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Abstract
Despite the global positive impacts of soybean-, maize- and sugarcane-based (firstgeneration) liquid biofuels, several drawbacks pertaining to increased use of agricultural
land, accelerated deforestation and extensive practice of fertilizers have been observed in
some countries. As a result, developing advanced (second- and third-generation) liquid
biofuels have been identified as better alternatives and are considered to be of great
importance in the future. These alternative biofuels will help to meet the energy demand by
transition to ameliorate and fulfil the energy demand, especially in the transport sector.

The actual energy demand for fossil fuels in Bolivia is unsustainable due to its continuous
increase. Bolivia has its own fossil fuel resources, but these still fall short of demand, forcing
the government to budget for yearly fuel imports. This situation has prompted attempts to
achieve energy independence through the production of biofuels. However, it is important
that Bolivian energy independence endeavours include a sustainable vision. Bolivia has
great potential for local first- and second-generation liquid biofuel production. However, the
intensification of liquid biofuel production should focus on second- and third-generation
biofuel production to minimize direct and indirect undesired impacts.

This thesis considers the development of suitable technology and procedures to produce
second-generation liquid biofuels, which can be divided into biodiesel and ethanol
production. The proposed biodiesel production includes the development of heterogeneous
catalysts that enable the production of biodiesel from edible and non-edible oils (i.e.
rapeseed, babassu, and Ricinus oils). These heterogeneous catalysts are based on gelbased mayenite and alumina supports with the co-precipitation of metal oxides of calcium,
lithium, magnesium and tin. The synthesized catalysts were characterized using, N2
physisorption,

X-ray

powder

diffraction,

scanning

electron

microscopy,

and

thermogravimetric analysis (TGA). The experimental design and optimum results indicate
that heterogeneous biodiesel production is feasible, being able to produce biodiesel yields
ranging from 85% to 100%. Ethanol production was studied using the residues of Schinus
molle seeds after the essential oil extraction process, which is available in excess in Bolivia.
The biomass was characterized to elucidate its properties using high-performance liquid
chromatography and TGA. The biomass was pre-treated with chemical, physical, and
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enzymatic hydrolysis to increase the fermentation yield. To obtain the highest ethanol
production, two native yeast strains were isolated and characterized. By using native yeast
strains, a high content of ethanol per gram of biomass was achieved. The proposed
implementation of the fermentation process could result in a significant global warming
potential reduction. The implementation of heterogeneous catalysts to produce biodiesel
and residual lignocellulosic biomass to produce ethanol represent a great potential to supply
the Bolivian fuel demand. High biodiesel and ethanol yields from second-generation
feedstocks are feasible and could help reduce pollution levels and import dependency.

Keywords
Second-generation biofuels, biodiesel, heterogeneous catalysts, non-edible oils, ethanol,
residual biomass, native yeast strains.
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Sammanfattning
Trots globala positiva effekter med användningen av flytande biobränslen som härrör från
sojabönor, majs och sockerrör, har flera nackdelar observerats genom ökad användning av
jordbruksmark, avskogning och ibland omfattande användning av gödningsmedel. Som ett
resultat av detta har utvecklingen av andra generationens biobränslen identifierats som ett
bättre alternativ med stor betydelse i framtiden. Andra och tredjegenerationens biodrivmedel
kommer att hjälpa till att möta energibehovet särskilt inom transportsektorn.

Det faktiska energibehovet och ökningen av fossilbränslen i Bolivia är ohållbart. Bolivia har
egna fossilbränsleresurser, men dessa är för dyra att exploatera, vilket tvingar regeringen
att budgetera för årlig bränsleimport. Man har även satsat storskaligt på inhemsk naturgas
för att bli självförsörjande på energi. Det är dock viktigt att bolivianska energi-oberoende
innefattar en hållbar vision. Bolivia har stor potential för lokal produktion av flytande
biodrivmedel från både första och andra generationens biobränslen. Intensifieringen av
produktion av biodrivmedel bör dock fokusera på andra och tredjegenerationens biobränsle
för att minimera global klimatpåverkan.

Denna avhandling avser utveckling av lämplig teknik för att producera andra generationens
flytande biodrivmedel i Bolivia för både biodiesel och etanol. Den föreslagna
biodieselproduktionen innefattar utvecklingen av heterogena katalysatorer för produktion av
biodiesel från ätbara och oätbara oljor (raps, babassu och ricinoljor). Dessa katalysatorer är
baserade på mayenit- och aluminiumoxid som bärare med olika metalloxider såsom kalcium,
litium, magnesium och tenn. De syntetiserade katalysatorerna karakteriserades med kvävefysisorption, röntgenpulverdiffraktion, svepelektronmikroskopi och termogravimetrisk analys
(TGA). Tester i labbskala visar att användandet av heterogen katalys för biodieselproduktion
med högre utbyten mellan 85% till 100% är möjlig. För produktion av etanol studerades
användning av Schinus molle frön som är en resterprodukt från eterisk oljeutvinning och
finns i överskott i Bolivia. Biomassan karakteriserades för att belysa dess egenskaper med
användning av högtryckvätskekromatografi och TGA. Biomassan förbehandlades med
kemisk, fysikalisk och enzymatisk hydrolys för att öka fermenteringsgraden. För att erhålla
den högsta etanolproduktionen isolerades två inhemska jäststammar och karakteriserades.
Genom att använda naturliga jäststammar, kunde man uppnå ett högt etanolutbyte per gram
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biomassa. Den genomförda jäsningsprocessen av biomassan uppvisade en betydande
reduktion av den globala uppvärmningspotentialen. Att använda heterogena katalysatorer
för att producera både biodiesel och etanol i olika processer utgör en stor potential för att
uppfylla efterfrågan på biodrivmedel i Bolivia. Höga biodiesel- och etanolutbyten från andra
generationens inhemska råvaror är möjliga och kan bidra till att minska importberoendet och
klimatbelastningen.

Nyckelord
Andra generationens biobränslen, biodiesel, heterogena katalysatorer, oätliga oljor, etanol,
rester av biomassa, naturliga jäststammar
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Part A: Introduction 3

1 Setting the scene
The effects of global warming will become increasingly problematic as the years pass, while
all possible efforts to curb or effectively minimize the adverse effects on the environment are
not fully implemented. The negative scenarios on global scale include the warming of the
atmosphere and oceans, implying ocean level increase and the melting of glaciers and
permafrost, irreversible loss of biodiversity, low food production and water scarcity. In the
Accord de Paris, the global community agreed on the objective to keep the global
temperature increase below 2 ºC relative to pre-industrial levels [1]. Despite the support of
most stakeholders, it was reported by the IPCC [2] that the global temperature might rise by
2.4–6.4 ºC by the end of the century if bold policy measures are not undertaken. Accordingly,
measures to change the goal to a maximum increase of 1.5 ºC were suggested in the IPCC
summary for policy makers in 2018 [3].
A rise of greenhouse gas (GHG) emissions – including carbon monoxide (CO2), methane
(CH4), nitrous oxide (N2O), and fluorinated gases (F-gases) – has been caused by the rapid
growth in population, use of fossil fuels, intensive farming, deforestation as well as industrial
pollution and landfills. The capacity of GHGs to increase global temperatures depends on
their infrared radiation absorption, the spectral range of their absorbing wavelengths, and
their lifetime in the atmosphere [4, 5]. The impact of GHGs and the afore-mentioned
variables are summarized by the global warming potential (GWP) as presented in Table 1
[6]. Table 1, also lists the most recent reported GHGs concentrations, which led to the global
temperature rise of 0.88 ºC (relative to the 1951–1980 base period) as of January, 2019 [7].

Table 1. The relative global warming potential of various greenhouse gases
GHG

Lifetime,

Concentration,

100-year horizon

Concentration,

years

IPCC 2013 [6]

GWP [6]

2017 [8]

CO2

-

379 ppm

1

405 ppm

CH4

12

1.77 ppm

25

1.86 ppm

N2O

114

316 ppb

298

330 ppb

CFC-11

45

0.25 ppb

4750

-

HCFC-22

12

0.17 ppb

1810

-

Halon-1301

65

-

7140

-
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The GHG with the highest atmospheric concentration is CO2, which reached a concentration
of 405 ppm by 2017, accounting for 76.3% of all GHGs [9, 10]. The shares of all major GHGs
are depicted in Figure 1. Note the increase in CO2 share from 2000 to 2014, and the
decreased shares of CH4 and N2O, which are gases with higher GWP. N2O has one of the
longest lifetimes in the atmosphere, which, coupled with its inherent GWP, makes it a serious
source of global warming and of ozone depletion in the stratosphere [11]. The reduction in
CH4 and N2O levels was overshadowed by the increase in fluorinated gases (F-gases),
which increased by 22% from 2010 to 2014 [10]. The production of liquid biofuels was
identified to be among the alternatives to reduce GHG emissions. In terms of GHGs in CO2
equivalents (CO2eq) per produced MJ of energy, biodiesel and ethanol reportedly have
approx. 52.9% and 70.4% less emissions than those of their corresponding fossil-based
fuels [12, 13]. The additional benefits of biodiesel usage include the reduction of
hydrocarbons, carbon monoxide, carbon dioxide and sulphur oxides [14]. In parallel, benefits
of ethanol include high-octane quality and reduced GHG emissions [15]. Closing the carbon
cycle loop is possible by improvement of the energy efficiency and sequestration of CO2
through biomass natural growth [16, 17].

Figure 1. GHG shares in 2000, 2010, and 2014 [10]

Reported global CO2 emissions from liquid petroleum-based fuels reached 12 million kton
by 2014, while Bolivia’s contribution was reported to be 10,623 kton (0.09 % of the global
share) [18]. Liquid biofuels have been intensively produced since the first oil crisis of the
1970s, resulting in the massive production shares of Brazil and the U.S.A. up to the present
[19, 20]. Research into alternative fuels and the massive production of renewable energy
have acquired great momentum. In 2018 Agricultural Outlook, the OECD-FAO reported
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historical biofuel production along with 2017 estimated production and 2018–2027
forecasted production [21]. Figure 2 depicts 2000–2018 data of the largest producers of
biodiesel and ethanol. Ethanol is still primarily produced by the U.S.A., which achieved a
maize-based production volume of 58,265 million litres (ML) followed by Brazil with a
sugarcane-based production volume of 24,431 ML by 2016. However, the yearly ethanol
production in the U.S.A. is predicted to decrease by 0.8% in volume by 2027, equal to a 500ML decrease in ethanol production from the volume produced in 2018 (59,500 ML), while
Brazil’s ethanol production will increase by up to 12% in volume by 2027, for a yearly
production of 3,445 ML more than that in 2018 (25,247 ML) [21].

The European Union (E.U.) is leading in biodiesel production, with a total volume of 11,093
ML [22], followed by the U.S.A. and Brazil, with 3,653 ML and 3,023 ML of biodiesel in 2016,
respectively [21]. Despite the energy independence that biodiesel production promises,
annual E.U. and the U.S.A. production is forecasted to decrease by 7.8% and 6.6% in
volume by 2027, respectively. Brazilian biodiesel production is forecasted to increase by up
to 23.3% in volume (relative to 2018 production), possibly reaching 4,383 ML by 2027 [21].

Figure 2. Largest biodiesel and ethanol producers, 2000–2018 [21, 22]

1.1

Liquid biofuel production in Bolivia

Bolivia’s 20% renewables target relative to conventional sources of energy is feasible.
Notably, the types of soil in the principal agricultural areas of Bolivia allow the large-scale
cropping of sugarcane and soybeans. Bolivia’s agricultural area was 37,670 thousand
hectares (kha) in 2013, increasing to 37,685 kha (+0.04%) by 2016. As shown in Table 2,
by 2013, Bolivia had a total food crop area of 4,646 kha, which was approximately 64% of
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the arable area, with the remaining 36% being fodder crop area [23]. The area inhabited by
the population within the cities, towns, and villages is listed as “other land”. According to
FAOSTAT, which gathered the data up to 2016, the food crop area has only increased to
4,685 kha [24].
Table 2. Bolivian land use, 2010–2013 [24]
Unit

2010

2013

2016

kha

37,227

37,670

37,685

Permanent grassland

kha

33,000

33,000

33,000

Agricultural tree crops

kha

20

24

N/A

Food crop area

kha

4,207

4,646

4,685

Fodder crop area

kha

1,341

1,224

N/A

Fallow

kha

1,489

1,528

N/A

Forest area

kha

56,209

55,342

54,475

Other land

kha

14,933

15,318

16,170

Agricultural area

N/A stands for not available data

However, the intensive agricultural production of energy crops increases the risk of rapid
deforestation. Müller et al. [25] estimated that an average of 200 kha of Bolivian forest land
are lost annually. The deforestation rate might increase due to the implementation of three
major projects. The first one is a complex of hydro-electrical plants – named Cachuela
Esperanza, Chepete, Rositas, and el Bala – which will flood 191 kha of forest for the
construction of reservoirs [26, 27]. The second project that will increase deforestation is the
construction of a highway planned to pass through the Tipnis protected area [28]. The third,
and more related to liquid biofuels, is the ethanol plant in San Buenaventura, La Paz. Since
2006, this sugar mill has been declared a national priority (Law 3546 [29]), and the plant
area borders on Madidi national park. Despite the small amount of land needed for the
processing plant, the environmental impact also has to take into account the construction of
roads for product distribution and the intensified land use for the massive production of
sugarcane. The environmental impact on the land and the air might also increase due to the
deficient environmental conditions for high-yield crops, as cloudy days are more frequent
than sunny days, i.e., the region has low direct normal irradiance, forcing the increased use
of fertilizers and agrochemical inputs [30].

Additionally, the region was previously dedicated to other agricultural activities such as the
production of “traditional” crops (e.g., banana, watermelon, pumpkins, and rice) and the lack
of experience in implementing sugarcane cropping systems will further limit yields [31]. First-

Part A: Introduction 7

generation biofuel production has high potential in Bolivia, despite the challenges that might
limit the productivity of the cropping systems.

Before 2018, potential biofuel production in Bolivia was challenged by three major factors:
food security policies, fossil fuel price subsidies, and the actual state of the cropping
systems. The policies to ensure food security for all inhabitants discouraged the large-scale
production of first-generation biofuels, blocking feedstock major exports. This measure
helped the population to live with no major fluctuations in the prices of commodities such as
sugarcane and soybean derivatives. In 2014, ANAPO reported that 95% of internal food
demand was met by national production, meaning that an additional 1 mega hectare (Mha)
of arable land was required [32]. As expected, in September 2018, the Bolivian government
promulgated Law 1098 [33] establishing the legal framework for the production, storage,
transport, commercialization, and blending (with petroleum-based fuels) of biofuels, while
supporting food supply policies. Additional policies will be required to allow biofuel
production in Bolivia to reach the target of 20% renewables relative to petroleum-based
fuels.

Second, the profitability of biofuel production is still questionable due to subsidies of
petroleum-based fuels. Each year, the government budgets the necessary funds to keep
retail gasoline and diesel prices stable throughout the year. In terms of diesel, IBCE [34]
reported that Bolivia had spent approximately USD 897 million on imported diesel in 2018,
and that over the previous 13 years, approximately USD 7,767 million had been spent on
diesel imports and related subsidies [34]. Globally, all markets, including for fuels and
commodities, are fluctuating, and government subsidies stabilize the fuel prices. Biofuel
production is considered to be competitive from the production cost perspective, while in the
global market, biofuel prices can be competitive with petroleum-based fuel prices through
various governmental interventions, such as subsidies, tax reductions, and investment
policies promoting the biofuel sector [35].

Finally, crop and conversion yields are variables that merit careful consideration. In actual
Bolivian cropping systems, the use of fertilizers and agrochemical additives is moderate.
The crop yields could be increased but the risks of nutrient leaching and groundwater quality
loss could increase accordingly, as shown in Table 3. Soil types, land management, and
weather conditions have to be considered in order to keep cropping systems sustainable. In
the case of soybean production, in 2018 the cropping area was 1 Mha with production of 2.7
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Mton [36]. Furthermore, an increase of 0.250 Mha in agricultural area was authorized for the
sowing of glyphosate-resistant soybeans, which will be used solely for the production of
approximately 100 ML of biodiesel [37]. Bolivian internal demand for diesel is increasing, so
there is a need for the import of large volumes of this petroleum-based fuel. IBCE [34]
reported preliminary data in 2019 showing an increase in petroleum-based diesel imports of
up to 1,356 ML.

Table 3. Performance of Bolivian sugarcane and soybean crops as of 2017 [38, 39]
Crop yield

Unit

Sugarcane

Soybean

ton ha–1

53.35

2.49

ha–1

800

495

Energy density

MJ

L–1

19.7

34

Biofuel energy yield

GJ ha–1

Biofuel yield

Co-product yield
Water

requirement§

L

15.8

16.83

ton

ha–1

-

1.8

m3

GJ–1

37

145

Multiple cropping index (MCI)

-

0.66

0.66

Risk of nutrient leaching

-

Low

Moderately high

Impact on soil organic matter

-

Positive

Moderately positive

§

The water requirement shown is related to biofuel production.

Ethanol production from the San Buenaventura plant is expected to reach 6 million litres by
2020 and to reach 90% of the nominal plant capacity by 2024 with the harvesting of 11,000
ha of sugarcane [40]. However, even though the ethanol plant was designed to produce 12
ML of ethanol per year, production reached only 10% of the nominal plant capacity in 2016,
2017, and 2018 [31, 41]. On the side of private efforts, the Guabirá sugarcane processing
plant announced that 2018 ethanol production was 80 ML, and that production is to be
expanded to 380 ML by 2025 [42]. In the case of cane-to-alcohol production, it is important
to note that Bolivian plants are producing ethanol at yields of 15 L ton–1, while other
countries, such as Argentina and Brazil, are producing ethanol at yields of 17–35 L ton–1,
respectively [21]. The increase in biofuel demand requires the evaluation of several
variables, including harvesting efficiency, land use change, and land preparation. Such
variables are summarized by the multiple cropping index (MCI; see Table 3), which is a
measurement tool that captures the planting frequency in a given agricultural area in one
year. In the Bolivian case, this means that arable land is being exploited at just over half of
its potential complete use. Since the MCI value is lower than 1, it implies that the arable land

Part A: Introduction 9

is not being intensely exploited (i.e., fewer harvest cycles and subsequently less additive
usage) and could be better managed.

