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Preface to “Optimization of Biodiesel, Methanol and

Methane Production and Air Quality Improvement”

Alternative and renewable energy sources already play a very decisive role in the development

of human society, helping to fulfill increasing energy demands from both industrialized and

underdeveloped countries, as well as economic needs, which must comply with a decarbonized

economy, decreasing the energy impact on the global environment. Among these alternative energy

sources, fuels such as biodiesel, methanol, and methane are good examples of how the previous

design can be achieved, as these fuels can be obtained from renewable sources, used in applications

such as transportation systems, electricity generation, fuel conversion, and even for electricity

storage, with reduced impact on air emissions. Although a great deal of research has been done, and

there have been important advances, there is still a need to increase research, particularly in further

development of new approaches, their optimization and practical compatibilization with existing

systems, so that these new technologies can be efficiently adopted by energy stakeholders, while also

being cost-competitive and truly effective.

João Fernando Pereira Gomes

Special Issue Editor
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Abstract: The effect of ammonia and iron concentration in Bold Basal Medium and mixed wastewater
(including pretreated piggery wastewater and acid mine drainage) on biomass production and
biochemical content (lipid and ß-carotene) of microalgae (Uronema sp. KGE 3) was investigated.
Addition of iron to the Bold Basal Medium enhanced the growth, lipid, and ß-carotene of Uronema
sp. KGE 3. The highest dry cell weight, lipid content, and lipid productivity of KGE 3 were 0.551 g
L−1, 46% and 0.249 g L−1 d−1, respectively, at 15 mg L−1 of Fe. The highest ß-carotene was obtained
at 30 mg L−1 of Fe. The biomass production of KGE 3 was ranged between 0.18 to 0.37 g L−1.
The microalgal growth was significantly improved by addition of acid mine drainage to pretreated
piggery wastewater by membrane. The highest dry cell weight of 0.51 g L−1 was obtained at 1:9
of pretreated piggery wastewater by membrane and acid mine drainage for KGE 3. The removal
efficiencies of total nitrogen and total phosphate was ranged from 20 to 100%. The highest lipid and
ß-carotene content was found to be 1:9. Application of this system to wastewater treatment plant
could provide cost effective technology for the microalgae-based industries and biofuel production
field, and also provide the recycling way for pretreated piggery wastewater and acid mine drainage.

Keywords: microalgae; acid mine drainage; microalgae culture; lipid; ß-carotene

1. Introduction

Microalgae synthesize contain valuable biomass compounds, such as lipid, ß-carotene, astaxanthin,
and lutein [1,2]. Biofuel has been obviously reported as a source of renewable energy for superseding
the fossil fuel [3]. The biodiesel can be derived from lipids of microalgae, which is achievable since
microalgae contains up to 50% of lipid with respect to dry cell weight [4]. Also, microalgae have
advantages like high photosynthetic efficiency, high productivity yield, non-arable land use, and ability
to capture and utilize CO2 as a nutrient [5,6]. Carotenoids are commercially using as food coloring
agent and feed cosmetic products, particularly ß-carotene acted as an antioxidant, anticancer and
immune functions. The nutrient concentration is one of the vital sources for successful of cultivation
microalgal, and efficient and improved synthesis of microalgae biomass for subsequent production of
biodiesel and ß -carotene has also been reported [7]. Also, the concern has been increasing towards the
biomass production from microbial to absorb heavy metal ions and bioaccumulation [8,9].

Acid mine drainage (AMD) is often net acidic and contains a high concentration of essential metals
including iron, which can be used as micronutrients to improve the growth of microalgal with respect
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to enhancing the lipid production [10,11]. Organic sources for microalgae growth was accounted
as 80% of the total cost of the medium [12], hence it is necessary to use low-cost organic moieties
or wastewaters to achieve maximum microalgal yield at commercial scale [13]. The development
of livestock production has environmental problems. Manure characterization results show that it
contains a high concentration of organic material like nitrogen and phosphorus. The manure treatment
process tends to couple with anaerobic digestion, which reduces the treatment cost along with nutrient
recovery for microalgae, and manure then becomes a resource [14]. The different type of wastewaters
from municipal, piggery and food industries was used as resource for microalgae cultivation and its
growth has been investigated [15,16].

