software: SimaPro v9
Raw materials: waste Database: Ecoinvent
date seed oil and Method: midpoint CML-IA baseline V3.06
methanol (11 impact categories) and endpoint
Reaction time: 47 min ReCiPe 2016 (3 damage categories).

% FAMEs: 90%

Catalyst: Cat_1 (Fex03) 1SO 14044 Transesterification of WCO Cat_1 (Fe;03) Cat_1 (Fey03) This work
and Cat_2 (Fe FU: 1 MJ biodiesel 0.67 0.0252
(NO3)3-9H,0) Software: SimaPro 9.3.0.3 Cat_2 Fe Cat_2 Fe
T: 60 °C Database: Ecoinvent (NO3)3-9H,0 (NO3)3-9H,0
Reactor type: Batch Method: midpoint CML-IA baseline V3.06 0.36 0.0133
Raw materials: WCO (4 impact categories) and endpoint ReCiPe Solar:
and methanol. 2016 (3 damage categories). Cat_1 (Fe;03)

Reaction time: Cat 1 (2 0.048

h) and Cat_2 (1 h) Cat_2 Fe

% FAMEs: Cat_1 (88%) (NO3)3-9H,0
and Cat_2 (88%) 0.026

This work may be limited in this sense and further analysis is necessary
to include all relevant types of uncertainty and variability related to LCA
study. This will require the development of consensus methodologies for
quantifying model and scenario uncertainties.

Finally, it can be said that because of all the involved variables in the
biodiesel production it is recommended the use of machine learning
technology in order to optimize quality of biodiesel and input resources
like human labor, energy, water and chemicals (Aghbashlo et al., 2021).

4. Conclusions

Biodiesel production with waste cooking oil as feedstock is cleaner
when Fe(NO3)3-9H,0 (Cat_2) is used to prepare the catalyst instead of
Fey03 (Cat_1). The former contributes the lowest (ca. 35%) to midpoint
environmental impact categories such as global warming potential,
photochemical oxidation, acidification and eutrophication. Regarding
the endpoint environmental impact categories, the human health dam-
age is the most affected indicator. In this case also, Cat_2 is 52.89%
lower than that with Cat_1.

For both catalysts, varying the catalyst loading (Wcat) in the reaction
system is the strategy that decreases the most the environmental impact
categories of E, A, GWP and PO. For Cat_2, beyond W¢yt = 5%, the
environmental impacts increase. The methanol/oil molar ratio should
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be kept at a minimum to decrease PO. It was concluded that the global
warming potential decreases about 93%, for Cat_1(48.73 gCOzeq MJ D)
and Cat_2 (26.48 gCOzeq MJ™!) when conducting the biodiesel pro-
duction with solar energy instead of energy from fossil fuels. A ratio of
0.56 MJin~MJ;ult is attained with Cat_2 and this about half than that
obtained with Cat_1.

Further analysis is necessary to include all relevant types of uncer-
tainty and variability related to LCA study. This will require the devel-
opment of consensus methodologies for quantifying model and scenario
uncertainties.
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LCA Life cycle assessment
WCO Waste cooking oil
FFA Free Fatty Acids
GHG Greenhouse gases

FAMEs Fatty methyl esters

FU Functional unit

TGA Thermogravimetric analysis
GWP100a Global warming potential

PO Photochemical oxidation

A Acidification

E Eutrophication

RED Renewable Energy Directive
SDG Sustainable Development Goals
mPt milipoints

CONACYT Consejo Nacional de Ciencia y Tecnologia

GISRO Integral and sustainable organic waste management
Nomenclature

Cat_1 Catalyst prepared using Fe;Os as iron precursor

Cat 2 Catalyst prepared using Fe(NO3)3-9H20 as iron precursor
CaO Calcium oxide Lime hydraulic
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Cat_1_solar Biodiesel production conducted with Cat_1 and solar energy instead of energy from fossil fuels
Cat_2_solar Biodiesel production conducted with Cat_2 and solar energy instead of energy from fossil fuels

Fe(NO3)3-9H20 Nonahydrated iron nitrate Vermiculite
Fe,03 Iron (III) oxide Pig Iron

CayFe;Os Calcium ferrite

Ca(OH), Calcium hidroxide

CaCO3  Calcium carbonate

CaFe;04 Calcium iron oxide

CH30H Methanol Air emissions

COy Carbon dioxide

C12:0 Lauric acid
C14:0 Myristic acid
C16:0 Palmitic acid
cl6:1 Palmitoleic acid
C17:0 Margaric acid
C18:0 Stearic acid
Cc18:1 Oleic acid
C18:2 Linoleic acid
C20:0 Arachidic acid

kg COz ¢q Equivalent kilograms of carbon dioxide
kg CoHy eq Equivalent kilograms of ethylene

kg SOz ¢q Equivalent kilograms of sulfur dioxide
kg PO4 ¢q Equivalent kilograms of phosphate

NH3 Ammonia

NO, Nitrite

NOx Nitrogen oxides
SO, Sulfur dioxide
SOx Sulfur oxides

T Triglycerides
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MJin/MJ,ye Ratio of the input energy from fossil fuels to the output energy from the produced biodiesel

Symbols

kWh Kilowatt-hour

MJ Mega joules

kg Kilograms

h Hour

°C Celsius

min Minutes

rpm Revolutions per minute

L Liters

MX Mexican database

RowW Rest of the world

GLO Global

wt% Percentage weight

Weat catalyst loading

CML-IA Faculty of Science of Leiden University method
ISO International Organization for Standardization
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