Langeveld et al. noted that the social implications of biofuel production are ambiguous,
including in the Bolivian case [39]. In sugarcane harvesting, the working conditions are
harsher than initially believed and non-governmental organizations (NGOs) are involved in
supporting the labour force. Unfortunately, the implementation of new technologies like
agricultural machinery and agro-chemical products are usually linked to labour force
expendability, so appropriate production chain policies and management must be applied to
achieve balanced agricultural development in which win–win situations are promoted. Then
again, a win–win situation in this matter means that agricultural activities producing biofuels
must respect food and feed production needs and produce as many economic benefits as
possible at the regional scale.

Biofuel production in Bolivia would alleviate the country’s GHG emissions due to the high
fossil fuel dependency. Unfortunately, the sector responsible for the next highest GHG
emissions, as reported by the FAO in 2019, is the agricultural sector, due to enteric
fermentation, seasonal burning, and manure left on pasture, which together account for
91.9% of agricultural sector emissions in CO2eq [24]. Seasonal burning, which is directly
related to agricultural activities, accounts for 13.1% of the agricultural sector emissions.
Better alternatives to seasonal burning must be incorporated into future plans, as must better
fertilizer usage and the implementation of better manure management (e.g., via biogas
production). An advantage of Bolivian cropping systems is that the use of synthetic fertilizers
is still low [38], so contamination due to synthetic fertilizer usage is only 0.3% of agricultural
sector emissions [24]. The introduction of better agricultural practices could improve land
and crop productivity, while maintaining sustainability.

1.2

Liquid biofuel production

It is only relatively recently that liquid biofuels were considered a feasible large-scale
alternative to petroleum-based fuels in order to reduce GHG emissions. Since the fuel crisis
of the 1970s, countries such as Brazil and the U.S.A. have intensified the production of firstgeneration biofuels to reduce their dependency on petroleum-based fuel suppliers. A major
advantage of the introduction of biofuels into the supply chain is the reduction of carbon
emissions [43].
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Nowadays, the need for more renewable and eco-friendly fuels has increased the production
of feedstocks for first-generation biofuels. EASAC and Aro have described the shortcomings
of first-generation biofuels [44, 45], including their origin, external costs, energy used in
production, and environmental and biodiversity impacts. Origin concerns the fact that firstgeneration biofuels use edible components, for example, sugar from sugarcane, starch from
maize, and oil from oleaginous crops, causing the diversion of feedstock from the objective
of food and fodder production [46]. External costs include land use change and water
resource usage [44, 47]. In addition to the global demand for biofuels, the business has
resulted in high rates of land use change towards the production of energy crops, affecting
other important crops and even protected forest area, causing an increase in the arable crop
area [39]. Energy used in the production concerns the amount of energy in the production
of biofuels, which was estimated to compare the environmental superiority of the biofuel
production, as reports as those by Hill et al. [48], in which the energy required to produce
liquid biofuels is compared to the energy delivered by the produced biofuels. Environment
and biodiversity impacts can be measured in terms of land use change. Such land use
change has been measured using the indirect land use change (ILUC) indicator, resulting in
an estimated 4–46 g CO2eq per MJ of ethanol produced from sugarcane. In the case of
biodiesel, the estimated emissions in terms of ILUC are 54 g CO2eq per MJ [49]. Changes
in global prices for corn, sugarcane, and soybeans have been reported to depend on global
biofuel demand [50]. On the bright side, the intensification of biofuel production can provide
sustainable employment, improve quality of life in rural areas, and reduce rural–urban
migration, while reducing the negative impacts associated with water supply, energy
distribution, and transport [51, 52].

However, the best solution is to switch to other sources of biofuels, which in medium term
could be second-generation biofuels [45]. The implementation of second-generation biofuels
includes the adaptation of energy crops to grow in marginal lands, allowing the production
of carbohydrates or triglycerides as feedstock. Crops grown on marginal lands have to be
drought resistant, while maintaining high productivity per crop area, whereas the use of
lignocellulosic biomass refers to the use of agro-forestry residues as feedstock for biofuel
production [45, 53]. It was estimated that the large-scale development of second-generation
biofuel plants would be happening over 10 years starting in 2012 [44]. The challenge of
mass production while maintaining sustainable practices must be addressed by research
into the production of second-generation biofuels, however, studies to date mostly
addressed improving the production of liquid biofuels only. Certainly, renewable energy
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production has increased through the use of catalytic and biotechnological techniques as
depicted in Figure 3, where the “Analyze results” option of the Web of Science
(www.webofknowledge.com) search engine was used. This figure illustrates the high
intensity of research into liquid biofuels. The intensity of the research into liquid biofuels goes
along with the need for more innovative processes to facilitate the transition to carbon
neutrality [44, 45].

Figure 3. Web of Science results for the search “liquid biofuels” in May 2019

At the same time, more countries are signing up for liquid biofuel production, which has
increased rapidly over the last 20 years. The major producers of biodiesel in year 2000 (see
Figure 4 (a)) were France (40%) and Germany (34%), followed by Spain (9%), Czech
Republic (9%), and the U.S.A. (3%). World Energy Statistics and Balances reported in 2016
that 43 countries have produced 27,368 kilotonnes of oil equivalent (ktoe) of biodiesel
annually in recent years (International Energy Agency–OECD iLibrary database) [54].
According to the IEA–OECD database, 75% of global biodiesel production was carried out
by the U.S.A. in 2016, followed by Brazil, Germany, Indonesia, Argentina, and France. Back
in 2000, the major producer of ethanol was Brazil (56.5% of global production), followed by
the U.S.A. (41.7%), but by 2016, these countries were followed by Germany, China, Canada,
and the rest of the world, together recording the production of 49,000 ktoe of ethanol [21].

Biofuel production will gradually improve in terms of sustainability, as the technology for
advanced biofuel reaches maturity. One example of this is the gradual increase in the use
of heterogeneous transesterification in industrial processes [55-57]. The shift from
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homogeneous to heterogeneous transesterification will improve the process impact in terms
of water usage and residual by-products. The use of heterogeneous catalysts also enables
biodiesel production from non-edible oils that might have greater water and free fatty acid
(FFA) contents than do their refined edible counterparts. An ensuing major improvement is
the shift in policies towards the reduction of first-generation biofuel production. The best
example is that of the E.U., which, according to the Renewable Energy Directive II (RED II),
is striving to reduce the use of biofuels from food and feed crops to a maximum of 7% of
road and rail transport final consumption by 2020 [58].

Figure 4. Comparison of global biodiesel production in 2000 (a) and 2016 (b)

The production of liquid biofuels from first- and second-generation feedstocks must be
carried out with different pre-treatment steps, depending on their origin and content. In the
following sections, the liquid biofuel pre-treatments will be addressed, to continue with a
short description of the production of liquid biofuels.

1.2.1 Biofuel production pre-treatments
Second-generation biofuels include the use of lignocellulosic feedstocks that are normally
regarded as residues and have a minor impact on human consumption or land use. Although
second-generation feedstocks have their advantages, they also entail several challenges.
Researchers have identified pre-treatment as a common major challenge. Pre-treatments
can be cumbersome and rely on the quality of the specific feedstock.

In the case of bioethanol production, the separated feedstock must be pre-treated to release
the maximum amount of fermentable matter, while reducing the amount of possible
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fermentation inhibitors. There are different approaches to pre-treatment, depending on the
applied technique, and they can be categorized as physical, chemical, enzymatic, and/or
combinations thereof [59]. Ranjithkumar et al. [60] described the principal physical–chemical
pre-treatments as steam explosion [61, 62], microwave irradiation [63], high pressure [64],
and hydrothermal [65]. Physical pre-treatments normally require the use of large amounts
of energy [66, 67], but can be economically feasible when combined with other types of
treatments [68]. Chemical pre-treatments identified as acid [69], alkali [70], and ionic liquids
[71] are commonly used, but result in higher amounts of residues. Other pre-treatments,
such as the microbiologically and enzymatically assisted pre-treatments, are also described,
but despite their eco-friendliness, they require considerable investment and are specific to
saccharification, limiting the release of higher concentrations of fermentable sugars
(principally glucose), while being prone to by-product inhibition [72]. Although ultrasonic
treatments have been published [73, 74], the field is not as developed as that of acid-, alkalior enzyme-assisted pre-treatments. The number of publications per year identified in the
search for hydrolytic techniques (see Figure 5) shows that alkali lignocellulose treatments
are also little studied. The improvement of lignocellulose pre-treatments would not only
ensure the absence of fermentation inhibitors, but also increase the separation of lignin,
which can be further used in other value-added products instead of being discarded as
residues [75, 76].

Figure 5. Web of Science search results per year for “lignocellulosic treatments”
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In the case of biodiesel production, the pre-treatments depend directly on the type of
feedstock. Studies of biodiesel production from waste cooking oil often describe pretreatments in which the oil is filtered to separate solid particles comprising food residues.
Afterwards, the oil is dried to separate the residual water from the oil [77]. Biodiesel
production from non-edible oils might use the same pre-treatments, but such oils might also
have higher viscosities and higher concentrations of FFAs.

One of the strategies most commonly used to deal with the higher viscosity of non-edible
oils is to use a higher methanol-to-oil molar ratio [78, 79]. However, the high concentration
of FFAs in second-generation feedstocks has to be dealt with esterification reactions to
chemically convert FFAs into usable triglycerides. The most common strategy is the use of
acidic catalysts to simultaneously esterify the FFAs and proceed with acidic
transesterification (i.e., single-step transesterification) [80]. The second most used strategy
is acid esterification followed by alkaline transesterification (i.e., two-step transesterification)
[81, 82]. However, other approaches are needed to deal with the high concentrations of
FFAs. In both cases, the pre-treatments include the addition of intermediate process steps
that increase the energy requirements and residue production.

1.2.2 Fermentation of lignocellulosic biomass
The plant biomass structure consists of the plant cell walls, which are made of lignocellulosic
biomass, including major concentrations of cellulose (30–55%), hemicellulose (17–40%),
and lignin (7–35%), as well as pectins, structural proteins, and enzymes in smaller
concentrations [83, 84]. The percentages of the components of the lignocellulosic biomass
are variable depending on the species and plant parts involved [85].

Cellulose is a linear polymer forming crystalline fibre structures (see Figure 6 (a)) and
comprising D-glucose units linked by β-(1-4)-glycosidic bonds with a degree of
polymerization (DP) of up to 10,000 (Figure 6 (b)). The hydrogen atoms from the C2, C3,
and C6 hydroxyl groups increase the tendency of the cellulose molecules to form intra- and
inter-molecular hydrogen bonds (Figure 6 (c)), which in turn allow the formation of crystalline
fibre structures.
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Figure 6. Cellulose SEM image [86] (a), ball-stick structure (b)
and chemical structure (c)

Hemicellulose is a mixed monosaccharide polymer (hetero-polymer), comprising arabinose,
galactose, glucose, mannose, and xylose. This hetero-polymer has a low DP (~200), forming
smaller structures, as depicted in the SEM micrograph in Figure 7 (a). Xylan is the most
abundant monomer in hardwoods and annual plants [84]. In the case of a xylan-backbone
hetero-polymer, xylan units are linked by β-(1-4)-glycosidic bonds. Unlike cellulose,
hemicellulose polymers have a high tendency to form branches with compounds such as
arabinose, xylopyranose, rhamnose, and glucuronic acid [87, 88] (Figure 7 (b)). With a low
DP but a high tendency to form branches, hemicellulose is commonly bound to the cellulose
covering the cellulose fibres [89].

Figure 7. Hemicellulose SEM image [86] (a), ball-stick structure (b)
and chemical structure (c)

Lignin is a polyphenolic polymer considered to be the most recalcitrant component of
lignocellulosic biomass, because it forms a complex network with aromatic compounds filling
the intermolecular spaces between cellulose and hemicellulose (Figure 8 (a)). The
composition of lignin gives it an even greater tendency to form branches and raceme-like
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structures (see Figure 8 (b)). Lignin comprises p-coumaryl, coniferyl, and sinapyl aromatic
alcohols, as depicted in Figure 8 (c) [90]. Lignin is considered largely amorphous, with a
dominance of β-O-4 linkages followed by β-5 phenylcoumaran bonds, and β-β‘ pinoresinol
bonds, among others [91]. Such heterogeneity makes it difficult to accurately determine the
DP [92]. Moreover, the greater presence of aromatic structures increases lignin’s
hydrophobicity [91].

Figure 8. Lignin SEM image [86] (a), ball-stick structure (b),
and chemical structure (c)

Lignocellulosic biomass contains sufficient glucose to feed a fermentation process.
However, the lignocellulosic biomass has to undergo several pre-treatment steps to finally
obtain ethanol. Indeed, the most widely used process to obtain ethanol is anaerobic
fermentation. Fermentation is carried out by microorganisms, which can vary from yeast to
bacteria. The best-known yeast species capable of transforming sugars to ethanol is the
yeast strain Saccharomyces cerevisiae. The use of such strains can be traced back to
ancient times when they were used for baking, winemaking, and brewing [93]. In terms of
bacteria, the best-known strains are Streptococcus and Lactobacillus specialized for
fermented milk products. Nowadays, genetically modified and genetically selected strains of
S. cerevisiae are the most used at an industrial scale.

In the case of the first-generation biofuels, ethanol fermentation starts with the harvesting of
the lignocellulosic biomass – maize in the U.S.A. and sugarcane in Brazil – which is
transported to the processing plants [54]. Sugarcane processing commonly starts with
biomass wet milling to separate the mixed juice (rich in sucrose) from the residual bagasse
[94]. The mixed juice is purified by the pre-treatment steps, in which the mixed juice is preheated, and with the addition of lime and sulphuric acid the minerals and organic compounds
that might cause the inversion of sucrose are precipitated. Once the clear juice meets the
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fermentation requirements, it is transported to the fermentation reactor, as depicted in the
simplified flowchart in Figure 9. In the fermentation reactor, it is mixed with S. cerevisiae and
left to ferment in either a batch or continuous process. The conversion of the fermentable
matter to ethanol follows the equation for ethanol fermentation Eq. (1).
𝐶6 𝐻12 𝑂6 → 2𝐶𝐻3 𝐶𝐻2 𝑂𝐻 + 2 𝐶𝑂2

(1)

Figure 9. Flowchart of the fermentation for sugarcane-based ethanol production

At the end of the fermentation process, the resulting mixture is left to rest or is centrifuged,
depending on the scale of the plant, i.e., small processing plants use gravity precipitation
while large processing plants use continuous centrifugal separators. After the mash is
separated from the decanted yeast, it is carried to the distillation and denaturation processes
to obtain anhydrous ethanol. The efficiency of the overall process depends on the plant
design, operational conditions (pH, temperature, etc.) and the quality of the feedstock [93],
with the average conversion efficiency of sugarcane biomass to ethanol is 95.5 L ton–1 [39].
The particular crop species and environment conditions cause Bolivian production
efficiencies to differ from global production efficiencies, so the conversion may range from
9.2 L ton–1 as a sub-product of the sugar production process to 70 L ton–1 as the dedicated
ethanol production [95].
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1.2.3 Transesterification of oils
Vegetable oils, liquid at room temperature due to the high content of unsaturated fatty acids,
and fats, solid at room temperature due to the high content of saturated fatty acids, mainly
comprise triglycerides (triacylglycerol). In a triglyceride molecule (see Figure 10 (a)), a
glycerol molecule has three FFA chains linked to the carbon atoms, instead of three hydroxyl
groups as depicted in Figure 10 (b).

Figure 10. Stick/ball structure of Triolein (a) and glycerol with free hydroxyl groups (b)

The commercial and global availability of vegetable oils make them the preferred sources
for the large-scale production of biodiesel through the transesterification reaction (also called
alcoholysis), an ester (R3COOR2) in the presence of an alcohol (R1OH) is transformed into
an alcohol-ester through the exchange of the alkoxy group (R1O). In Eq. (2), the
transesterification reaction of triolein (C57H104O6) is carried out with methanol (CH3OH) as
the alcohol component; this reaction might therefore be called methanolysis and the
products would be three molecules of fatty acid methyl esters (FAME) and one molecule of
glycerol.
C57 H104 O6 +3CH3 OH→3C17 H33 COOCH3 +C3 H8 O3

(2)

The first step of biodiesel production is obtaining the oil feedstock from vegetable oleaginous
such as soybean oil as depicted in the flowchart in Figure 11. The optimum extraction of oil
is through cold pressing in which the seeds are cracked and pressed into crude oil,
producing the hulls and soybean meal as by-products. The crude oil is then refined through
the degumming, refining, and bleaching processes. As a result, the purified soybean oil has
a reduced FFA concentration and humidity. The purified oil is then transported to the
biodiesel production process. Transesterification is commonly carried out using
homogeneous catalysts, which include either sodium hydroxide or potassium hydroxide
along with methanol, to produce the corresponding fatty acid methyl esters (FAMEs) if the
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reaction is carried out with methanol, or fatty acid ethyl esters (FAEEs) if the reaction is
carried out with anhydrous ethanol. Because the product is mixed with the residues of the
catalyst, the produced biodiesel has to be neutralized and washed with water to ensure its
quality.

Figure 11. Flowchart of the transesterification process of soybean

The transesterification reaction follows the mechanism depicted in Figure 12 [96, 97], in
which R1, R2, and R3 stand for chains of FFAs that are not necessarily identical. Initially, the
alkali – i.e., sodium or potassium hydroxide in a base-catalysed homogeneous reaction – is
linked with the alcohol in a transition state to form an alkoxide. A nucleophilic attack of the
carbonyl group of the triglyceride will be driven by the alkoxide, resulting in a tetrahedral
intermediate (Step 3).

Figure 12. Release of the first FAME molecule from the transesterification reaction
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In the next step, one fatty acid methyl ester (FAME) molecule is released with the alkoxy
group linked to the carbonyl carbon instead of the ester bond, leaving behind the diglyceride
(Step 4) with the alkoxide ready to continue the transesterification until the glycerol and three
molecules of FAME have been formed.