The mixing of different wastewaters to acquire the ideal nutrients ratio for improved biomass
production has not been well investigated. In addition to that, supplementation of manure wastewater
(as source of TN and TP) with AMD (as source of Fe) has not yet been studied. Hence, the present
investigation to explore the effect of mixed wastewater (including manure and AMD) on biomass
production, biochemical content (lipid and ß-carotene) of microalgae (Uronema sp. KGE 3) was
examined. The removal of total nitrogen (TN) and total phosphorus (TP) was monitored. The kinetic
assessment of specific growth rate of microalgae was also evaluated. These results provide fundamental
information to establish and cultivate the microalgae in Pipes inserted microalgae reactor (PIMR)
system, which could be one of the alternate choices for a microalga-based biodiesel production strategy.

2. Materials and Methods

2.1. Preparation of Microalgal Suspension, Strain, and Culture Medium

Uronema sp. KGE 3 microalgae was derived from AMD at YD abandoned mine (Gangwon-do,
South Korea). The resultant microalga was cultivated in 2.2 L column using 5% (Vinoculum/Vmedia) of
2.0 L of Bold’s Basal Medium (BBM) [17]. The cultivated Uronema sp. KGE 3 microalgae was identified
by rDNA D1-D2 sequence-based phylogenetic extraction analysis (Figure 1). The cultures were kept
under a light irradiation of 130 μmol photon m−2 s−1 at 25 ± 1 ◦C for ten days with white fluorescent
light illumination. Throughout the incubation, each column was constantly sparged with air through
0.2 μm sterilized filter at the flow rate value of 0.4 L min−1, the suspension stirred, and concurrently
supplied with atmospheric CO2. The microalga biomass suspension in the medium, which adjusted
to an absorbance of 0.01 at an optical density of 680 nm as measured by a spectrophotometer (Hach
DR/2800, Loveland, Colorado, USA). Experiments were used stock microalgae to inoculum amount of
three milliliters.

Figure 1. Uronema sp. KGE3 cell morphology and phylogenetic tree displays the connection between
the NSU(Nuclear large subunit) rDNA D1-D2 sequences of the isolates Uronema sp. KGE3 and the
maximum parallel sequences rescued from the NCBI nucleotide database.
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2.2. Wastewater Sampling and Analysis

Acid mine drainage (AMD) was collected from Yeong-dong mine at Gangneung, South Korea.
The manure was collected from cattle farms at Jeollanam-do Province, South Korea. The manure was
pretreated by anaerobic digestion and membrane bioreactor (MBR). Wastewater was immediately
filtered using syringe filter (Polyvinylidene fluoride or polyvinylidene difluoride (PVDF), 0.2 μm) to
remove the suspended solid particles [18]. Total nitrogen (TN), total phosphorus (TP), and ammonium
was measured using Hach Kit (HACH, CO, USA), which are equivalent methods: Standard Methods
4500-N C and 4500-P B (5). Metal ions in AMD were analyzed by inductively coupled plasma optical
emission spectroscopy (ICP-OES, Varian 730-ES, USA). The Orion 5-Star pH/DO/ORP/Cond. Meter
(Thermo Scientific, USA) was used to measure the solution pH. The major components of AMD were
237.8 mg L−1 of total iron, 187.3 mg L−1 of ferrous, 5.7 mg L−1 of manganese and 320.4 mg L−1 of
sulfate, and solution pH was 3.2. The major components present in the pretreated piggery wastewater
by membrane (PPWM) were 4645 mg L−1 of ammonium, 6230 mg L−1 of total nitrogen, and 365 mg
L−1 of total phosphate, and solution pH was found to be 8.53.

2.3. Experimental Method

The experiments were conducted in two stages. In the first stage, BBM was supplemented with
different concentration of iron and ammonium to optimize the concentration for further experimental.
The second phase was the replacement of BBM with PM amended with AMD as a cheap source of iron.
The mixed ratio of PPWM with AMD were 1:0, 1:1, 1:9, and 1:19. The biomass production, nutrients
removal (including TN /TP), and biochemical composition (including lipids and ß-carotene) of the
microalga in all tested condition were evaluated.

Growth rate was used to monitor the microalgae by absorbance (optical density (OD)) and gravity
(dry cell weight (DCW)) method. OD was measured at 680 nm using a spectrophotometer (HS-3300;
Humas, Daejeon, Korea). To measure the DCW, microalgae was harvested by centrifugation at 3000 rpm
for 20 mins (1580R, Labogene, Korea). The harvested microalgal biomass was frozen at –70 ◦C by
deep freezer (DFU-256CE, Operon, Korea). After freeze-dried the biomass, experiments sample were
lyophilized by freezing dryer (FDB-550, Operon, Korea).