The production of homogeneously catalysed transesterification using an alkali catalyst has
several advantages, including high selectivity, high turnover frequency, and fast reaction
rates, which are easily optimized. However, several drawbacks have to be considered. The
main drawback is that if the oil has high concentrations of FFAs and water, the FFAsmethanol mixture will undergo saponification through the esterification reaction. Water
molecules are produced as a by-product of the esterification, and the increase in the number
of water molecules will increase the risk that the saponification reaction will occur.
Saponification will convert FFA, triglyceride, and even FAME molecules into soap, reducing
the FAME conversion efficiency [98]. Homogeneous transesterification can also occur with
acidic compounds, such as sulphuric acid. In the case of the acid-catalysed reaction, the
advantages are the same as those of alkali-catalysed transesterification, but the main
drawback is that acid-catalysed transesterification reactions occur at slower rates. Such
reactions commonly require the addition of even more alcohol (methanol or ethanol) to the
reaction [99]. Possibly the most important drawback for a large-scale biodiesel production
scheme is that the obtained biodiesel must be neutralized and washed. Such refining
processes entail the loss of the catalysts and the use of large volumes of water to obtain the
required biodiesel quality [100].

The production of heterogeneous catalysts has been fuelled by the global need for better
methods of biodiesel production [44, 45]. Apart from the fact that biofuel production has to
reduce its impact in terms of land use change, liquid biofuel production processes have to
be inherently sustainable. Heterogeneous catalysts have been proven to favour
simultaneous esterification and transesterification, which is an important advantage [101].
The heterogeneous catalysts also improve the transesterification reaction in “green
chemistry” terms, i.e., such catalysts are easily recoverable for possible reactivation
procedures and reuse, reducing costs [102]. Depending on the catalyst’s properties, it is
possible to carry out facile transesterification reactions with used oils or non-edible oils,
regardless of their FFA or moisture contents [103, 104]. However, heterogeneous catalysts
may present one or more of the following drawbacks. The most common drawback is the
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reusability limitation of these catalysts, driven by catalyst deactivation, catalyst poisoning,
and leaching of the active material. These limitations can be caused by the active site being
blocked by some contaminant, by the chemical or physical modification of the active site
vicinity (e.g., through unwanted chemical reactions), and even poor physical strength of the
support [105]. An additional possible drawback is that the catalysts may undergo methanol
weakening due to the hydroxyl group. Cost-effectiveness is another drawback in the
synthesis of heterogeneous catalysts. The production of solid catalysts might entail
processes that require large volumes of solvents, high temperatures, and high pressures
that, in addition to the active material cost, might increase the cost of the final catalyst.
Reusability is therefore a key consideration with the use of heterogeneous catalysts [106108]. The transesterification of triglycerides with an alcohol using the CaO heterogeneous
catalyst was proposed to follow the mechanism described in Figure 13 by Kouzu et al. [109].
As in homogeneous transesterification, the first step of the reaction is the formation of the
alkoxide transition state as depicted in Step 1. Afterwards, the triglyceride has to reach the
alkoxide, allowing the formation of the tetragonal intermediate shown in Step 3. The reaction
will subsequently recur until the triglyceride is transformed into glycerol and three molecules
of FAME.

Figure 13. Mechanism of heterogeneous transesterification using
CaO catalyst proposed by Kouzu et al. [109]
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The development of state-of-the-art heterogeneous catalysts has been used for the
production of biodiesel from a wide variety of triglyceride sources [106]. In addition, in
heterogeneously catalysed reactions, catalyst reusability and the reduction of intermediate
refining processes before and even after the transesterification increases the sustainability
of the biodiesel production. Not only can the sustainability of the biodiesel production
processes be improved, but the costs can also be reduced, as waste cooking oil and other
non-edible vegetable oils could be used for biodiesel production.

The catalyst characterization must take account of two major conditions. The first one is the
structure. Structural characterization must depict the properties of the material in terms of
surface area, porosity, morphology, and structural stability. Such properties are important
as the reaction is carried out in an agitated batch reactor, and the triglycerides have to be
able to reach the active sites and interact with the alkoxide. The second major condition is
the composition, especially the surface composition, which will impart the catalytic activity.
In surface characterization, the properties described include the surface acidity/alkalinity,
surface composition, and the distribution of such composition. If the surface of the catalyst
lacks the required active sites or if the triglycerides – with molecular sizes of 1.9–3.5 nm –
cannot reach them, the reaction will be hindered.

1.3 Objective of the work
The objective of this thesis is to facilitate the production of second-generation liquid biofuel
from available feedstocks, for example, non-edible oils and residual biomass. The
development of catalysts will enhance the production of biodiesel from non-edible oils.
Biodiesel production using better catalysts will increase the biodiesel yield, despite the
presence of large amounts of FFAs. The use of solid catalysts in biodiesel production also
will improve the process sustainability, as water use is reduced, and less intermediate
processing is needed to obtain ready-to-use biodiesel. On the other hand, the development
of fermentation of residual lignocellulosic material would increase the available technologies
for sustainable biofuel production. This thesis will also consider enzymatic and other
biomass pre-treatments, along with the use of yeast to increase ethanol production from
lignocellulosic residues. This work is important because of the positive impact that secondgeneration biofuels can have on the environment, as well as the people’s income and quality
of life.
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1.4 Thesis outline
Part B will present an overview of the preparation of catalysts for heterogeneous
transesterification, the characterization of the catalysts and the experimental designs
followed to explore increased biodiesel production. The synthesised catalysts based on
metal oxides such as aluminium, calcium, magnesium, tin, and lithium were tested for the
transesterification of various oil feedstocks, such as rapeseed oil, babassu oil, and Ricinus
oil. Ethanol production from lignocellulosic residues is addressed as well. The chemical,
physical, and enzymatic hydrolysis of lignocellulosic residues is investigated. Additionally,
the hydrolysates were fermented using commercial yeast as well as with isolated native
yeast strains. Part C discusses the production of biodiesel from the different oil feedstocks,
as well as the ethanol production from Schinus molle residues. Part C also describes the
improvement of an established process through the production of liquid biofuels using a
sustainability approach. Finally, Part D sums up the importance of the findings of this thesis
and makes recommendations for future work.
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2 Experimental methods
2.1

Materials synthesis and transesterification

2.1.1 Oxides as catalysts
Bare oxide catalysts were prepared from calcium hydroxide ACS (≥95.0%, Sigma-Aldrich),
calcium carbonate (>99.0%, Sigma-Aldrich), lithium hydroxide monohydrate (≥98.5%
BioXtra, Sigma-Aldrich), and tin (II) chloride dihydrate ACS (≥98.0%, Sigma-Aldrich). The
combinations of oxide species were prepared in the mass ratios listed in Table 4. The
mixtures were prepared by taking into consideration the stoichiometric formation of the
oxides based on the oxide mass ratios. Paper I deals with the combinations of calcium and
tin oxides as solid catalysts listed as catalysts 1–4 in Table 4. The dissolutions of tin chloride
and calcium hydroxide were carried out with deionized water (DIW) and iso-propyl alcohol
(99.9% FCC, VWR chemicals), respectively.

In Paper III, lithium hydroxide was dissolved in DIW, whereas tin chloride was dissolved in
70% ethanol in water (catalysts T4–T6 in Table 4). The tin/calcium (T1–T3) mixed oxide
catalysts were prepared by mixing tin chloride only with iso-propyl alcohol, while calcium
carbonate was added under continuous stirring.

Table 4. Mass percentages of bare solid oxides as catalysts
Catalyst code

Paper

Li2O

CaO

SnO2

80

20

20

80

70

30

4

50

50

T1

50

50

T2

70

30

90

10

1
2
3

T3
T4

I

III

30

70

T5

20

80

T6

10

90

Once the compounds were suspended, they were mixed and placed in an oven to dry at 80
ºC for 5 h and then at 110 ºC until complete dryness was achieved. Afterwards, the crushed
mixtures were calcined at 650 ºC for 5 h. Paper III considers the combinations of calcium
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and tin oxides and of lithium and tin oxides. The precursors were dissolved and suspended
as described in the paper. When they were mixed, they were placed in an oven to dry at 104
ºC for 20 h. Later, the mixtures were crushed and placed in the calcination oven at 300 ºC
for 2 h, 550 ºC for 2 h, and finally at 850 ºC for 5 h.

2.1.2 Mayenite support preparation
Mayenite was synthesized from the precursors calcium hydroxide ACS (≥95.0%, SigmaAldrich) and aluminium nitrate nonahydrate ACS (≥98.0%, Sigma-Aldrich). The preparation
was carried out in the molar ratio of 12:14 between the calcium and aluminium species. In
Paper II, calcium hydroxide was mixed with aluminium nitrate to from a wet slurry; dissolution
occurred with the addition of DIW and heating up to 60 ºC under continuous agitation at 600
rpm. Isopropyl alcohol was later added to produce gelation, whereupon heating was
stopped, and agitation was kept constant. Once a gel-like consistency was obtained, the
beaker was placed in an oven for drying, following the programme presented in Table 5.

In Paper III, mayenite was synthesized by dissolving calcium hydroxide in DIW while
aluminium nitrate nonahydrate was dissolved in a 70% isopropyl alcohol and 30% anhydrous
ethanol solution. Each of the two mixtures was separately placed on a hot plate with
magnetic stirring at 50 ºC for 30 min. Once each of the two precursors was mixed to a quasihomogeneous state, they were mixed together with the addition of DIW and heating was
increased to 140 ºC for 30 min. The mixture was then placed in an oven to undergo the
heating steps listed in Table 5. The synthesized mayenite was then stored until the addition
of the catalytically active material and further characterization procedures.

Table 5. Differences in the mayenite synthesis thermal treatments
Step

Paper I

Paper III

Drying

72 h @ 100 ºC

6 h @ 70 ºC
18 h @ 104 ºC

Calcination

2 h @ 650 ºC

2 h @ 300 ºC
2 h @ 550 ºC
2 h @ 850 ºC

2.1.3 Active material on mayenite and alumina
Catalyst production culminated with the co-precipitation of the active material on mayenite
and alumina surfaces. In Paper II, the active material was prepared from methanol-dissolved
solutions of lithium hydroxide and magnesium acetate. The prepared mayenite and
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commercially available alumina (NORTON®, U.S.A.) were added to the solutions of the
compounds listed in Table 6, producing the catalysts from M0 to M4 and A0 to A5,
respectively, using co-precipitation. Mayenite-based catalysts with lithium addition were
denoted M1/M2 and with added magnesium M3/M4, while alumina-based catalysts with added
lithium were denoted A1/A2 and with added magnesium A3/A5.
In Paper III, the catalysts were produced by adding lithium and tin oxide species over a
mayenite support in different mass ratios, starting from 50 wt.% mayenite and 50 wt.%
lithium oxide (CAT1). Following this step, for every catalyst the lithium oxide was reduced
by 10 wt.% and substituted by 10 wt.% of tin oxide until the mass ratios of 50 wt.% mayenite
and 50 wt.% tin oxide were reached (CAT6). The precursors of the required oxides were
lithium hydroxide and tin chloride, which were dissolved in DIW and ethanol, respectively.
The mayenite support and the active material solutions were mixed according to the wetimpregnation method.

Table 6. Catalysts produced by co-precipitating the active materials
Active material

Paper I

Paper III

Solutions

Lithium hydroxide w/CH3OH

Tin chloride w/C3H8O

Magnesium acetate w/CH3OH

Lithium chloride w/DIW
Tin chloride w/C2H5OH

2.1.4 Catalyst characterization
The catalyst characterization used methods such as N2 physisorption, X-ray powder
diffraction (XRD), and thermogravimetric analysis (TGA). Micromeritics ASAP 2000
equipment was used for the N2 physisorption. The analyses started with pre-treatment in
high vacuum by drying at a temperature of 523 K for 5–24 h depending on the sample,
followed by the formation of the N2 monolayer at a temperature of 77 K. After the analyses
were completed, Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH)
calculations were performed to determine surface area, pore volume, pore diameter, and
pore size distribution.

The crystallinity of the catalysts was characterized by XRD. A Siemens D5000 diffractometer
and a Rigaku Miniflex 300 W diffractometer were used for the analyses. The X-ray source
was Cu-Kα (λ = 1.5406 Å) with a 2-theta degree range from 20 to 80 degrees. Powder
diffraction files were analysed using EVA software for papers I and II and Diffrac 4.0 software
for Paper III.
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Moreover, in Paper III, Netzsch STA 449 F3 TGA equipment, equipped with N2 and synthetic
air gas feed systems, was used to determine the thermal profile of the mayenite calcination.
Time and temperature conditions were set to emulate the conditions presented for the
synthesis of mayenite, starting from room temperature and reaching 850 ºC, as described
in Table 5. TGA analyses were also carried out on the prepared catalysts to test their thermal
stability. The temperature increased from 25 to 850 ºC at a heating rate of 10 ºC min–1 in a
synthetic air flow of 50 mL min–1 throughout the analysis cycle.

The surface morphologies were determined by scanning electron microscopy (SEM) using
a Zeiss Ultra 55 SEM in the range from 1 µm to 200 nm. The images were analysed to
determine the morphologies and sizes of the particles on the catalyst materials. The sizes
were measured and presented statistically.

2.1.5 Transesterification experiments
The different oils were transesterified using the scheme described in Figure 14. The scheme
includes a round-bottom flask with three necks, two of which serve as connections to a
water-cooled condenser and a thermometer, while the third is used for sampling. The watercooled condenser allows the reaction to take place at atmospheric pressure, while
condensed methanol is recirculated to the reaction flask. Initially, the temperature was set
for the oil to reach the reaction temperature, at which point the catalyst was added through
the feeding port, with the oil and catalyst being blended by a magnetic stirrer. Separately,
methanol heated to the reaction temperature was added after the oil–catalyst mixture had
attained a homogeneous appearance.

In Paper I, as the catalysts were the bare oxides for the transesterification of babassu oil,
the reaction conditions for biodiesel production started at a methanol-to-oil molar ratio of
10:1 with a catalyst loading of 10 wt.% (relative to the oil mass) at a reaction temperature of
60 ºC with 250 rpm agitation. In Paper II, the catalysts were tested in the transesterification
of rapeseed oil at a methanol-to-oil molar ratio of 6:1 with a catalyst loading of 5 wt.%
(relative to the oil mass) at a reaction temperature of 60 ºC and 180 rpm agitation. In Paper
III, the catalysts were used for the transesterification of Ricinus oil, in which the methanolto-oil molar ratio was increased to 12:1 with a catalyst loading of 5 wt.% (relative to the oil
mass) at a reaction temperature of 60 ºC and 400 rpm agitation.
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Figure 14. Schematic of the reaction apparatus for biodiesel production

After the transesterification reaction had been running for 2 h, the mixtures of methanol, oil,
and catalyst were placed in graduated cylinders to let them settle and form their respective
phases. If biodiesel production had occurred, the graduated cylinders presented three
phases. The first one would comprise the excess of methanol, the second the biodiesel
phase, and the third the glycerol–catalyst phase. If high production of biodiesel had
occurred, the glycerol phase was large enough to exceed the amount of solid catalyst,
presenting a clearly observable difference. An aliquot of 113 µL from the biodiesel phase
was used to quantify the biodiesel production yield.

In Paper II, the kinetic studies were carried out on the transesterification reaction using the
catalyst with the highest biodiesel yield. The experimental set-up was prepared as in the
previous experiments at 60 ºC with a methanol-to-oil molar ratio of 6:1 and an agitation rate
of 180 rpm. The best catalyst load was used for a reaction time of 2 h. Samples were taken
every 20 min from the core of the reactor using a Pasteur glass pipette. The samples were
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left to settle and were prepared for gas chromatography (GC) analysis to determine their
FAME content.

The yield of the biodiesel production was quantified using GC. Using an Agilent GC N6890
chromatography equipment, the conditions included the use of an HP-FAAP polyethylene
glycol capillary column (30 m × 530 µm × I.D. 1 µm) with an oven temperature ramp from 70
to 235 ºC with helium as the carrier gas phase at a volumetric flow rate of 7.2 mL min–1 and
a split ratio of 80:1. The detector used was a flame ionization detector at 300 ºC. A mixture
of 500 µL of heptane (GC grade) and propyl acetate (GC grade) were added to the 113 µL
biodiesel sample and placed in the automatic injector, set to a temperature of 215 ºC.

2.1.6 Experimental designs of transesterification
The experimental design varied greatly accordingly to the complexity of the treated oils and
the prepared catalysts for biodiesel production. Experiments in Paper I required an
optimization proceeding after the catalyst screening. Consequently, experiments in Paper I
followed a 23 full-factorial experimental design complemented with a Box–Behnken
response surface methodology with the main factors being temperature, methanol-to-oil
molar ratio, and catalyst load. The factors and the corresponding levels for the optimization
of the response variable (i.e., biodiesel production yield) are listed in Table 7. The response
surface analysis followed a Box–Behnken design for three factors with two repetitions of the
central point.

Table 7. Experimental designs and factor levels
Factor

Unit

Paper I

Paper II

1; 0; –1

Paper III
1; 0; –1

Temperature

ºC

40, 50, 60

60

55, 60, 65

Molar ratio

-

1:6, 1:8, 1:10

1:6

1:6, 1:9, 1:12

Catalyst load

wt.%

3, 4.5, 6

2.5, 5, 10

0.75, 1, 1.25

However, in Paper II the experimental design was planned for the screening of the catalysts,
with the optimization of the factor catalyst load being the only variable. As described in Table
7, the applied catalyst loads were 2.5, 5, and 10 wt.%, while the other factors were kept
constant. Furthermore, in Paper III, catalyst screening was also done. Afterwards, a 23 fullfactorial design was applied, complemented with a circumscribed central composite (CCC)
design surface response analysis to optimize the biodiesel production.
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2.1.7 Catalyst reuse
The catalysts that displayed the highest biodiesel yields were reused. These catalysts were
used in a first cycle, after which; they were filtered and washed with methanol, rendering
them ready to use in the following cycle.

2.2

Schinus molle biomass and ethanol production

Schinus molle biomass has been studied for ethanol production. The biomass
characterization methods presented in this work were applied for fresh crushed seeds and
for the residual seeds from the essential oil extraction process.