The DCW was used to calculate the microalgae growth by: biomass productivity (P),
as demonstrated in Equation (1).

P =Mb −Mbo/T − T0 (1)

where Mb and Mb0 are microalgae dry biomass at time T and initial time T0. The specific growth rate
(μ, day −1) of the microalgae can be calculated using Equation (2) as follows [19].

μ =
ln Xi − ln X0

ti − t0
(2)

2.4. Analysis of Lipid and ß-carotene

The dried biomass of freeze-dried microalgae was used to extract the total lipids contents by
modified method reported by Bligh and Dyer [20]. After the extraction, chloroform-methanol layer
contains the microalgae extracted lipids, which can be collected using a separate-funnel and followed
by the rotary evaporator. The lipid content of microalgae was calculated by the following Equation (3):

Lipid content (%) = (W2 −W3)/W1 × 100 (3)

where W1 is weight of dried cell biomass, W2 is glass tube with extracted lipids W3 is empty glass tube.
Various organics solvents including methanol, acetone, and chloroform were used to extract the

ß-carotene from freeze-dried algal biomass. In this study, the extraction of ß-carotene from freeze-dried
algal biomass using chloroform provides a quietly high amount of yield. Hence, 0.2 g of freeze-dried
algal biomass was suspended in 5.0 mL of chloroform, then sonicated for 10 min under maximum
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power in an ultrasound condition, and finally the suspension was kept at 4 ◦C for 24 h. The supernatant
liquid in the suspension was harvested by centrifugation and stored until analysis was carried out.
After 14 extractions, chloroform did not display any coloration while the pellet remained greenish
in color. The ß-carotene was analyzed by LC-MS (e2695, Waters, USA) and analytical column with
5 mm C30-reversed phase material (250 mm L 4.6 mm ID) at 30 ◦C. Detail of pretreatment and analyze
procedure followed the Gupta method [21].

3. Results and Discussion

3.1. The Influence of Iron and Ammonium on the Microalgal Growth

The impact of iron on the growth of lipid, ß-carotene, and Uronema sp. KGE 3 cultivated in BBM
are appeared in Figure 2A–C, respectively. The Fe concentration used in this study was 5 mg L−1

(from BBM only), 10, 15, 25, and 35 mg L−1. Fe acted as a vital element for the growth of higher plants
and microorganisms including microalgae [22]. The growth and reproduction of microalgae also
requires addition of Fe. In microalgae-based reactors, optimal iron dosage needs to be maintained for
stable growth of microalgae biomass [23]. The impact of various concentration of Fe on the growth
and lipid production of Uronema sp. KGE 3 was investigated to identify the required amount of Fe
from AMD. Addition of iron (15-35 mg L−1) to BBM enhanced the growth and biochemical content
(including lipid and ß-carotene) of Uronema sp. KGE 3. The highest dry cell weight (Figure 2A), lipid
content, and lipid productivity (Figure 2B) of KGE 3 were 0.551 g L−1, 46%, and 0.249 g L−1 d−1,
respectively after the addition of 15 mg L−1 of Fe, and it was higher than control by 24% (Figure 2A).
The highest ß-carotene was found at 35 mg L−1 of Fe (Figure 2C). The metals including Fe, Mn, Cu,
Zn, and Co acted as micronutrients and possessed the ability to increase the growth of microalgae by
certain concentration, while on the other hand, the higher concentrations of these metals can hinder
the growth of microalgae [24,25]. The growth pattern of Uronema sp. KGE 3 cultivated in BBM under
various concentration of ammonium is shown in Figure 3A–C. Ammonium concentration used in this
study was 0 (BBM only) to 1,000 mg L−1. The growth of KGE 3 was ranged between 0.18 to 0.37 g L−1

(Figure 3A). The growth pattern of KGE 3 under ammonium was below the control (Figure 3B), which
revealed the toxicity of ammonium. The present result was reliable with previous report displaying
that ammonium had strong effect on the microalgal growth [26]. The highest lipid and ß-carotene
content was achieved at 1000 mg L−1 of ammonium (Figure 3C).

The microalgal with high specific growth rate (μ) is important criteria to select the best microalgal
species as it signifies a shorter doubling time [27]. The changes on the specific growth rate of Uronema
sp. KGE 3 cultivated under the effect of iron and ammonium for 9 days in BBM is shown in Figure 4A,B,
respectively. The highest specific growth rate of Uronema sp. KGE 3 was observed at 15 and 25 mg L−1 of
Fe during the cultivation time (Figure 4A), while the trended specific growth rate under ammonium was
not fixed, which might be due to the pernicious effect of ammonium (Figure 4B). The changes on specific
growth rate was observed in this research because of the difference in specific cell biomass yield [28].
Yoshimura et al. reported that Botryococcus braunii possesses the specific growth rate and doubling
time of 0.19–0.50 day−1 and 1.4–3.6 days, respectively [29]. Zhu et al. utilized artificial wastewater
in photobioreactor for both cultivation and treatment of wastewater using Chlorella zofingiensis. The
result shows that wastewater treatment was ranged from 0.208 to 0.260 day−1 with a doubling time of
2.67 to 3.34 days within 15 days of cultivation [30]. The difference in values of specific growth rate
and doubling time for Chlorella zofingiensis might be owing to variances in cultivation period, culture
medium, and cultivation conditions [31].
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Figure 2. The effect of iron on the growth (A), lipid (B) and ß-carotene (C) of Uronema sp. KGE 3
cultivated in Bold’s Basal Medium (BBM).
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Figure 3. The effect of ammonium the growth (A), lipid (B) and ß-carotene (C) of Uronema sp. KGE 3
cultivated in Bold’s Basal Medium (BBM).
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Figure 4. Changes on the specific growth rate of Uronema sp. KGE 3 under the effect of iron (A) and
ammonium (B) cultivated for 9 days in Bold’s Basal Medium (BBM).

3.2. Effect of Pretreated Piggery Wastewater by Membrane (PPWM) and Acid Mine Drainage (AMD) on the
Microalgal Growth

The growth of Uronema sp. KGE 3 in various ratio of PPWM present of AMD is presented in
Figure 5. The physico-chemical characteristics of experimental variations are presented in Table 1.
The suitable selection of wastewater, robust microalgal species, and pre-treatment techniques are the
primary factors for microalgae-based biofuel production, as well as the development of technology
with the combination of wastewater treatment and microalgae cultivation for biomass and lipid
production [32,33]. The dry cell weight of microalgae ranged between 0.19 to 0.51 g L−1 in all the
tested conditions. The microalgal growth was significantly improved by addition of AMD to PPWM.
The highest dry cell weight (0.51) was obtained at 1:9 of PPWM and AMD for Uronema sp. KGE 3
(Figure 5). Pervious studies have reported that the addition of AMDs to the microalgal culture enhanced
the microalgal growth due to AMDs provided an optimal C:N:P ratio and suitable initial pH [18].
Microalgae can grow copiously when provide the adequate amount of nutrients and appropriate
conditions. The algal growth is also directly influenced by the temperature, nutrients (TN, TP), light
intensity, iron concentration, and the initial pH level [34,35]. Addition of AMD in this study provided
suitable pH, which resulted in a higher growth rate than without addition of AMD (Figure 5A). The
initial pH level of microalgal culturing media (including Bold’s basal medium) was 6.8 [36].

Figure 5. Cont.
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Figure 5. The effect of various mixing ratios between pretreated piggery wastewater by membrane
(PPWM) and acid mine drainage (AMD) on the growth (A) and nutrients removal (B) of Uronema sp.
KGE 3.

Table 1. Experimental condition for studying the effect of mixture from Pretreated manure and acid
mine drainage.

Experimental 
Condition 

Parameters  

Pretreated Manure + 
Distilled Water 

(v/v) 

Pretreated Manure + Acid Mine 
Drainage 

(v/v) 
1/1 1/9 1/19 1/1 1/9 1/19 

Total nitrogen (mg L-1) 743 173 76 762 168 69 
Ammonium (mg L-1) 726 162 79 732 148 69 