2.2.1 Biomass characterization
Biomass

characterization was carried out

characterization

method

was

hemicellulose

using two methodologies.
monosaccharide

and

The first

Klason

lignin

determination based on the SCAN-CM 71:09 standard using a high-performance liquid
chromatography (HPLC) analysis. The method started with the hydrolysis of 200 mg of dried
biomass with 3 mL of 72 wt.% H2SO4 in a vacuum desiccator for 1 h. The sample was diluted
with 84 mL of DIW and autoclaved for 1 h at 125 ºC. Meanwhile, a glass filter was wrapped
in aluminium foil and weighed in an analytical scale. After the solution had cooled, the
mixture was filtered and diluted up to 100 mL in a volumetric flask with DIW. Samples were
filtered through syringe nylon filters of 0.2 µm of por diameter and placed into the HPLC vials
for analysis. The standard sugars were arabinose, galactose, glucose, xylose, and mannose
in concentrations ranging from 0.001 to 0.200 mg mL–1. In addition, the material–containing
filter was washed with 100 mL of hot DIW followed by 100 mL of cold DIW before being
placed in the oven at 105 ºC overnight. The difference between the initial and dry weight of
the filtered material gave the Klason lignin value.

The second characterization method was thermo-gravimetric analysis (TGA) in normal and
anoxic atmospheres. TGA is used to determine the moisture (mM), ash content (mA via ASTM
E1755-01), volatile matter (mVM via ASTM E872-82), and proximate fixed carbon. A Netzsch
STA 449F33 TGA unit fed with nitrogen and synthetic air gases was used for the analyses.
The method was modified in terms of the initial mass, which was adjusted to the available
equipment. The moisture content was measured by heating 30 mg biomass samples at a
temperature of 105 ºC for 24 h in a synthetic air atmosphere. Later, 30 mg biomass samples
were placed in the TGA crucibles to follow the temperature programme listed in Table 8 in
N2 and synthetic air atmospheres, separately.
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Table 8. Temperature programme for TGA analyses
Step

Rate,
ºC min

–1

Temperature,

Dwell,

ºC

min

1

5

220

-

2

-

220

30

3

5

550

-

4

-

550

120

5

5

900

-

6

-

900

7

After the TGA analyses were carried out, the results were evaluated to determine the fixed
carbon mass percentage by proximate analysis according to Eq. (3), where mFC is the
estimated fixed carbon, mM the moisture content, mVM the volatile matter, and mA the ash
content.
𝑚𝐹𝐶 = 100 − (𝑚𝑀 + 𝑚𝑉𝑀 + 𝑚𝐴 )

(3)

2.2.2 Biomass hydrolyses
An experimental design of three factors with two levels was conducted to test the effects of
chemical and physical treatments on the S. molle biomass. The chemical treatments used
solutions of sulphuric acid (H2SO4), acetic acid (CH3COOH), and sodium hydroxide (NaOH),
while the physical treatments used autoclave, vacuum, and ultrasound. Combined
treatments were also considered, as presented in Table 9.

Initially, water was used to determine whether or not the vacuum or autoclave treatments
affected the lignocellulosic structure. The hydrolyses were carried out with the addition of 3
mL of the respective acid or alkaline solutions at 12 M concentration with 200 mg biomass
samples. After the mixtures were made, they were placed in a vacuum desiccator for 1 h in
the cases in which vacuum treatment was applied, whereas in the case when no physical
treatment was applied, the mixture was kept at room temperature and atmospheric pressure
for 1 h. The vacuum treatments were carried out in a desiccator equipped with a diaphragm
pump capable of reaching 9.0 mbar of pressure. At the same time, the autoclave treatments
were carried out in an autoclave capable of reaching 121 ºC at a pressure of 1.2 barg. In the
cases in which both physical treatments were applied, the vacuum treatment was followed
by the autoclave treatment.
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Table 9. Hydrolysis experimental design
Hydrolysis

Compound

Vacuum

Autoclave

1

H2O

+

+

2

H2O

+

-

3

H2O

-

+

4

H2SO4

+

+

5

H2SO4

+

-

6

H2SO4

-

+

7

NaOH

+

+

8

NaOH

+

-

9

NaOH

-

+

10

CH3COOH

+

+

11

CH3COOH

+

-

12

CH3COOH

-

+

Similarly, an additional set of experiments was carried out to investigate the effect of
ultrasonic treatment during the H2SO4, NaOH, and CH3COOH hydrolysis of S. molle
biomass. In these experiments, the biomass was prepared in the same way in as the afore
mentioned chemical hydrolyses. Ultrasonic treatment was applied using Sonics VC505
equipment with a probe 11 mm in diameter capable of delivering repeated 1 s 20 kHz
ultrasound pulses at 40% of power after 2 s pauses for 1 h of treatment [73].

The hydrolysis treatments were completed with the use of commercial enzymes known for
biomass saccharification. The experiments were designed based on the enzymes’ catalytic
activity of 260 µmol min–1 mL–1 and 800 FAU g–1 for solutions of amyloglucosidase and αamylase, respectively. FAU stands for one fungal α-amylase unit, which is the amount of
enzyme that breaks down 5.26 g of starch per hour according to the standard of Novozymes
[110]. The volumes of enzymes used were, as shown in Table 10, but a 4-times excess was
also planned for the hydrolysis assessment. The conditions for enzyme activity were
adjusted to the optimal pH and temperature required for each enzyme. Preparation for the
enzymatic hydrolyses included the addition of 20 mg of Ca(OH)2 to ensure the calcium
presence needed for the enzymatic activity. The enzymatic hydrolyses were carried out for
3 h in a closed beaker inside a water bath at an agitation rate of 200 rpm. After the treatment,
the enzymes were denaturalized by thermal treatment in a boiling water bath. The solutions
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were fixed at pH 7 and filtered through a 0.45 µm PTFE syringe filter before placement in
the HPLC equipment.

Table 10. Enzymatic hydrolysis experiments
Enzyme

Temperature,

pH

Volume,

ºC

µL

Amyloglucosidase

70

5.5

427

Amyloglucosidase

70

5.5

1700

α-amylase

55

4

10

α-amylase

55

4

40

2.2.3 Commercial and native yeast strains
A commercial strain of bakers’ yeast, also called Saccharomyces cerevisiae, was obtained
from a local supplier. Additionally, native yeast strains were obtained from the residue of
uncontrolled decomposition. This method included the preparation of a culture medium
enriched with the nutrients to induce yeast growth rather than bacterial growth. The yeast,
peptone, and dextrose culture medium (YPD) contained 1 wt.% yeast extract, 2 wt.%
peptone, and 5 wt.% dextrose dissolved in distilled water, while the cases that needed solid
culture medium also included 2 wt.% agar [111]. In searching for yeast strains, all the
equipment used was autoclaved to ensure sterility so that the native yeast could grow.
Additionally, a YPD medium was supplemented with 5 wt.% of ethanol as a specific culture
medium for microorganisms capable of living in ethanol-enriched media.

The native yeast strains were isolated from the residual sludge of the essential oil extraction
plant. Sludge samples were taken from the pool in which the waste from the essential oil
extraction process was discarded. The samples were left in 250 mL beakers containing 50
mL of YPD liquid culture medium for 24 h and transferred to solid culture medium for
isolation. After several colonies were isolated, they were morphologically characterized. The
morphological characterization entailed physical macroscopic observations of colony
appearance, margin, elevation, texture, pigmentation, and optical properties. Microscopic
characterization was done through microscopic examination of the yeast following Gram
staining. Moreover, the isolated yeasts were biochemically characterized using the
bioMérieux API 20E kit and Remel RapID yeast plus identification kit. The procedures
described in the identification kit specifications were followed.
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A major unknown when comparing the commercial yeast strain with isolated native yeast
strains is the growth rate. To determine the growth rate of the isolated native yeast strains,
the growth curves of the isolated strains were studied. Aliquots (150 mL) of YPD liquid
medium were inoculated with the isolated yeasts. The cultures were adjusted to pH 5.5 and
kept at 30 ºC and 200 rpm agitation. Optical density at 600 nm in a UV-visible
spectrophotometer was used to determine the growth curve of the native yeast strains from
1.5 mL aliquots taken every 4 h until the 24 h curve was completed.

2.2.4 Ethanol production
Once the growth rates of the native yeast strains were established, the strains were used as
inocula in a batch process (Figure 15). The inocula must be in the exponential growth phase,
so when they reached exponential growth, the inocula were blended with the fermentation
culture media containing S. molle biomass. The ethanol production started with the
conditions listed in Table 11. The base conditions included the addition of Ca(OH)2 to nullify
its effect when experimenting with the further enzymatic hydrolysis. The experimental setup is described in Figure 15, where the anoxic atmosphere was achieved by injecting
nitrogen gas. The growth media were injected with nitrogen 5 min before and after the yeast
addition. A water/air trap was used to maintain the fermentation pressure close to
atmospheric pressure during the fermentation process.

Table 11. Base conditions for ethanol production
Conditions

Unit

Value

S. molle mass

g

5

Yeast

g

0.35

Distilled H2O

mL

35

Ca(OH)2

mg

20

Time

h

24

Temperature

ºC

30

After the fermentation conditions were established, a set of fermentations was conducted
with the hydrolysate that had the highest concentration of monosaccharides. The
hydrolysate fermentations were carried out with the yeast strains available in this study (i.e.,
commercial and native yeast strains). The fermentations that resulted in higher ethanol
production were supplemented with nutrient sources rich in nitrogen, e.g. yeast extract and
peptone at concentrations of 1 and 2 wt.%, respectively. The total production of ethanol was
used for calculating the environmental impact.
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Figure 15. Schematic of the reaction apparatus for ethanol production

2.2.5 Sustainability analysis
The improvement of the process environmental impact was calculated based on mass
balance analysis. In the catalytic processes literature, common objective indicators are used
to measure the environmental impact of a process [112]. However, no literature review was
found incorporating the objective indicators for essential oil extraction processes. To
evaluate the implementation of the fermentation process within the essential oil extraction
process, indicators based on mass balances were used. Such indicators include the e-factor,
process mass intensity (PMI), mass productivity (MP), and reaction mass efficiency (RME),
which can be calculated using variables describing the process mass balance (Table 12).

Table 12. Indicators used for the sustainability analysis
Indicator

Definition

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑘𝑔
𝑇𝑜𝑡𝑎𝑙 𝑤𝑎𝑠𝑡𝑒 𝑘𝑔§

E-factor
Process mass intensity (PMI)
Mass productivity (MP)
Reaction mass efficiency (RME)
§Total

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑢𝑠𝑒𝑑 𝑘𝑔
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑘𝑔
1
× 100
𝑃𝑀𝐼
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑘𝑔
𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑢𝑠𝑒𝑑 𝑘𝑔

waste does not include water
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The analysis was delimited to the implementation of the fermentation process in an essential
oil extraction plant with a process capacity of 100 kg of S. molle seeds and includes a mass
balance with the gas emissions. GHGs were added to the mass balances for a direct
comparison between the actual process and the proposed implementation. Furthermore, the
yearly income increase was estimated based on the international FOB prices presented by
the U.S. Grains Council.
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3 Results and discussion
The results were obtained using the methodologies previously described and are presented
in the same order. More detail on the results can be found in the annexed papers.

3.1

Catalyst characterization

The N2 physisorption analyses, covering mayenite and best catalysts, are presented in Table
13, whereas the other results are presented in their respective annexed papers. Mayenite
preparation showed that it is possible to vary the surface and porosity depending on the
synthesis conditions. As a result, the synthesized mayenite had a final surface area of 5.84
m2 g–1 from a starting surface area of 1.85 m2 g–1.

Table 13. N2 physisorption analyses
Property

Units

Paper

CaO/SnO2

Mayenite

7:3

M0

Mayenite

A4

M2

CAT1

CAT6

I

II

III

II

II

III

III

Surface area (BET)

m2 g–1

7.80

1.85

5.84

77.30

15.20

1.51

7.79

Pore volume (BJH)

cm3 g–1

0.064

0.012

0.068

0.320

0.170

0.012

0.081

Å

330

267

470

165

401

141

287

Pore diameter (BJH)

The catalyst CaO/SnO2 has a relatively small surface area compared with those of other
calcium-based catalysts. Kaur and Ali [113] reported the production of biodiesel with a
catalyst based on Mo/CaO, which had a larger surface area with larger pore volumes,
reducing the risk of mass transfer hindrance. Although the smaller pore volumes and surface
areas of CaO/SnO2 might cause mass transfer limitations, the combination of CaO and SnO2
makes a difference in terms of structure [113], but also in the acid/alkali character of the
catalyst surface [114].

The BET analysis of the mayenite (M0) and mayenite/Li2O (M2) revealed small surface areas,
as reported by Li et al. [115] and Ruszak et al. [116], of 1 and 5 m2 g–1, respectively. In a
comparison between the alumina- and mayenite-supported catalysts, the alumina-supported
catalysts displayed a loss in surface area in the lithium and magnesium cases, while the
mayenite-supported catalysts displayed an increase in surface area. The increased surface
area also enhanced the catalysts by increasing the adsorption area where the methoxide
complex and triglyceride complex can form and react through the transesterification
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mechanism [109]. It was possible to increase the surface area of the catalysts examined in
Paper III from 5.84 to 7.79 m2 g–1 by adding tin oxide and to reduce the surface area from
5.84 to 1.51 m2 g–1 by adding lithium oxide. The pore volume also varied depending on the
oxide addition, but in both cases the result was the decrease of the pore diameter from 470
Å on bare mayenite, to narrower sizes of 287 and 114 Å with the addition of SnO2 and Li2O,
respectively.

The set of XRD diffractograms presented in this thesis starts with the diffractogram in Figure
16 (Paper I). The crystalline presence of tetragonal SnO2 (PDF-00-046-1088) was detected,
while the presence of CaO (PDF-00-001-1160), tetragonal SnO (PDF-00-055-0837), and
orthorhombic CaSnO3 (PDF-01-071-4896) were also detected. The decomposition pathway
of Ca(OH)2 and SnCl2 might have led to the formation of the perovskite CaSnO3 and of CaCl2
(PDF-00-024-0223). However, depending on the annealing temperature and time, the
crystallization into either SnO or SnO2 was found to occur in heat treatments above 500 ºC
[117].

Figure 16. XRD diffractograms of tin/calcium oxides (Paper I)

The XRD results (Paper II) indicated the successful synthesis of mayenite (PDF-00-0090413) and of the principal species in the surface of the catalysts, as depicted in Figure 17.
The mayenite-supported XRD diffractograms (M1 and M2) show that, apart from the intended
oxide species, other species such as tetragonal LiAlO2 (PDF-01-073-1338) and
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orthorhombic Li5AlO4 (PDF-00-024-0596), were formed on the surface of the support. The
diffractograms of catalysts M0 through M2 show that the addition of lithium oxide to the
support induced the formation of the species Li5AlO4 (PDF-01-071-1736). In the
diffractograms of Figure 17, it is also possible to identify characteristic peaks of CaO (PDF01-070-5490). In the diffractogram of the catalyst M1 in Figure 17, the presence of the
species CaCO3 can also be found, which could have been caused by the presence of CO2
gas during or after the calcination process.

Figure 17. XRD diffractograms of mayenite (M0), M1 and M2 (Paper II)
In the XRD diffractogram of mayenite in Figure 18, characteristic weak CaO (PDF-01-0705490) signals between 60 and 70 2θ degrees can be found. Whereas signals are fairly strong
in the diffractogram belonging to CAT1, which also display characteristic peaks of Li2O (PDF00-012-0254), Li5AlO4 (PDF-01-071-1736), and LiAlO2 (PDF-01-073-1338). Lithium
aluminate species reportedly capture CO2; in particular, the compound Li5AlO4 may adsorb
CO2 to form Li2CO3, leaving alumina behind. However, in the catalysts’ XRD diffraction
patterns in Figure 18, it is possible to identify other oxide species, such as CaO, Li2O, and
SnO, that positively affect the production of biodiesel [101, 118, 119].
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Figure 18. XRD diffractograms of mayenite, CAT1, and CAT 2 (Paper III)

The TGA analysis was useful to follow up the synthesis of mayenite. Such analysis (Figure
19) shows that the principal mass loss occurs in the thermal range from 200 to 300 ºC, which
is the temperature range in which the nitrous oxides leave the mixture in gaseous form [120].
The dehydration of H2O adsorbed on Ca(OH)2 also reportedly leaves the mixture in the same
temperature range [121]. The second mass loss was determined to occur between 400 and
550 ºC, which is the temperature range in which the compounds Ca(OH)2 and Al(NO3)3 are
oxidized into CaO and Al2O3, respectively [121, 122].

Figure 19. TGA analysis of the synthesis of mayenite 25-850 ºC (Paper III)
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TGA analysis was also used to determine the stability of the synthesized catalysts, as
depicted in Figure 20 (Paper III). Through analysis of the TGA patterns it was possible to
determine that the catalysts CAT1 and CAT5 were the most stable, both having a total mass
loss of less than 15 wt.% throughout the temperature cycle. The catalysts CAT3, CAT4, and
CAT5 had quasi-stable masses from 170 to 780 ºC, after which the mass loss started to
accelerate. Accordingly, the catalysts CAT2, CAT3, CAT4, and CAT6 experienced a
significant mass loss, surface instability being associated with mass loss of 78.0, 74.6, 75.4,
and 79.8 wt.%, respectively. In the specific cases of CAT1 and CAT5, the temperature at
which the mass loss is identified correlates with the temperature at which water is desorbed
(i.e., 100 to 170 ºC) [123]. In CAT6, the slight mass percentage increase that happens from
300 to 430 ºC can be attributed to the formation of Sn complexes, such as CaSnO 3, on the
mayenite surface [124, 125].

Figure 20. TGA analysis for determining catalyst stability up to 850 ºC (Paper III)

48

3 Results and discussion

The surface morphologies of the catalysts were determined using SEM analysis in Papers
I, II, and III. The SEM analysis presented in Paper I revealed the formation of particles with
an average size of 0.80 µm by the synthesis of the catalyst containing CaO/SnO2 in a mass
ratio of 7:3. The SEM micrograph (Figure 21) showed the heterogeneity of the formed
particles, attributable to the mixture of the oxides without a support and probably caused by
concentration gradients between calcium and tin species. This is supported by the XRD
analysis of the catalyst, which showed the presence of SnO, CaSnO3, and even CaCl2
(Paper I). The particle diameter was found to range from <1 to 5 µm. Particle size distribution
analysis showed that a large proportion of the particles on the surface of the catalyst had an
average size of 0.80 µm.