Nitrate (mg L-1) 13 3 1 15 2 1 
Total phosphorous (mg L-1) 29 5.9 2.9 30 6.2 3.1 

Manganese (mg L-1) - - - 2.9 0.6 0.3 
Sulfate (mg L-1) - - - 160.2 32 16 

Iron (mg L-1) 4.6 0.9 0.5 39.6 69.8 73.7 

3.3. Effect of Microalgal Growth on Nutrient Removal

The microalgae growth can be enhanced by utilization of trace elements and nutrients present in
the wastewater and subsequently the nutrient concentration in the wastewater reduced, which supports
the advanced of wastewater recycling process and biomass production. Aliquots of wastewater samples
were collected after 10 days of cultivation period to calculate the TN and TP removal from various
dilutions of PPWM with AMD by Uronema sp. KGE 3, in order to assess its efficiency of nutrient
removal. The removal efficiency was ranged from 18.6 to 62.3% for TN, while TP was ranged from
26.7 to 100% (Figure 5B). Nitrogen is one of the main macro elements for microalgae growth, which
ranges from 1.0 to 10.0% of total dry biomass and is also an indicator for determining lipid content in
microalgae biomass [37]. The TP was not fully used as nutrient by microalgae. Only part of the TP was
utilized as a nutrient for growth and metabolism, including energy transfer and the biosynthesis of
DNA, while the remaining TP was precipitated and assimilated into biomass through intracellular
polyphosphate. Schreiber et al., reported that most of the consumed P accumulated in their body [38].

8
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3.4. The Production of Lipid and ß-carotene after Cultivation in Pretreated Piggery Wastewater by Membrane
(PPWM) Supplemented with Acid Mine Drainage (AMD)

After cultivation of Uronema sp. KGE 3 in PPWM supplemented with AMD, lipid and ß-carotene
content was evaluated (Figure 6). The lipid content was ranged between 36 to 52% (Figure 6A), while
ß-carotene content was ranged between 0.5 to 5.9% (Figure 6B). The highest lipid and ß-carotene content
was found at 1:9 (PPWM: AMD ratio) medium, when Uronema sp. KGE 3 cultivated in BBM showed
an optimal growth and obtained a higher cell growth than 1:9 (PPWM: AMD ratio) medium. Even
though, the value of DCW in BBM (1.04 g L−1) was higher than PPWM: AMD medium (0.91 g L−1), 1:9
(PPWM: AMD ratio) medium was more suitable media for productivity of lipid and ß-carotene. The
result indicated that iron in AMD could promote the biomass productivity (Figure 7). The addition of
PPWM (as a source of nutrients) and AMD to the system increases the microalgal biomass from 0.19 to
0.51 g L−1 and also increases the lipid/carotenoids productivity from 0.166 g L−1 d−1 and 1.01 mg g−1d−1

to 0.251 g L−1 d−1 and 3.01 mg g−1d−1 respectively, along with increasing nutrient removal efficiencies
from 18.6 to 62.3%.

Figure 6. Effect of various mixing ratios between pretreated piggery wastewater by membrane (PPWM)
and acid mine drainage (AMD) on the lipid production (A) and ß-carotene (B) of Uronema sp. KGE 3.
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Figure 7. Time courses of biomass concentration for Uronema sp. KGE 3 cultivated in Bold’s Basal
Medium (BBM). with pretreated piggery wastewater by membrane (PPWM) + acid mine drainage
(AMD) (1:9) medium during Pipes inserted microalgae reactor (PIMR) operation for 25 days.

3.5. Comparison of Other Researches for Lipid and ß-carotene Production

Iron may affect the productivity of lipid content, while ammonia affects both lipid and ß-carotene
contents. Table 2 lists the microalgae production capacities of lipid and β-carotene. Kim et al.
(2007) [39] reported that fermented swine urine was used as source of ammonia. It is worth noticing
that while increasing the amount of ammonia, the ß-carotene production was also increased. In
this study, ß-carotene production is well related to the concentration of PPWM, because PPWM acts
as an ammonia source which correspondingly increases the production of ß-carotene. Feng et al.
(2011) [40] also added ammonium in artificial wastewater to enhance the yield of ß-carotene. Singh et
al. (2015) [41] reported that lipid productivity was 3–5 times higher than the conventional media.

Table 2. Comparison of other researches for lipid and ß-carotene production.

Strain
Cultivation
Condition

Lipid
(g/L d)

β-carotene
(mg/g d)

Reference

Uronema sp.
KGE 3a Iron 0.249 3.69 This study

Uronema sp.
KGE 3a Ammonia 0.166 1.01 This study

Scenedesmus spp.
-Mixed cultureb

Fermented swine
urine - 0.05 Kim et al. (2007) [39]

C. vulgaris
FACHB1068c

Artificial
wastewater 0.147 - Feng et al. (2011) [40]

Ankistrodesmus
falcatus KJ671624 Iron 0.074 - Singh et al. (2015) [41]

Uronema sp.
KGE 3a AMDS+PPWM 0.251 3.01 This study

a This study; b Kim et al. (2007); c Feng et al. (2011); d Singh et al. (2015).

4. Conclusions

The condition of PPWM: AMD = 1:9 and PPWM: AMD = 1:19 leads to the production of microalga
feedstock and is suitable for obtaining highly efficient lipid and ß-carotene. Utilization of Uronema sp.
KGE 3 as microalgae for the generation of biofuel material and recycling of wastewater could be a
cost-effective and environmentally sustainable strategy. The optimal iron concentration of 15 mg L−1

10
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has potential application for microalgae cultivation because of distribution of biomass productivity
increase. The change in iron and ammonium concentration can induce the lipid and ß-carotene
accumulation. A pilot-scale study using PIMR proved that PPWM 1: AMD 9 can be used as effective
cultivation media instead of synthetic BBM. This culture approach and appropriate microalgae strains
will provide the cost-effective technology to microalgae-based industries and biofuel production fields
and a recyclable way for PPWM and AMD. Application of this approach to pig wastewater treatment
system could be an alternative strategy to reduce contaminant concentration such as TN and TP, and to
increase facility for bioenergy production.
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Abstract: Exhaust gases from thermal power plants have the highest amount of carbon dioxide
(CO2), presenting an environmental problem related to a severe impact on ecosystems. Extensively,
the reduction of CO2 from thermal power plants has been considered with the aid of microalgae as a
cost-effective, sustainable solution, and efficient biological means for recycling of CO2. Microalgae can
efficiently uptake CO2 and nutrients resulting in high generation of biomass and which can be
processed into different valuable products. In this study, we have taken Nephroselmis sp. KGE8,
Acutodesmus obliquus KGE 17 and Acutodesmus obliquus KGE32 microalgae, which are isolated from
acid mine drainage and cultivated in a photobiological incubator on a batch scale, and also confirmed
that continuous culture was possible on pilot scale for biofuel production. We also evaluated the
continuous culture productivity of each cultivate-harvest cycle in the pilot scale. The biomass of the
cultivated microalgae was also evaluated for its availability.

Keywords: biomass; microalgae; photobioreactor; power plant exhaust gas; lipid; FAME

1. Introduction

Nowadays, an increase of CO2 levels in the atmosphere is extensively recognized as a major
contributor for global warming. Recent reports are highlighted that atmosphere contains CO2 level
of 450 ppm [1]. The atmospheric CO2 can be trapped by green plants via photosynthesis. However,
terrestrial plants are estimated to reduce only 3–6% of global CO2 emissions, which is significant given
the slow growth rates of plants. On the other hand, microalgae can grow much faster than terrestrial
plants, and their CO2 reduction efficacy was 10–50 times higher than plants [2,3]. The variety of
microalgae cultivated in comfortable environmental condition to produce comparably 15–300 times
higher energy sources than plants, which also reduce the land area for cultivation and continuously
increase the yield per unit area [2,4,5]. Microalgae can biologically store CO2 through photosynthesis
in the form organic compounds and then use microalgal biomass as a feedstock for renewable energy
after CO2 fixation [6]. Moreover, microalgae have been documented as source of valuable biomaterials
such as fertilizers, live feed, medicines, and other value-added products.

The large-scale microalgae culture system was divided into two systems, namely the open and
closed systems. In the case of the open system, it is difficult to control the amount of light intensity and
it may vary depend upon the local time, and also difficult to maintain the temperature. The closed

Energies 2019, 12, 3497; doi:10.3390/en12183497 www.mdpi.com/journal/energies14



Energies 2019, 12, 3497

system, which is a device to overcome these limitations, is able to control the light intensity, external
influence, and temperature, though the operation cost and the manufacturing cost are high when
compared to the open system. Especially, the closed system microalgal growth rate is 1.5–4 times
higher than the open system [7]. The high growth rate of microalgae has a large impact on CO2 capture
and may lead to an increase in biomass production. According to the various research condition, closed
system may be designed as airlift column, horizontal tube, stirred tank, and flat panel photobioreactor
(PBR) [7,8].