Figure 21. SEM micrograph of the catalyst CaO/SnO2, mass ratio 7:3 (Paper I)
The most organized structure was found in the micrograph of 5 wt.% lithium supported on
mayenite by impregnation (Paper II). The structural difference between synthesized
mayenite and the lithium-impregnated mayenite was elucidated by SEM. Figure 22 (a),
shows mayenite as a rectangular and intertwined agglomerate with an average size of 266
nm and various cavities ranging from 20 and 180 nm on a compact sphere. In contrast, lotuslike formations from the mayenite/lithium oxide catalyst are depicted in Figure 22 (b), where
the shapes crisscross the surface with shallow holes increasing the surface area, as was
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found by the BET analysis (Table 13). Also in Paper II, the catalysts that were synthesized
with magnesium were found to have smaller particle sizes and higher surface areas.

Figure 22. SEM micrographs of mayenite (a) and 5 wt. %
lithium-impregnated mayenite (b) (Paper II)

The SEM analysis revealed the formation of near-nanoscale particles (Paper III). The
surface morphology presented needle-shaped crystals, with particle sizes in the range of
250–350 nm, as depicted in Figure 23. The cavities found on the catalyst surface are in
agreement with the BET results regarding mayenite porosity.

Figure 23. SEM micrographs of CAT6 (Paper III)
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Transesterification

The transesterification experimental designs revealed the maximum production conversions
that the catalysts can reach for each oil feedstock. The catalyst developed (Paper I) is a
mixture of calcium and tin oxides. The maximum yield with the use of such a catalyst was
95 wt.% biodiesel from babassu oil. The conditions used include an agitation rate of 250 rpm
for 2 h of reaction time at a temperature of 50 ºC with a methanol-to-oil molar ratio of 6:1
and a catalyst load of 3 wt.% relative to oil. The experimental design was a 23 full-factorial
design by considering the reaction temperature, methanol-to-oil molar ratio, and catalyst
load (i.e., wt.% relative to oil mass) as factors, with the biodiesel concentration as the
response variable. The results indicate that the most influential factors were the interactions
between temperature (A)/catalyst load (C) and molar ratio (B)/catalyst load (C), with a
minimum theoretical yield of 86.5 wt.% biodiesel production as described by Eq. (4).
𝑌 = 86.46 − 0.85𝐴 − 0.84𝐵 − 1.55𝐶 + 0.84𝐴𝐵 + 3.73𝐴𝐶 + 2.57𝐵𝐶 + 𝜀

(4)

Such studies were complemented by a Box–Behnken experimental design for surface
response analysis using the same factors. As a result, a more extensive mathematical model
of biodiesel production was formulated, in which the most positively influential factors were
determined to be the methanol-to-oil molar ratio (B) and catalyst load (C). However,
temperature (A) was determined to have a negative influence on the response variable as
described by Eq. (5).
𝑌 = 7.52 + 12.97𝐴 + 1.21𝐵 + 7.88𝐶 + 0.27𝐴𝐵 + 11.93𝐴𝐶 − 4.47𝐵𝐶 − 30.69𝐴2 + 24.51𝐵2 + 47.76𝐶 2 + 𝜀

(5)

Because the best yields from the 23 full-factorial design differ significantly from those from
the Box–Behnken design, there must be unconsidered factors that hindered the catalyst
activity between the experiments. The mathematical model described by Eq. (5) shows that
the minimum theoretical yield is 7.52, revealing a critical decrease in the minimum yield.

In Paper II, the experimental design was thought to identify the best performance in the
screening stage, while determining the best catalyst load (wt.%), the reaction kinetics, and
the catalyst reuse potential. The biodiesel production reached 100 wt.% with the edible
rapeseed oil and methanol. Despite the ease of transesterifying a refined oil, the challenges
included improving the catalyst stability, and testing reusability. Of the catalyst support
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properties, large surface area and the proper dispersion of the catalytically active sites are
also important.

Accordingly, alumina and mayenite were tested with different concentrations of lithium and
magnesium oxides for the heterogeneous catalysis of rapeseed oil. Throughout the
transesterification reactions using bare alumina and bare mayenite, it was possible to
establish that, even as bare supports, both oxides were prone to achieving 14% and 8%
biodiesel yields, respectively. The impregnation effect in the transesterification reaction tests
resulted in higher biodiesel yields. In the alumina-based catalysts, adding lithium oxide and
magnesium oxide led to biodiesel yields of 78–92%. The lowest biodiesel yield was achieved
using the alumina-MgO 30 wt.% catalyst, whereas the highest yield was achieved with the
alumina-Li2O 5 wt.% catalyst. Specifically, the increase of lithium oxide in the alumina-lithium
catalysts – A1 with 5 wt.% and A2 with 10 wt.% lithium oxide-impregnated alumina – caused
the formation of more LiAlO2 on the alumina surface, as shown by XRD analysis (Paper II).
Consequently, the increase in the species LiAlO2 can be related to the decrease in biodiesel
yield. Increasing the amount of MgO on the alumina surface proved to cause no further
increase in the biodiesel yield.

In the mayenite-based catalysts, adding lithium oxide and magnesium oxide had different
effects. Increasing Li2O from 5 wt.% to 10 wt.% increased the biodiesel yield from 17% to
100%, a result in agreement with those reported for lithium-doped catalysts [101, 119].
However, increasing MgO from 10 wt.% to 30 wt.% increased the biodiesel yield from 11%
to 24%. The conclusion regarding the performance of the MgO-mayenite catalysts is that
such catalysts are not active [126-128]. In fact, this set of experiments suggests that MgO
alone has a relative inferior catalytic activity.

The alumina- and mayenite-based catalyst loads in the reactor were also evaluated. For the
alumina-based catalyst (A0 to A5), increasing the catalyst load over the 2.5, 5.0, and 10.0
wt.% (relative to oil) range in the reactor led to biodiesel production yields of 75–98%, as
depicted in Figure 24. The yields of biodiesel produced with catalyst A1 reached 91% for
catalyst loads in the reactor of 2.5 and 5 wt.%, and increasing the load of catalyst A1 to 10
wt.% resulted in a biodiesel yield of 98%. These results suggest that catalyst A1 lacks
enough catalytically active sites to produce a significant increase in biodiesel yield. The
biodiesel yields produced by catalyst A3 also display a counter-intuitive behaviour, as
catalyst loads of 2.5, 5.0, and 10.0 wt.% resulted in biodiesel yields of 93, 84, and 87%,
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respectively. Such behaviour suggests that MgO on alumina is not active enough to achieve
higher conversions at the lowest load (2.5 wt.% catalyst load). Increasing the catalyst load
to 5 wt.% decreased the biodiesel yield, probably due to mass transfer limitations in addition
to the poor active site reactivity. Finally, increasing the load to 10 wt.% caused the biodiesel
yield to increase merely to 87 %, probably due to the presence of more active sites but
hindered by mass transfer limitations.

Figure 24. Alumina-based catalyst loads in the reactor (Paper II)

With the mayenite-based catalysts, the highest biodiesel yield was achieved with catalyst
M2, and even at a medium load of 5.0 wt.%, the biodiesel yield reached 100%, as depicted
in Figure 25. In contrast, the other mayenite-based catalysts produced biodiesel yields
between 5 and 27%. Catalysts M1 and M2 differ in their lithium concentration, and as
demonstrated by the impregnation effect, catalyst M2 impregnated with 10 wt.% Li2O has
more active, consequently achieving the highest biodiesel production. Unfortunately, a
lithium concentration of 5 wt.% (catalyst M1) was insufficient to achieve a high biodiesel yield,
as was also the case for catalysts M3 and M4 (impregnated with 5 and 30 wt.% MgO).
Catalysts M3 and M4 were confirmed to have the lowest catalytic activities of the set of
mayenite-based catalysts.
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Figure 25. Mayenite-based catalyst load in the reactor (Paper II)

The best catalyst load in this set was found to be 5 wt.% (relative to oil) of the catalyst made
of mayenite support impregnated with 10 wt.% lithium oxide (M2). Consequently, the
transesterification kinetics were studied based on the performance of this catalyst at a
reaction temperature of 60 ºC, agitation rate of 180 rpm, molar ratio of 6:1 (CH3OH:oil), and
reaction time of 2 h. Initially, the conversion rate of biodiesel was fairly low. Such a slow start
might happen due to initial mass transfer limitations and the time necessary to form the
reactive methoxide phase over the catalyst surface [129-131]. This stage might be governed
by a possible pseudo-second order reaction rate until most active sites have formed the
methoxide phase. In the following step, the biodiesel production increases due to the
uniformity of the reactant mixture in the liquid phase. The methoxide phase forms faster in
a two-phase (liquid–solid) reaction system, leading to an increase in the reaction rate, and
at this step, the reaction reportedly follows a pseudo-first-order reaction rate [129, 130, 132,
133]. In the final step, the reaction rate might decrease due to triglyceride depletion. A mass
balance over the reactor was carried out for a batch-stirred tank, leading to the reaction rate
described by Eq. (6).

𝑉𝐶𝑎𝑡 𝑟𝐴 =

𝑑𝐶𝐴
𝑑𝐶𝐴 𝑉𝑇𝑜𝑡
𝑉𝑇𝑜𝑡 → 𝑟𝐴 =
𝑑𝑡
𝑑𝑡 𝑉𝐶𝑎𝑡

(6)
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The global transesterification reaction follows Eq. (7) in the presence of the catalyst, where
A is the triglyceride, B the methanol, C the biodiesel, and D the glycerol.
𝐴 + 3𝐵 ⇄ 3𝐶 + 𝐷

(7)

Following Eq. (7), the overall conversion should follow a fourth order reaction rate law [134].
The common way to steer the reaction towards production of the fatty acid methyl ester is
to add methanol in excess. If an excess of methanol is used in the reaction, and considering
that the second stage of the reaction is predominant (in a two-phase reaction system), it is
possible to approximate the overall kinetics to a pseudo-first-order reaction rate by
simplifying it as shown in Eq. (8).
𝑟𝐴 = −𝑘𝐶𝐴 𝐶𝐵3 ~ − 𝑘 ∗ 𝐶𝐴

(8)

where k* is the pseudo-first-order rate constant. Substituting Eq. (6) into Eq. (8) for rA and
rearranging the equation terms so that the model relates the variables of concentration to
density and mass gives Eq. (9).
𝑑𝐶𝐴
𝐶𝐴
𝑉𝐶𝑎𝑡
𝜌𝑇𝑜𝑡 𝑚𝐶𝑎𝑡
= −𝑘 ∗ 𝐶𝐴 → ln ( ) = −𝑘 ∗ (
) 𝑡 + 𝐶 = −𝑘 ∗
(
)𝑡 + 𝐶
𝑑𝑡
𝐶𝐴𝑜
𝑉𝑇𝑜𝑡
𝜌𝐶𝑎𝑡 𝑚 𝑇𝑜𝑡

(9)

Such an equation in terms of conversion, and suggesting a constant density ratio between
the density of the total volume and the density of the catalyst, which can be included in the
apparent reaction rate constant as k**, will result in Eq. (10).

− ln(1 − 𝑋𝐴 ) = 𝑘 ∗∗

𝑚𝐶𝑎𝑡
𝑡+𝐶
𝑚 𝑇𝑜𝑡

(10)

The model in Eq. (10) describes the reaction behaviour, i.e., –ln(1 – XA) vs. t, and could be
used to determine k** having the unit min–1. When observing the yield vs. time plot in Figure
26, it is possible to determine that the reaction is not limited to being a three-step system.
Instead, the conversion rate appears to be constant for the first 40 min of the reaction. This
suggests that enough agitation was used to make the first step of the reaction negligible,
when the mass transfer limitations have detrimental effects on the reaction rate. The particle
size might have helped as well, and Pugnet et al. [135] reported that for catalyst powders
with particles smaller than 500 µm, such a mass transfer limitation was avoided. After the
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initial 40 min, the conversion rate starts to slow down and the process reaches the third step,
in which the depletion of reactants for the transesterification reaction occurs.

Figure 26. Biodiesel yield versus reaction time plot (Paper II)

The reaction rate constant was determined by applying Eq. (10). The apparent rate constant
(k**) was determined to be 0.0447 min–1. The fitting value (R2) is nearly 0.97, indicating that
the curve fitting is acceptable. Furthermore, the obtained reaction rate expression can be
compared to those of previously reported transesterification studies. Deshmane and
Adewuyi

[129]

reported

a

pseudo-first-order

reaction

rate

for

homogeneous

transesterification that has a reaction rate constant close to the value found here (kζ= 0.036
min–1). Supported by their study, is also possible to suggest that the properties of catalyst
M2 permit the reduction of the mass transfer limitation, preventing the initial delay in the
reaction and making it comparable to a homogeneous catalytic system.

The research to continue the catalyst synthesis for non-edible oils, was reported (Paper III),
where the activity tests of the catalysts were presented. Catalysts T1–T6 were tested, and
a biodiesel yield of 29.5% from a castor oil (Ricinus communis) feedstock was achieved with
catalyst T2 after 2 h of reaction time with a catalyst load of 5 wt.% (relative to oil). The
agitation rate was increased to 400 rpm due to the castor oil viscosity. Catalyst T2 consisted
of a mixture of CaO and SnO2 in a mass ratio of 7:3, as shown in Table 4. Previous studies
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reported that the use of CaO/SnO2 mixtures for the transesterification reaction led to
biodiesel yields of 25% and up, but with soybean oil [125]. Consequently, it is suggested
that the FFA concentration and hydroxyl group presence in the chain of the ricinoleic acid
might have been hindering the transesterification reaction. Based on the results of the other
catalysts for the transesterification of ricinus oil (Paper III), it was important to test the effect
of the mayenite support impregnated with the Li2O/SnO2 and CaO/SnO2 oxide mixtures.
Accordingly, transesterification experiments were conducted with catalysts CAT1–CAT6.
Catalyst CAT6 had the highest biodiesel production activity, reaching a yield of 34%, which
was the highest relative to the other catalysts’ lower yields.

Reaction optimization for the transesterification of castor oil was carried out (Paper III).
Because CAT6 was the catalyst that produced the highest biodiesel yield, it was used in the
optimization stage. Andrade et al. [136] reported the production of biodiesel from castor oil
with yields that ranged from 67.5 to 97.0% with the use of enzymes, but with longer reaction
times (8–24 h) and at lower temperatures (35–50 ºC). Using supercritical methods, the
reported biodiesel yields ranged from 95.2 to 96.5%, but although such methods produce
higher yields of biodiesel, their energy demand is often high. The reaction conditions of
supercritical methods often require a greater amount of alcohol relative to oil [137]. At the
same time, the process conditions include higher temperatures and pressures but shorter
reaction times [138]. The heterogeneously catalysed reactions reported in the literature
included the use of a handful of solid supports with several dopants. Carvalho et al. [139]
reported biodiesel yields of 96.4 and 95.3% using reactants of bare castor oil and a blend
with babassu oil, respectively, catalysed by a mixture of strontium-based species. The lowcost mixed oxides, either alone or supported on mayenite, plus the low catalyst
concentrations and rather mild reaction conditions used here stand in contrast to the other
reported catalytic systems.

The non-linear regression for the design of experiments was carried out resulting in Eq. (11),
which has a goodness value (R2) of 0.93 within the limits of the factor levels listed in Table
7. The model describes the dominant influence of the factors methanol-to-oil molar ratio (XM)
and catalyst load (XC). Additionally, the interaction between the factors XM and XC was found
to be negative and statistically significant, as were the effects of the squared temperature
(XT2). The effect of the molar ratio (XM) is inversely proportional, suggesting that the increase
in the methanol-to-oil molar ratio hinders the catalytic reaction. In contrast, the catalyst alone
(XC) failed to have a statistically significant effect.
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−7.35
𝑌𝑖𝑒𝑙𝑑 = 34.56 + 0.03𝑋𝑇 𝑋𝑀 + 1.29𝑋𝑇 𝑋𝐶 − 2.60𝑋𝑀 𝑋𝐶 − 0.01𝑋𝑇2 + 8.49𝑥105 𝑋𝑀
− 51.97𝑋𝐶

(11)

Consideration of the results of the reaction optimization motivated further experiments with
a methanol-to-oil molar ratio of 4:1 and a reaction temperature of 60 ºC, but increasing
catalyst loads (XC) of 3, 6, and 9 wt.% (relative to oil). As depicted in Figure 27, a maximum
biodiesel yield of 85% was achieved with a catalyst load of 6 wt.% CAT6. This suggests that
at lower or higher concentrations of catalyst the mass transfer of the reactants and products
is either too low or is hindered, respectively.

Figure 27. Optimization of the transesterification of castor oil

3.3

Catalyst reuse

Catalyst reuse was tested (Paper II), where catalysts M2 and A4 were selected for their higher
biodiesel production activity. The alumina-supported magnesium oxide catalyst (A4)
displayed the poorest performance in the second cycle, as its catalytic activity dropped to
less than half of the original value. The catalyst might have become deactivated due to
catalytic material loss during the reaction. On the other hand, mayenite-supported lithium
oxide catalyst (M2) displayed a yield of 100% in the second cycle, after which the produced
biodiesel and glycerol were separated from the catalyst with ease. The reusability of catalyst
M2 might also have to do with the integration of the lithium oxide species in the structure of
mayenite.
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Schinus molle biomass characterization

Biomass characterization is an important step, because further hydrolysis and fermentation
will determine the final ethanol production. Consequently, the analysis of the S. molle
biomass in Figure 28 captures its high lignin content as well as high content of fermentable
matter on a dry basis. The analysis of the sugar content via HPLC showed that 16.6 wt.% of
the biomass is glucose, followed by xylose (3.8 wt.%), galactose (1.7 wt.%), arabinose (1.5
wt.%), and mannose (0.7 wt.%). The lignin content is 31.7 wt.% and the extractives make
up 38.9 wt.%. The extractives in the seeds are considerably higher than the reported
biomass, because the reports normally consider woody biomass. The reported woody
biomass has extractives concentrations of 2–5 wt.%, whereas non-woody biomass,
reportedly contains 5–15 wt.% extractives. Additionally, the protein content of non-woody
biomass reportedly reaches concentrations between 5 and 15 wt.% [140], so the protein
content might be contained within the extractives, because the protein content of the S.
molle residues was not specifically analysed.

Figure 28. Pie charts of the biomass characterization of the residues
from the S. molle essential oil extraction (Paper IV)

The moisture, ash, volatile matter and fixed carbon contents were determined by the TGA
of S. molle fresh seeds (FS) and seed residues (RS). The comparison between commonly
reported biomass and the present results is depicted in Figure 29. The most important
difference between the studied biomass [141] and the S. molle residues is in the
physiological function, because the wood residues normally considered in the studies are
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residues from other lignocellulosic applications, while the biomass considered here
comprises the seeds within the drupes. Such a difference is determined principally by the
moisture content, fixed carbon, and ash content. The moisture content in FS (Figure 29 (a))
differs greatly with the moisture content reported in wood chips (Figure 29 (d)), i.e., 16 wt.%
versus 4 wt.%. The fixed carbon in the FS analysis is high at 25 wt.%, versus only 16 wt.%
in wheat straw (Figure 29 (f)). The ash content is also notably high in the FS and RS samples
(Figure 29 (a) and (b)), i.e., 8 and 5 wt.%, respectively, probably due to the high mineral
content that seeds require to sprout into seedlings.

Figure 29. Relative mass content comparison of FS (a), RS (b), forest residue (c),
wood chips (d), sweet sorghum (e), and wheat straw (f) in wt.% (Paper IV)
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Biomass hydrolyses

Glucose was identified to constitute 16% of the identified monosaccharides in the hydrolysis
of 200 mg of FS and RS after treatment with 3 mL of a H2SO4 solution (12.1 M). The chemical
hydrolyses complemented with the physical hydrolyses, and the resulting released
monosaccharides are depicted in Figure 30. Water-only treatments showed that no
monosaccharide is released in addition to the physical treatments. Ultrasonic treatment was
the most influential, as it was proved by Zhang et al. [142] to destroy intermolecular hydrogen
bonds, disrupting the crystalline structure. The loss of crystalline stability will increase the
approach of the hydrolytic compounds – acids, alkalis, or enzymes – thus increasing the
monosaccharide release. The highest release of monosaccharides results from a
combination of sulphuric acid and ultrasonic treatments, as Rehman et al. reported regarding
the release of reducing sugars by a similar treatment combination applied to rice straw [143].
However, the biomass treated in this study released monosaccharides at room temperature
after only 1 h of treatment. The alkali-assisted hydrolyses (NaOH) showed that for the next
highest monosaccharide release, ultrasonic treatment had results similar to those of
combined vacuum and autoclave treatments (V+A), resulting in the release of 9.05 and 8.36
g L–1, respectively. Alkali treatments have been proved to work well for lignocellulosic
biomass, as Bjerre et al. has shown for wheat straw [144]. As a weak acid, CH3COOH
produced the best hydrolysis results when ultrasonic treatment was added (6.30 g L–1) and
the second best results when autoclave treatment was added (5.39 g L–1).

Figure 30. Biomass chemical hydrolyses complemented with physical
hydrolysis treatments (Paper IV)
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The enzymatic hydrolysis was carried out using the commercial enzymes α-amylase and
amyloglucosidase, as depicted in Figure 31. “Blank” shows the monosaccharide released in
the absence of any treatments, meaning that the temperature, pH, boiling for enzyme
deactivation, and addition of Ca(OH)2 might themselves have induced the release of
monosaccharides [145]. The enzymatic amyloglucosidase treatments resulted in the release
of 3.07 and 3.22 g L–1 in the low- and high-concentration treatments, respectively. As
amyloglucosidase has the ability to hydrolyse α-1,4- and α-1,6-glycosidic bonds, this helps
show that S. molle biomass contains a considerable amount of amylopectin and amylose
[146]. On the other hand, enzymatic treatment with α-amylase resulted in lower levels of
monosaccharide release, of 2.98 and 3.01 g L–1 in the low- and high- concentration
treatments, respectively. The enzyme α-amylase is capable of hydrolysing α-1,4-glycosidic
bonds, making the enzyme specific for the release of maltose [146]. The combination of both
enzymes results in the release of 3.09 and 3.04 g L–1 of monosaccharides, as a result of the
enzyme mix in low and high concentrations, respectively. That the lowest monosaccharide
release occurred with the high concentration of the enzyme mix could be explained by
inhibition by competition between the excess of both enzymes. However, the
monosaccharide concentration with the low concentration of the enzyme mix was also lower,
which could confirm the enzyme inhibition by competition. Additionally, the inhibition of αamylase by polyphenolic compounds has also been proven by Diganta et al. [147].

Figure 31. Biomass enzymatic hydrolysis treatments (Paper IV)
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Commercial and native yeast strains

Saccharomyces cerevisiae commercially available as bakers’ yeast was used for the base
fermentations. In parallel, two native yeast strains were successfully isolated from the S.
molle residues. The procedure described in Part B (also Paper IV) led to two yeast strains
with apparently similar morphological features, including Gram-positivity, a circular
appearance, smooth margins, a convex elevation, a creamy texture, and seashell white and
opaque pigmentation. Further biochemical analysis was used to determine the differences
between the two strains using API 20E and RapID kits (Paper IV). The RapID biochemical
tests that made the identification possible are listed in Table 14. Even though the API 20E
test is commonly used to identify Enterobacteriaceae and other Gram-negative rods, it
proved useful in determining their production of β-galactosidase and gelatinase [148].
Furthermore, the same test was used to determine the consumption of glucose, mannitol,
inositol, sorbitol, rhamnose, sucrose, melibiose, amygdalin, and arabinose. The tests for the
consumption of galactosidase and sucrose were confirmed using the RapID yeast
identification kit. Additionally, the urease production was determined to be negative by both,
API 20E and RapID testing [149].

Table 14. Biochemical tests for determining
the isolated native yeast strains
Test

RapID
Strain 1 (Y1)

Strain 2 (Y2)

Histidine β-naphthylamide

+

-

Leucyl-glycine β-naphthylamide

+

-

p-nitrophenyl-α,D-glucoside

-

+

p-nitrophenyl- α,D-galactoside

-

+

The yeast strain Y1 was identified to have a 94% similarity to the species Candida apicola.
Additional analyses must be performed to confirm the identification, for example, 18S
ribosomal RNA analysis and protein-coding gene analysis [150]. C. apicola is an
osmotolerant ascomycetes with fatty acids in its membrane and possessing the ability to
produce bio-surfactants as well as reductases and proteases [151]. The yeast strain Y2 was
biochemically identified to have 83% similarity to the species S. cerevisiae. Consequently,
both yeast strains have high potential to increase the fermentable sugars, hence increasing
the ethanol production.
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3.7

Ethanol production

The first step in producing ethanol using the isolated yeast strains Y1 and Y2 was to
determine their growth rate. After growth through the adaptation stage from inoculation to
the 8th hour. The yeast strains experience exponential growth that starts in a relative
absorbance of <10% and ends in a relative absorbance close to 100% in the 16th hour. As
depicted in Figure 32, both native yeast strains follow the same growth rate trend, reaching
stagnation after the 16th hour has passed (Paper IV). These growth rate results are
comparable to those reported for C. apicola and S. cerevisiae, which undergo exponential
growth within 10 h of incubation [152, 153]. Hee-Sik et al. reported that exponential growth
would continue until the 50th hour, increasing the potential of the strain Y1 to produce ethanol
[152].

Figure 32. Growth rate of the yeast strains Y1 and Y2
(Paper IV)

After the growth rates of the yeast strains were determined, it was possible to use the strains
in their exponential growth stage, i.e., at the 10th hour, to inoculate the fermentation broth.
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The commercial yeast strain produced more ethanol from the S. molle FS, whereas the
native yeast strains produced more ethanol by fermenting RS. Figure 33, shows that the
highest ethanol production with the commercial yeast strain was lower at 128.3 mg g–1 (i.e.,
mg of ethanol per g of biomass) than the ethanol production using the isolated native yeast
strains at 227.3 mg g–1. The difference might reside in the specialization of the commercial
yeast to consume readily available nutrients – such as amylose, sucrose and maltose –
while the broth consisting of S. molle biomass requires extra steps to obtain the fermentable
matter. The advantage of the isolated native yeast strains resides in their continuous growth
on the S. molle residues, where they were induced through physiological stress to adapt to
the available nutrients [154]. It is possible that yeast strains Y1 and Y2 could be tested for
the production of extracellular enzymes, such as α-amylases, amyloglucosidases, and even
laccases [155, 156]. The decreased ethanol content shown in Figure 33 during the later
hours of the fermentation might be caused by the acetic fermentation (acetogenesis)
produced by the oxidation of ethanol [157].

Figure 33. Initial ethanol production (Paper IV)

The fermentation differences between the S. molle FS and seed residues (SR) were limited
by the strain used. The following experiments were carried out using the best hydrolytic
treatment, which was the sulphuric acid hydrolytic method. After the hydrolysis was finished,
the solution was adjusted to pH 5 and the yeast strains were inoculated to start the
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fermentation Figure 34, shows that the fermentation of the hydrolysate resulted in the
highest ethanol production of 76.15 mg g–1. It is apparent that the use of the strong acid
might lead to the production of SO4–2 salts, which, in addition to the lignin by-products,
resulted in the inhibition of the ethanol production [158]. The addition of nitrogen sources
(i.e., yeast extract and peptone) as nutrients for the fermentation considerably increased the
production of ethanol (Figure 34). The commercial S. cerevisiae and yeast strain Y1,
produced the highest ethanol yields of 88.4 and 87.4 mg g–1 of ethanol, respectively. These
experiments show that lack of nitrogen nutrients has a direct impact on the ethanol yield.
Nitrogen sources, as well as carbon sources, play an important role in the longevity of the
yeast, directly affecting the production of ethanol by fermentation [159].

Figure 34. Ethanol production with the H2SO4 hydrolysate (Paper IV)
3.8

Sustainability analysis

The impact of the fermentation on the process was measured based on the comparison of
two mass balances. The essential oil extraction in the business-as-usual case was examined
first, while the implementation of the fermentation mass balance based on the experimental
results was used to analyse the sustainability improvement. Because the energy balance
was not taken into account, the electric energy required was not described and was
assumed to come from eco-friendly sources.
The essential oil extraction starts with the peeling and milling operations. The mass input–
output was considered throughout the peeling and milling processes, which together
produce 5.9 kg per day of residues per 100 kg of processed seeds. The business-as-usual
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mass balance in Figure 35 (blue dashed box) shows the high output of residual biomass
(88.29 kg day–1) as well as the water loss to waste (700 kg) and combustion products (143.90
kg). The mass balance treats the natural gas as pure methane, which is used to feed the
boiler in stoichiometric conditions. After the essential oil extraction process ends, the
residual biomass increases to 18 wt.%, with the remaining 82 wt.% being water. It was
further estimated that such a residual mixture could produce at least 6.49 kg of CH4 per dry
kg of biomass per day [160]. The measured water includes water within the bagasse, oil
extract, and combustion gases as well as equipment losses.

Figure 35. Mass balance flow diagram for S. molle essential oil extraction (blue dashed
box) and the proposed process (green dotted box) (Paper IV)

When implementing the fermentation process, the main inputs added were the yeast
inoculum and recovered water, as depicted in Figure 35 (green dotted box). Additionally, the
outputs taken into account were ethanol production, biomass residue, and yeast residues.
The fermentation process was assumed to follow a batch-fed configuration. This
configuration would use the produced bagasse, which with the addition of recovered water,
could reach the objective of ethanol production of 256 mg g–1 of biomass. After the
fermentation, the biomass was reduced to 47 wt.% (21 wt.% if residual yeast was
considered), while the CO2 production was calculated to reach only 44.19 kg day–1.
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At first glance, the amount of gases released by the fermentation seems larger than the
amount of gas released by uncontrolled decomposition. The estimated GHG emitted by the
uncontrolled decomposition includes 6.49 kg of CH4 per day. According to the IPCC Fifth
Assessment Report (2013) on global warming potential (GWP), the GWP of CH4 exceeds
that of CO2 by a factor of 34 over a 100-year time horizon [6, 161]. As a result, the
implementation of the residue fermentation could reduce 47 % of GWP. The results of
comparing the processes are presented in Table 15 in terms of the indicators E-factor,
process mass intensity (PMI), mass productivity (MP), and reaction mass efficiency (RME).

Table 15. Mass indicators for comparing the environmental impact
Indicator

Extraction

Extraction &
fermentation

E-factor

48.07

9.54

Process mass intensity (PMI)

145.98

37.44

Mass productivity (MP)

0.68

2.67

Reaction mass efficiency (RME)

0.007

0.027

Even though the indicators listed in Table 15 are commonly used for synthesis and catalytic
processes, they show the advantage of the extraction coupled with the fermentation process.
The E-factor alone decreases five-fold, while the PMI decreases approximately four-fold. In
contrast, the MP increases nearly four-fold to 2.67 and the RME nearly four-fold from 0.007
to 0.027. The ethanol production established in the mass balance presented in Figure 35, is
estimated to produce 22.6 L of ethanol per day. According to the U.S. Grains Council, the
Houston free on board (FOB) average price of ethanol from January 2018 and January 2019
was USD 0.39 per litre, while the FOB prices in Santos and Gulf were USD 0.476 and 0.368
per litre, respectively [162]. Considering that the ethanol price might vary depending on the
region, it was calculated that a yearly production of 6,303 L of ethanol could produce an
income of USD 2,593.
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4 Concluding remarks and future work
4.1 Biodiesel
Biodiesel production from refined feedstock illustrates the potential of a heterogeneously
catalysed transesterification process with the possibility to reuse the catalysts. A main
finding of the mayenite-supported catalysts screening is the window of a high biodiesel
production from first-generation feedstocks using a heterogeneously catalysed system.
Additionally, it was demonstrated that solid catalysts could also be used for the
transesterification of triglycerides with high FFA concentrations. Unfortunately, it also proved
that this process used more catalyst and a higher methanol-to-oil molar ratio. The
transesterification experiments also show the advantages of solid catalysts for the
production of biodiesel from edible and non-edible oils. However, with Ricinus oil as
feedstock for biodiesel production, the complexity of having additional hydroxyl groups (in
the ricinoleic acid chain), higher viscosity, and higher FFA contents hindered the capabilities
of the solid catalysts to increase the yield significantly. The final remark after the
experimental part of Paper III is that the catalysts must be further improved to be capable of
enduring several transesterification reactions.

4.2 Ethanol
The complexity of fermentation for ethanol production depends on the feedstock used, with
first-generation feedstocks easily releasing fermentable sugars given existing economic and
technological facilities. The challenge of ethanol production from residual and fresh seeds
of biomass was addressed. Even though the biomass had a high content of fermentable
matter, it presented difficulties for fermentation when a commercial yeast strain was used to
ferment the released sugars. The essential oil and lignin contents of the biomass might have
reduced the possibility of producing higher concentrations of ethanol. In contrast, isolated
native yeast strains along with the appropriate hydrolysis treatments increased the amount
of fermentable matter. Ethanol production could be increased by using a suitable nutrient
supplement coupled with a lignin extraction strategy. Specifically, regarding the enzymatic
hydrolysis of S. molle biomass, further studies of the kinetics of enzymatic saccharification
should confirm the causes of inhibition. Such enzymatic studies could be complemented
with hydrolysis using the enzyme laccase.
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Finally, even though the pre-treatments and fermentation processes are cumbersome, the
use of biomass residues for ethanol production is advisable, as it clearly improves the
sustainability of the essential oil extraction process. These indicators are important to
describe the better usage of the resources in the coupling of the fermentation process to the
essential oil extraction process.

4.3 Future work
The biodiesel production driven by the heterogeneous catalysts examined here must
undergo optimization processes. The catalysts must be further improved in terms of the
permanence of the catalytically active material on the supports, as the reusability uncovered
a weakness in this respect. The mayenite support added some activity to the overall catalyst,
but it must be further studied to increase its surface area, among other properties, such as
porosity and mechanical stability. Once the catalysts are improved and can maintain
biodiesel production at high yields through several cycles, the next studies could analyse
the variation in reaction kinetics depending on the compositions of different non-edible oils,
the suitability of such oils for the best biodiesel yields, and the design of processes that
exploit the catalysts’ capabilities while keeping a certain level of sustainability.

On the ethanol production side, the use of second-generation feedstock represents a great
improvement in the sustainability of processes that would otherwise result in the release of
large amounts of lignocellulosic biomass as residue. The data presented indicate the
possibility of generating liquid biofuels for income, but energy and equipment investment
must be considered for a definitive study. However, it is important to note that, depending
on governmental policies, the implementation of biofuel processes could be subsidized to
some extent. The production of liquid biofuels could increase local energy production,
reducing fuel costs, which are also a problem in growing urban areas [51].

Acknowledgements 73

Acknowledgements
Every PhD journey has its own unique challenges; at the same time, it is often concluded
thanks to the guidance and support from remarkable people, organizations, and companies.
This been written, the following have collaborated for the culmination of the present work.

I am profoundly grateful to my family, from whom I learned so much since the beginning,
and as it continues to grow, I believe there’s still so much to learn from them. Their
encouragement and inspiration to follow my own path is invaluable.

I want to express my gratitude to my supervisor Docent Yohannes Kiros at KTH. Yohannes’
great dedication and support through the whole research work is very much appreciated.
Many thanks to KTH Royal Institute of Technology, in which I had the collaboration and
infrastructure necessary to follow the scientific questions raised from my work. Appreciation
is given to Prof. Lars Pettersson for giving me the opportunity to work at the Department of
Chemical Engineering, Division of Process Technology.

Many thanks to Dr. Lucio Alejo, who gave the support to the PhD programme in my home
university (UMSS). I want to extend my gratitude to UMSS Universidad Mayor de San Simon
for being the place in which I was able to develop my career, especially to all my colleagues
in Centro de Biotecnología.

Thanks ever so much to all my colleagues (home and abroad) that made each day different
with the constant discussions on so many different topics.

My sincere thanks to Swedish International Development Cooperation Agency (SIDA) for
the financial support, that made this work possible.

Thanks to all for the support, patience, insights, explanations and criticism, which means a
lot to me.

74

Bibliography 75

Bibliography
[1] U.N., Paris Agreement, United Nations, United Nations - Paris, 2016, pp. 27.
[2] IPCC, Climate Change 2007: Synthesis Report ; An Assessment of the
Intergovernmental Panel on Climate Change, Intergovernmental Panel on Climate Change,
2008.
[3] IPCC, Global warming of 1.5 º C, in: W.G.T.S. Unit (Ed.) Special Report on the impacts
of global warming of 1.5°C above pre-industrial levels and related global greenhouse gas
emission pathways, in the context of strengthening the global response to the threat of
climate change, sustainable development, and efforts to eradicate poverty, WMO,
Switzerland, 2018, pp. 32.
[4] M.J. Elrod, Greenhouse Warming Potentials from the Infrared Spectroscopy of
Atmospheric Gases, Journal of Chemical Education, 76 (1999) 1702-1705.
[5] Ø. Hodnebrog, M. Etminan, J.S. Fuglestvedt, G. Marston, G. Myhre, C.J. Nielsen, K.P.
Shine, T.J. Wallington, Global warming potentials and radiative efficiencies of halocarbons
and related compounds: A comprehensive review, Reviews of Geophysics, 51 (2013) 300378.
[6] T.F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. Allen, J. Boschung, A. Nauels, Y. Xia,
V. Bex, P. Midgley, Climate Change 2013 - The Physical Science Basis, Working Group I
Contribution to the Fifth Assessment Report of the Intergovernemental Panel on Climate
Change, Intergovernmental Panel on Climate Change, Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, 2013, pp. 1535.
[7] J. Hansen, January 2019 Global Temperature Update, Climate Science, Awareness and
Solutions, Earth Institute, Columbia University, 2019.
[8] WMO, WMO Greenhouse gas bulletin, Wolrd Meteorological Organization, 2018, pp. 8.
[9] O. Edenhofer, R. Pichs-Madruga, Y. Sokona, J.C. Minx, E. Farahani, S. Kadner, K.
Seyboth, A. Adler, I. Baum, S. Brunner, P. Eickemeier, B. Kriemann, J. Savolainen, S.
Schlömer, C. von Stechow, T. Zwickel, Climate Change 2014 - Mitigation of Climate Change,
Working Group III Contribution to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change, Intergovernmental Panel on Climate Change, Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA, 2014, pp. 1454.
[10] CAIT, Climate Data Explorer, World Resources Institute, Washington, DC, 2017.
[11] O. Badr, S.D. Probert, Environmental impacts of atmospheric nitrous oxide, Applied
Energy, 44 (1993) 197-231.
[12] C. Bessou, F. Ferchaud, B. Gabrielle, B. Mary, Biofuels, greenhouse gases and climate
change. A review, Official journal of the Institut National de la Recherche Agronomique
(INRA), 31 (2011) 1-79.
[13] F. Research, Carbon emissions of different fuels, Forest Research.
https://www.forestresearch.gov.uk. Access in July 2019
[14] A.K. Agarwal, S. Park, A. Dhar, C.S. Lee, T. Gupta, N.K. Gupta, Review of Experimental
and Computational Studies on Spray, Combustion, Performance, and Emission
Characteristics of Biodiesel Fueled Engines, Journal of Energy Resources TechnologyTransactions of the Asme, 140 (2018) 30.
[15] K. Morganti, M. Almansour, A. Khan, G. Kalghatgi, S. Przesmitzki, Leveraging the
benefits of ethanol in advanced engine-fuel systems, Energy Conversion and Management,
157 (2018) 480-497.
[16] A.J. Liska, H.S. Yang, V.R. Bremer, T.J. Klopfenstein, D.T. Walters, G.E. Erickson, K.G.
Cassman, Improvements in Life Cycle Energy Efficiency and Greenhouse Gas Emissions
of Corn-Ethanol, Journal of Industrial Ecology, 13 (2009) 58-74.

76

Bibliography

[17] L. Rosgaard, A.J. de Porcellinis, J.H. Jacobsen, N.U. Frigaard, Y. Sakuragi,
Bioengineering of carbon fixation, biofuels, and biochemicals in cyanobacteria and plants,
Journal of Biotechnology, 162 (2012) 134-147.
[18] C.D.I.A. Center, CO2 Emissions from Liquid Fuel Consumption (kt), DataBank - World
Development Indicators, Carbon Dioxide Information Analysis Center, Environmental
Sciences Division, Oak Ridge National Laboratory, Tennessee, United States, 2019.
[19] E.F. De Almeida, The Performance of Brazilian Biofuels: An Economic, Environmental
and Social Analysis, Paris: OECD Publishing 2007.
[20] U.S.D.o. Agriculture, U.S. Ethanol: An examination of policy, production, use,
distribution, and market interactions, United States Department of Agriculture, Washington
D.C., U.S., 2015, pp. 87.
[21] OECD-FAO, OECD-FAO Agricultural Outlook 2018-2027, OECD-FAO, 2017.
[22] eurostat, Energy, transport and environment indicators, in: P.O.o.t.E. Union (Ed.),
Imprimeries Bietlot Frères in Belgium, Luxemburg, 2018, pp. 232.
[23] FAO, Crops - FAOSTAT, FAO, www.fao.org/faostat/en/#data/QC, 2018. Access in July
2019
[24] FAO, Bolivia (Plurinational State of), FAO, www.fao.org/faostat/en/#country/19, 2019.
Access in July 2019.
[25] R. Müller, P. Pacheco, J.C. Montero, The context of deforestation and forest
degradation in Bolivia. Drivers, agents and institutions., Center for International Forestry
Research, Bogor, Indonesia, 2014.
[26] Fundacion, Solón, Impactos en la naturaleza de El Bala, Chepete, Rositas y Cachuela
Esperanza, Casa Museo Solón, La Paz, Bolivia, 2019.
[27] F. Molina, Plan de construir dos represas en bosque virgen de Bolivia alarma a
ambientalistas e indígenas, A Division of Nature America, Inc., Scientific American en
Español, 2016.
[28] A. Fernandez-Llamazares, J. Helle, J. Eklund, A. Balmford, R.M. Moraes, V. ReyesGarcia, M. Cabeza, New law puts Bolivian biodiversity hotspot on road to deforestation,
Current Biology, 28 (2018) R15-R16.
[29] A.L. Plurinacional, Ley de 28 de Noviembre de 2006, in: A.L. Plurinacional (Ed.) Ley No
3546, Gaceta Oficial - Estado Plurinacional de Bolivia, Bolivia, 2006.
[30] C.O. Stöckle, A.R. Kemanian, Crop Radiation Capture and Use Efficiency-Chapter 7:A
Framework for Crop Growth Analysis, Elsevier Inc. 2009.
[31] E. Franco B., En Bolivia la caña de azúcar sabe a deforestación, Mongabay, Mongabay
Latam,
https://es.mongabay.com/2016/10/bolivia-la-cana-azucar-sabe-deforestacion/.
2016. Access in July 2019
[32] ANAPO, Perspectivas de la soya hacia la ampliación de la frontera agrícola, Asociación
de productores de oleaginosas y trigo, www.ibce.org.bo, 2014, pp. 37. Access in July 2019
[33] A.L. Plurinacional, Ley de 15 Septiembre de 2018, in: A.L. Plurinacional (Ed.) Ley No
1098, Gaceta Oficial - Estado Plurinacional de Bolivia, Bolivia, 2018.
[34] IBCE, Bolivia: Importaciones de Diesel, in: I.B.d.C. Exterior (Ed.) Boletín Electrónico
Bisemanal
No.
769,
Instituto
Boliviano
de
Comercio
Exterior,
http://ibce.org.bo/ibcecifras/index.php?id=715. 2019, pp. 1. Access in July 2019
[35] D. Bacovsky, IEA Bioenergy Countries' Report, Bioenergy policies and status of
implementation, IEA Bioenergy, 2016, pp. 122.
[36] F. Rojas M., Cultivo de soya crece un 4 % y bajos precios desalientan siembra de maíz
y de sorgo, El Deber, Grupo El Deber, Santa Cruz, Bolivia, 2019.
[37] B. Digital, Gobierno autoriza uso de semilla de soya transgénica mejorada para la
producción de biodiesel, Brújula Digital, Brújula Digital, La Paz, Bolivia, 2019.
[38] S. Fernandez P., Agropecuario, Diagnosticos Sectoriales, Unidad de Análisis de
Políticas Sociales y Económicas, La Paz, Bolivia, 2015, pp. 49.
[39] H. Langeveld, J. Dixon, H. Van Keulen, Biofuel Cropping Systems. Carbon, Land and
Food, Routledge, Taylor and Francis Group, New York, NY 10017, 2014.

Bibliography 77

[40] EASBA, Rendición pública de cuentas final gestion 2018 - inicial 2019, Ministerio de
Desarrollo Productivo y Economia Plural, La Paz, 2019, pp. 39.
[41] EASBA, Memoria anual EASBA, Ministerio de Desarrollo Productivo y Economia Plural,
La Paz, 2016, pp. 35.
[42] A.B.d.I. ABI, Guabirá inicia producción de etanol y se abre la era de los biocombustibles
en Bolivia, La Razon, La Razon, Santa Cruz, Bolivia, 2019.
[43] J.M. Bergthorson, M.J. Thomson, A review of the combustion and emissions properties
of advanced transportation biofuels and their impact on existing and future engines,
Renewable and Sustainable Energy Reviews, 42 (2015) 1393-1417.
[44] EASAC, The current status of biofuels in the European Union, their environmental
impacts and future prospects, in: C. The Clyvedon Press Ltd, United Kingdom (Ed.) EASAC
policy report 19, Deutsche Akademie der Naturforscher Leopoldina, European Academies
Science Advisory Council, 2012, pp. 47.
[45] E. M. Aro, From first generation biofuels to advanced solar biofuels, A Journal of the
Human Environment, 45 (2016) 24-31.
[46] M.C. Rulli, D. Bellomi, A. Cazzoli, G. De Carolis, P. D'Odorico, The water-land-food
nexus of first-generation biofuels, Scientific reports, 6 (2016) 22521-22521.
[47] L. Rafael, L. Carol Sze Ki, W. Karen, C. James, Handbook of Biofuels Production, 2 ed.,
Elsevier Science2016.
[48] J. Hill, Environmental, economic, and energetic costs and benefits of biodiesel and
ethanol biofuels, Proceedings of the National Academy of Sciences of the United States of
America, 103 (2006).
[49] H.J. Croezen, G.C. Bergsma, M.B.J. Otten, M.P.J. van Valkengoed, Biofuels: indirect
land use change and climate impact, in: C. Delft (Ed.) Delft, 2010, pp. 62.
[50] M. Kalkuhl, J. von Braun, M. Torero, Food Price Volatility and Its Implications for Food
Security and Policy, Cham : Springer International Publishing: Imprint: Springer 2016.
[51] J. Burger, J. Brown, J. Day, T. Flanagan, E. Roy, The Central Role of Energy in the
Urban Transition: Global Challenges for Sustainability, BioPhysical Economics and
Resource Quality, 4 (2019) 1-13.
[52] D. Garrick, L. De Stefano, W. Yu, I. Jorgensen, E. O’donnell, L. Turley, I. AguilarBarajas, X. Dai, R. de Souza Leão, B. Punjabi, B. Schreiner, J. Svensson, C. Wight, Rural
water for thirsty cities: a systematic review of water reallocation from rural to urban regions
(Book review), 2019, pp. 043003.
[53] A.E. Atabani, A.S. Silitonga, H.C. Ong, T.M.I. Mahlia, H.H. Masjuki, I.A. Badruddin, H.
Fayaz, Non-edible vegetable oils: A critical evaluation of oil extraction, fatty acid
compositions, biodiesel production, characteristics, engine performance and emissions
production, Renewable and Sustainable Energy Reviews, 18 (2012) 211-245.
[54] IEA, Extended world energy balances, 1960 onwards, Organisation for Economic
Cooperation and Development (OECD) - iLibrary, IEA World Statistics and Balances
(database), 2019.
[55] Reuters, Total delays start up of La Mède biodiesel refinery to Q1 2019, in: Reuters
(Ed.), Reuters, 2018, pp. 1.
[56] R. Kotrba, Despite palm oil polemic, Total's La Mède to start soon, in: B. International
(Ed.), Biodiesel magazine, 2018, pp. 1.
[57] R. Kotrba, Benefuel plans to build a 20 MMgy biodiesel plant in Ontario, in: B.
International (Ed.), Biodiesel magazine, 2018, pp. 1.
[58] E. Parliament, Directive (EU) 2018/2001 of the European Parliament and of the Council
of 11 December 2018 on the promotion of the use of energy from renewable sources
(recast), Official Journal of the European Union, 2018.
[59] N. Amini, V.S. Haritos, A. Tanksale, Microwave assisted pretreatment of eucalyptus
sawdust enhances enzymatic saccharification and maximizes fermentable sugar yield,
Renewable Energy, 127 (2018) 653-660.

78

Bibliography

[60] M. Ranjithkumar, R. Ravikumar, M.K. Sankar, M.N. Kumar, V. Thanabal, An Effective
Conversion of Cotton Waste Biomass to Ethanol: A Critical Review on Pretreatment
Processes, Waste and Biomass Valorization, 8 (2017) 57-68.
[61] M.J. Taherzadeh, K. Karimi, Pretreatment of lignocellulosic wastes to improve ethanol
and biogas production: A review, International Journal of Molecular Sciences, 9 (2008) 16211651.
[62] J. Singh, M. Suhag, A. Dhaka, Augmented digestion of lignocellulose by steam
explosion, acid and alkaline pretreatment methods: A review, Carbohydrate Polymers, 117
(2015) 624-631.
[63] S. Yan, S.O. Salley, K.Y. Simon Ng, Simultaneous transesterification and esterification
of unrefined or waste oils over ZnO-La 2O 3 catalysts, Applied Catalysis A, General, 353
(2009) 203-212.
[64] T. Rogalinski, T. Ingram, G. Brunner, Hydrolysis of lignocellulosic biomass in water
under elevated temperatures and pressures, Journal of Supercritical Fluids, 47 (2008) 5463.
[65] J.B. Kristensen, L.G. Thygesen, C. Felby, H. Jorgensen, T. Elder, Cell-wall structural
changes in wheat straw pretreated for bioethanol production, Biotechnology for Biofuels, 1
(2008) 9.
[66] A.T.W.M. Hendriks, G. Zeeman, Pretreatments to enhance the digestibility of
lignocellulosic biomass, Bioresource Technology, 100 (2009) 10-18.
[67] M. Galbe, G. Zacchi, L. Olsson, Pretreatment of Lignocellulosic Materials for Efficient
Bioethanol Production, 2007.
[68] B. Palmqvist, Processing lignocellulosic biomass into ethanol - Implications of high solid
loadings, Department of Chemical Engineering, Lund University, Lund, Sweden, 2014, pp.
92.
[69] B.Z. Tizazu, V.S. Moholkar, Kinetic and thermodynamic analysis of dilute acid hydrolysis
of sugarcane bagasse, Bioresource Technology, 250 (2018) 197-203.
[70] Y. Gao, J. Xu, Z. Yuan, Y. Zhang, Y. Liu, C. Liang, Optimization of fed-batch enzymatic
hydrolysis from alkali-pretreated sugarcane bagasse for high-concentration sugar
production, Bioresource Technology, 167 (2014) 41.
[71] Z. Qiu, G.M. Aita, M.S. Walker, Effect of ionic liquid pretreatment on the chemical
composition, structure and enzymatic hydrolysis of energy cane bagasse, Bioresource
Technology, 117 (2012) 251-256.
[72] E. Palmqvist, B. Hahn-Hägerdal, M. Galbe, G. Zacchi, The effect of water-soluble
inhibitors from steam-pretreated willow on enzymatic hydrolysis and ethanol fermentation,
Enzyme and Microbial Technology, 19 (1996) 470-476.
[73] M. Bussemaker, D. Zhang, Effect of Ultrasound on Lignocellulosic Biomass as a
Pretreatment for Biorefinery and Biofuel Applications, Industrial & Engineering Chemistry
Research, 52 (2013) 3563-3580-3563-3580.
[74] I. John, J. Pola, A. Appusamy, Optimization of Ultrasonic Assisted Saccharification of
Sweet Lime Peel for Bioethanol Production Using Box-Behnken Method, Waste and
Biomass Valorization, 10 (2017) 13.
[75] W.O.S. Doherty, P. Mousavioun, C.M. Fellows, Value-adding to cellulosic ethanol:
Lignin polymers, Industrial Crops and Products, 33 (2011) 259-276.
[76] A.J. Ragauskas, G.T. Beckham, M.J. Biddy, R. Chandra, F. Chen, M.F. Davis, B.H.
Davison, R.A. Dixon, P. Gilna, M. Keller, P. Langan, A.K. Naskar, J.N. Saddler, T.J.
Tschaplinski, G.A. Tuskan, C.E. Wyman, Lignin Valorization: Improving Lignin Processing
in the Biorefinery, Science, 344 (2014) 709.
[77] M. Mohadesi, B. Aghel, M. Maleki, A. Ansari, Production of biodiesel from waste cooking
oil using a homogeneous catalyst: Study of semi-industrial pilot of microreactor, Renewable
Energy, 136 (2019) 677-682.
[78] G. Baskar, S. Soumiya, Production of biodiesel from castor oil using iron (II) doped zinc
oxide nanocatalyst, Renewable Energy, 98 (2016) 101-107.

Bibliography 79

[79] S.T. Keera, S.M. El Sabagh, A.R. Taman, Castor oil biodiesel production and
optimization, Egyptian Journal of Petroleum, 27 (2018) 979-984.
[80] A. Talebian-Kiakalaieh, N.A.S. Amin, Single and Two-Step Homogeneous Catalyzed
Transesterification of Waste Cooking Oil: Optimization by Response Surface Methodology,
International Journal of Green Energy, 12 (2014).
[81] K. Srilatha, B.L.A. Prabhavathi Devi, N. Lingaiah, R.B.N. Prasad, P.S. Sai Prasad,
Biodiesel production from used cooking oil by two-step heterogeneous catalyzed process,
Bioresource Technology, 119 (2012) 306-311.
[82] J. Ye, S. Tu, Y. Sha, Investigation to biodiesel production by the two-step homogeneous
base-catalyzed transesterification, Bioresource Technology, 101 (2010) 7368-7374.
[83] A. Heredia, A. Jiménez, R. Guillén, Composition of plant cell walls, Zeitschrift für
Lebensmittel-Untersuchung und Forschung, 200 (1995) 24-31.
[84] Y. Pu, F. Hu, F. Huang, B.H. Davison, A.J. Ragauskas, Assessing the molecular
structure basis for biomass recalcitrance during dilute acid and hydrothermal pretreatments,
Biotechnology for biofuels, 6 (2013) 15-15.
[85] D.A.N. Ussiri, R. Lal, Miscanthus agronomy and bioenergy feedstock potential on
minesoils, Biofuels, 5 (2015) 1-30.
[86] S.S. Mohtar, T.N.Z. Tengku Malim Busu, A.M. Md Noor, N. Shaari, H. Mat, An ionic
liquid treatment and fractionation of cellulose, hemicellulose and lignin from oil palm empty
fruit bunch, Carbohydrate Polymers, 166 (2017) 291-299.
[87] R.C. Sun, G.L. Jones, J. Tomkinson, J. Bolton, Fractional isolation and partial
characterization of non-starch polysaccharides and lignin from sago pith, Industrial Crops
and Products, 9 (1999) 211-220.
[88] M.P. Wierzbicki, V. Maloney, E. Mizrachi, A.A. Myburg, Xylan in the Middle:
Understanding Xylan Biosynthesis and Its Metabolic Dependencies Toward Improving
Wood Fiber for Industrial Processing, Frontiers in Plant Science, 10 (2019) 29.
[89] R. Shah, S.X. Huang, S.V. Pingali, D. Sawada, Y.Q. Pu, M. Rodriguez, A.J. Ragauskas,
S.H. Kim, B.R. Evans, B.H. Davison, H. O'Neill, Hemicellulose-Cellulose Composites Reveal
Differences in Cellulose Organization after Dilute Acid Pretreatment, Biomacromolecules,
20 (2019) 893-903.
[90] A. Zurbel, D. Kaiser, S. Hippmann, M. Bertau, Thermochemical Depolymerization of
Lignin for the Production of Aromatic Compounds, Chemie Ingenieur Technik, 91 (2019)
484-493.
[91] W.J. Liu, H. Jiang, H.Q. Yu, Thermochemical conversion of lignin to functional materials:
a review and future directions, Green Chemistry, 17 (2015) 4888-4907.
[92] A. Prakash, R. Singh, B. Balagurumurthy, T. Bhaskar, A.K. Arora, S.K. Puri,
Thermochemical Valorization of Lignin, 2015.
[93] F. Santos, A.z. Borém, C. Caldas, W.S. Altran, Sugarcane : agricultural production,
bioenergy and ethanol, Amsterdam, Netherlands: Academic Press 2015.
[94] A. Ingaramo, H. Heluane, M. Colombo, M. Cesca, Water and wastewater eco-efficiency
indicators for the sugar cane industry, Journal of Cleaner Production, 17 (2009) 487-495.
[95] Guabirá, Guabirá Energía, Santa Cruz, Bolivia, 2017.
[96] D. Samios, F. Pedrotti, A. Nicolau, Q.B. Reiznautt, D.D. Martini, F.M. Dalcin, A
Transesterification Double Step Process - TDSP for biodiesel preparation from fatty acids
triglycerides, Fuel Processing Technology, 90 (2009) 599-605.
[97] U. Schuchardt, R. Sercheli, M. Vargas Rogério, Transesterification of vegetable oils: a
review, Journal of the Brazilian Chemical Society, 9 (1998) 199.
[98] Y.-R. Fang, Y. Yeh, H.-S. Liu, A novel strategy of biodiesel production from wet
microalgae by direct saponification–esterification conversion (DSEC), Journal of the Taiwan
Institute of Chemical Engineers, 83 (2018) 23-31.
[99] P.K. Sahoo, L.M. Das, Process optimization for biodiesel production from Jatropha,
Karanja and Polanga oils, Fuel, 88 (2009) 1588-1594.

80

Bibliography

[100] F. Karaosmanoglu, K.B. Cigizoglu, M. Tuter, S. Ertekin, Investigation of the refining
step of biodiesel production, Energy & Fuels, 10 (1996) 890-895.
[101] A.K. Endalew, Y. Kiros, R. Zanzi, Heterogeneous catalysis for biodiesel production
from Jatropha curcas oil (JCO), Energy, 36 (2011) 2693-2700.
[102] F. Cardeno, L. Rios, A. Franco, Production of crude palm oil biodiesel by
heterogeneous catalysis, Revista Facultad De Ingenieria-Universidad De Antioquia, (2010)
81-86.
[103] D. Kumar, A. Ali, Nanocrystalline Lithium Ion Impregnated Calcium Oxide As
Heterogeneous Catalyst for Transesterification of High Moisture Containing Cotton Seed
Oil, Energy & Fuels, 24 (2010) 2091-2097.
[104] D. Kumar, A. Ali, Direct synthesis of fatty acid alkanolamides and fatty acid alkyl esters
from high free fatty acid containing triglycerides as lubricity improvers using heterogeneous
catalyst, Fuel, 159 (2015) 845-853.
[105] Y.C. Sharma, B. Singh, J. Korstad, Advancements in solid acid catalysts for ecofriendly
and economically viable synthesis of biodiesel, Biofuels Bioproducts & Biorefining-Biofpr, 5
(2011) 69-92.
[106] B. Thangaraj, P.R. Solomon, B. Muniyandi, S. Ranganathan, L. Lin, Catalysis in
biodiesel production—a review, Clean Energy, 3 (2019) 2-23.
[107] A. Zieba, A. Drelinkiewicz, P. Chmielarz, L. Matachowski, J. Stejskal,
Transesterification of triacetin with methanol on various solid acid catalysts: A role of catalyst
properties, Applied Catalysis a-General, 387 (2010) 13-25.
[108] K. Ngaosuwan, E. Lotero, K. Suwannakarn, J.G. Goodwin, P. Praserthdam, Hydrolysis
of Triglycerides Using Solid Acid Catalysts, Industrial & Engineering Chemistry Research,
48 (2009) 4757-4767.
[109] M. Kouzu, T. Kasuno, M. Tajika, Y. Sugimoto, S. Yamanaka, J. Hidaka, Calcium oxide
as a solid base catalyst for transesterification of soybean oil and its application to biodiesel
production, Fuel, 87 (2008) 2798-2806.
[110] G. Bellido, G. Gazzola, I. Matveeva, Method of producing a baked product with alphaamylase, lipase, and phospholipase, in: W.I.P. Organization (Ed.) Denmark, 2014, pp. 37.
[111] T. Beeler, K. Gable, T. Dunn, Activation of divalent cation influx into S-cerevisiae cells
by hypotonic downshift, Journal of Membrane Biology, 160 (1997) 77-83.
[112] R.A. Sheldon, E factors, green chemistry and catalysis: an odyssey, Chemical
Communications, (2008) 3352-3365.
[113] N. Kaur, A. Ali, Biodiesel production via ethanolysis of jatropha oil using molybdenum
impregnated calcium oxide as solid catalyst, RSC Adv., 5 (2015) 13285-13295.
[114] A.F. Lee, J.A. Bennett, J.C. Manayil, K. Wilson, Heterogeneous catalysis for
sustainable biodiesel production via esterification and transesterification, Chemical Society
Reviews, 43 (2014) 7887-7916.
[115] C. Li, D. Hirabayashi, K. Suzuki, Synthesis of higher surface area mayenite by
hydrothermal method, Materials Research Bulletin, 46 (2011) 1307-1310.
[116] M. Ruszak, M. Inger, S. Witkowski, M. Wilk, A. Kotarba, Z. Sojka, Selective N 2 O
Removal from the Process Gas of Nitric Acid Plants Over Ceramic 12CaO · 7Al 2 O 3
Catalyst, Catal Lett, 126 (2008) 72-77.
[117] W. Choi, H. Sung, K. Kim, J. Cho, S. Choi, H.J. Jung, S. Koh, C. Lee, K. Jeong,
Oxidation process from SnO to SnO 2, Journal of Materials Science Letters, 16 (1997) 15511554.
[118] W.L. Xie, L.L. Zhao, Production of biodiesel by transesterification of soybean oil using
calcium supported tin oxides as heterogeneous catalysts, Energy Conversion and
Management, 76 (2013) 55-62.
[119] M. Kaur, A. Ali, Lithium ion impregnated calcium oxide as nano catalyst for the
biodiesel production from karanja and jatropha oils, Renewable Energy, 36 (2011) 28662871.

Bibliography 81

[120] K.C. Song, K.J. Woo, Y. Kang, Preparation of alumina fibers from aluminum salts by
the sol-gel method, Korean Journal of Chemical Engineering, 16 (1999) 75-81.
[121] Z. Mirghiasi, F. Bakhtiari, E. Darezereshki, E. Esmaeilzadeh, Preparation and
characterization of CaO nanoparticles from Ca(OH)(2) by direct thermal decomposition
method, Journal of Industrial and Engineering Chemistry, 20 (2014) 113-117.
[122] S.N. Ude, C.J. Rawn, R.A. Peascoe, M.J. Kirkham, G.L. Jones, E.A. Payzant, High
temperature X-ray studies of mayenite synthesized using the citrate sol-gel method,
Ceramics International, 40 (2014) 1117-1123.
[123] J. Cheng, L. Guo, S. Xu, R. Zhang, C. Li, Submicron γ-LiAlO2 Powder Synthesized
from Boehmite, Chinese Journal of Chemical Engineering, 20 (2012) 776-783.
[124] C.H. Fan, X.Y. Song, H.Y. Yu, Z.L. Yin, H.Y. Xu, G.X. Cao, D.S. Zheng, S.X. Sun,
Shape-controlled synthesis of CaSnO3 micro crystals via a precursor route, Materials
Letters, 61 (2007) 1588-1591.
[125] A. Novinrooz, P. Sarabadani, Y. Rezainik, Synthesis and Processing of SnO2,
CaSnO3 and Ca2SnO4 Nanopowders by Solid-State Reaction Technique, Iranian Journal
of Chemistry & Chemical Engineering-International English Edition, 28 (2009) 113-119.
[126] A.K. Endalew, Y. Kiros, R. Zanzi, Inorganic heterogeneous catalysts for biodiesel
production from vegetable oils, Biomass and Bioenergy, 35 (2011) 3787-3809.
[127] M. Zabeti, W.M.A. Wan Daud, M.K. Aroua, Activity of solid catalysts for biodiesel
production: A review, Fuel Processing Technology, 90 (2009) 770-777.
[128] A. D’Cruz, M. Kulkarni, L. Meher, A. Dalai, Synthesis of Biodiesel from Canola Oil
Using Heterogeneous Base Catalyst, J Am Oil Chem Soc, 84 (2007) 937-943.
[129] V.G. Deshmane, Y.G. Adewuyi, Synthesis and kinetics of biodiesel formation via
calcium methoxide base catalyzed transesterification reaction in the absence and presence
of ultrasound, Fuel, 107 (2013) 474.
[130] V.B. Veljković, O.S. Stamenković, Z.B. Todorović, M.L. Lazić, D.U. Skala, Kinetics of
sunflower oil methanolysis catalyzed by calcium oxide, Fuel, 88 (2009) 1554-1562.
[131] D. Darnoko, M. Cheryan, Kinetics of palm oil transesterification in a batch reactor, J
Amer Oil Chem Soc, 77 (2000) 1263-1267.
[132] B. Freedman, R. Butterfield, E. Pryde, Transesterification kinetics of soybean oil 1, J
Am Oil Chem Soc, 63 (1986) 1375-1380.
[133] N. Kaur, A. Ali, Kinetics and reusability of Zr/ CaO as heterogeneous catalyst for the
ethanolysis and methanolysis ofJatropha crucasoil, Fuel Processing Technology, 119
(2014) 173-184.
[134] D. Vujicic, D. Comic, A. Zarubica, R. Micic, G. Boskovic, Kinetics of biodiesel synthesis
from sunflower oil over CaO heterogeneous catalyst, Fuel, 89 (2010) 2054-2061.
[135] V. Pugnet, S. Maury, V. Coupard, A. Dandeu, A.-A. Quoineaud, J.-L. Bonneau, D.
Tichit, Stability, activity and selectivity study of a zinc aluminate heterogeneous catalyst for
the transesterification of vegetable oil in batch reactor, Applied Catalysis A, General, 374
(2010) 71-78.
[136] T.A. Andrade, M. Errico, K.V. Christensen, Influence of the reaction conditions on the
enzyme catalyzed transesterification of castor oil: A possible step in biodiesel production,
Bioresource Technology, 243 (2017) 366-374.
[137] R.C. Narayan, N. Lamba, A. Javed, G. Madras, Kinetics of esterification of 10undecenoic and ricinoleic acids with near-critical and supercritical methanol, Sustainable
Energy & Fuels, 1 (2017) 1425-1436.
[138] C. Roman-Figueroa, P. Olivares-Carrillo, M. Paneque, F.J. Palacios-Nereo, J.
Quesada-Medina, High-yield production of biodiesel by non-catalytic supercritical methanol
transesterification of crude castor oil (Ricinus communis), Energy, 107 (2016) 165-171.
[139] L.M.G. de Carvalho, W.C. de Abreu, M.d.G.d.O.e. Silva, J.R.d.O. Lima, J.E. de
Oliveira, J.M.E. de Matos, C.V.R. de Moura, E.M. de Moura, Heterogeneous Catalysis Afford
Biodiesel of Babassu, Castor oil and Blends, Journal of the Brazilian Chemical Society, 24
(2013) 550.

82

Bibliography

[140] R. Alén, Structure and chemical compositi on of biomass feedstocks, Biorefining of
Forest Resources, Finnish Paper Engineers' Association, Helsinki, Finland, pp. 18 - 54.
[141] A. Moilanen, Thermogravimetric characterisations of biomass and waste for
gasification processes, Laboratory of Inorganic Chemistry, Åbo Akademi University,
Otamedia Oy, Espoo, 2006, pp. 103 p. app. 197 p.
[142] Y.Q. Zhang, E.H. Fu, J.H. Liang, Effect of Ultrasonic Waves on the Saccharification
Processes of Lignocellulose, Chemical Engineering & Technology, 31 (2008) 1510-1515.
[143] M.S.U. Rehman, I. Kim, K.H. Kim, J.I. Han, Optimization of sono-assisted dilute sulfuric
acid process for simultaneous pretreatment and saccharification of rice straw, International
Journal of Environmental Science and Technology, 11 (2014) 543-550.
[144] A.B. Bjerre, A.B. Olesen, T. Fernqvist, A. Ploger, A.S. Schmidt, Pretreatment of wheat
straw using combined wet oxidation and alkaline hydrolysis resulting in convertible cellulose
and hemicellulose, Biotechnology and Bioengineering, 49 (1996) 568-577.
[145] T.V. Fernandes, G.J.K. Bos, G. Zeeman, J.P.M. Sanders, J.B. van Lier, Effects of
thermo-chemical pre-treatment on anaerobic biodegradability and hydrolysis of
lignocellulosic biomass, Bioresource Technology, 100 (2009) 2575-2579.
[146] P.S. Chow, S.M. Landhausser, A method for routine measurements of total sugar and
starch content in woody plant tissues, Tree Physiology, 24 (2004) 1129-1136.
[147] K. Diganta, G.H. David, V.L. Daniel, J.M. Petrash, S.J. Sastry, Inhibition of αglucosidase, α-amylase, and aldose reductase by potato polyphenolic compounds, PLoS
ONE, 13 (2018).
[148] D.M. Nucera, C.W. Maddox, P. Hoien-Dalen, R.M. Weigel, Comparison of API 20E
and invA PCR for identification of Salmonella enterica isolates from swine production units,
Journal of Clinical Microbiology, 44 (2006) 3388-3390.
[149] M.L. Grant, S. Parajuli, R. Deleon-Gonsalves, R. Potula, A.L. Truant, Comparative
Evaluation of the BD Phoenix Yeast ID Panel and Remel RapID Yeast Plus System for Yeast
Identification, Canadian Journal of Infectious Diseases & Medical Microbiology, (2016).
[150] H. Raja, A. Miller, C.J. Pearce, N. Oberlies, Fungal Identification Using Molecular
Tools: A Primer for the Natural Products Research Community, J. Nat. Prod., 80 (2017) 756770.
[151] L. Vega-Alvarado, J. Gómez-Angulo, Z. Escalante-García, R. Grande, A. GschaedlerMathis, L. Amaya-Delgado, A. Sanchez-Flores, J. Arrizon, High-Quality Draft Genome
Sequence of Candida apicola NRRL Y-50540, Genome announcements, 3 (2015).
[152] H.S. Kim, J.W. Jeon, B.H. Kim, C.Y. Ahn, H.M. Oh, B.D. Yoon, Extracellular production
of a glycolipid biosurfactant, mannosylerythritol lipid, by Candida sp SY16 using fed-batch
fermentation, Applied Microbiology and Biotechnology, 70 (2006) 391-396.
[153] E.S. Oliveira, C.A. Rosa, M.A. Morgano, G.E. Serra, Fermentation characteristics as
criteria for selection of cachaca yeast, World Journal of Microbiology & Biotechnology, 20
(2004) 19-24.
[154] J.R. Broach, Nutritional control of growth and development in Yeast.(Report)(Author
abstract), Genetics, 192 (2012) 73.
[155] C. Brice, F.A. Cubillos, S. Dequin, C. Camarasa, C. Martinez, Adaptability of the
Saccharomyces cerevisiae yeasts to wine fermentation conditions relies on their strong
ability to consume nitrogen. PLoS ONE, 13 (2018).
[156] H. Jørgensen, Effect of Nutrients on Fermentation of Pretreated Wheat Straw at very
High Dry Matter Content by Saccharomyces cerevisiae, Part A: Enzyme Engineering and
Biotechnology, 153 (2009) 44-57.
[157] D. Garrido-Vidal, C. Pizarro, J.M. Gonzalez-Saiz, Study of process variables in
industrial acetic fermentation by a continuous pilot fermentor and response surfaces,
Biotechnology Progress, 19 (2003) 1468-1479.
[158] J.D. McMillan, Pretreatment of lignocellulosic biomass, Pretreatment of lignocellulosic
biomass, (1994) 292-324.

Bibliography 83

[159] J. Santos, F. Leitao-Correia, M. Sousa, C. Leao, Nitrogen and carbon source balance
determines longevity, independently of fermentative or respiratory metabolism in the yeast
Saccharomyces cerevisiae, Oncotarget, 7 (2016) 23033-23042.
[160] M. Barlaz, R. Ham, D. Schaefer, Mass-Balance Analysis of Anaerobically Decomposed
Refuse, Journal of Environmental Engineering, 115 (1989) 1088-1102.
[161] M. Barlaz, Forest products decomposition in municipal solid waste landfills, Waste
Management, 26 (2006).
[162] U.S.G. Council, Ethanol Market and Pricing Data January 8, 2019, U.S. Grains
Council, www.grains.org, 2019. Access in July 2019