Obviously, industrial exhaust gases contain 10–20% of CO2 with trace amounts of SOx and NOx.
The selection of microalgae plays a vital role in CO2 reduction efficacy and represents a significantly
cost-effective route for biomass production. The desirable qualities of microalgae comprise high growth
and CO2 consumption rates, also patience towards trace constituents of exhaust flue gases such as
SOx and NOx and production of valuable products. Maeda et al. (1996) used Chlorella sp. T-1 as a
potential microalga for the biological removal of exhausted CO2 from coal-fired thermal power plants.
Aslam et al. (2017) have identified that mixed microalgae societies like Desmodesmus spp. can slowly
grow in 100% unfiltered exhausted gas from coal combustion with phosphate buffering condition [9].
Kassim and Meng (2017) studied biofixation of CO2 by two microalgae species such as Chlorella sp.
and Tetraselmis suecica with various CO2 concentration [10]. Even though the above said studies have
been carried out in exhausted gas which adversely affects the microalgal growth. To the best of our
knowledge, no study has yet reported on the actual injection of exhaust gas, and there is a lack of
research on biomass tendency when continuously injecting the gas into large-scale bioreactor.

Hence, the objective of this study is to evaluate the feasibility of microalgae species like
Nephroselmis sp. KGE8, Acutodesmus obliquus KGE 17 and Acutodesmus obliquus KGE32, which
were cultivated in a laboratory with the supplementation of power plant exhaust gas. Then, evaluate
the growth potential of the microalgae in the semi-continuous photobioreactor (PBR) operating with the
exhaust gas injection, and evaluate the microalgae productivity at each cultivate-harvest cycle. Finally,
we also assessed the feasibility of biodiesel, lipid and C16-18-FAME contents in recovered microalgae.

2. Materials and Methods

2.1. Conditions of Microalgae Cultivation in Batch Scale

Microalgae species were derived from acid mine drainage which include Nephroselmis sp. KGE8,
Acutodesmus obliquus KGE 17, and Acutodesmus obliquus KGE32. The batch type cultivation was
performed in 140 mL serum bottle with 100 mL of Bold’s Basal Medium (BBM) [11] which contained
strains with optical density of 0.010 in UV spectroscopy 680 nm region.

The exhaust gas from the Y coal-fired thermal power plant (Gangwon-do, South Korea) was used
as a carbon source for microalgae growth. The collected gas was filtered through a 0.2 μm filter and
then supplied at a flow rate of 0.5 L min−1 for 1 h to complete saturation of the medium. Composition
of the exhaust gas details appeared in Table 1. The microalgae cultivation was conducted at 25 ◦C with
120 μmol photon m−2s−1 of light intensity, and the content was agitated in incubator shaker (Witeg,
Wisecube WIS-ML, Germany) at 120 rpm to prevent agglomeration for 7 days.

Table 1. Y Power plant gas contents and concentrations located in Gangwon-do.

Gas Contents Initial Gas Concentration

CO2 (v/v %) 14.9 (±0.2)

NOx (ppmv) 220.2 (±10.5)

SOx (ppmv) 32 (±5)

CO (ppmv) 1549 (±242)

O2 (%) 5.47 (±0.03)
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2.2. Cultivation of Microalgae in Photobioreactor (PBR)

The culture system used in this study was a multistage photobioreactor (PBR), each PBR has
capacity of 2000 L and it is shown in Figure 1. Initially, exhausted gas was injected through PBR 1 and
then subsequently passed through the PBR 2, -3 and -4 respectively. Finally, unutilized gas was ejected
from the PBR 5, the concentration of CO2 in each stage was measured and attached in Table 2. The initial
and final exhaust gas concentration was analyzed by Testo 350 K emission analyzer (Testo, Germany).
According to Blair et al. (2014) red light emitting diode (LED) was installed at each stage for maximize
light absorption [12]. The first stage of the pilot scale, the growth rate of each stage of Nephroselmis sp.
KGE 8 was determined and grown for 20 days. The second cultivation was performed for 22 days,
from the 18 days when the specific growth rate (μmax) started to increase, the possibility of continuous
cultivation was evaluated by harvest and regrowth. On day 18, the microalgae were recovered and
diluted and re-cultured for 16 days and supplemented with BBM to prevent nutrition loss. The interval
between collection and incubation was 2 days, and cultures were collected and cultivated three times.

 

Figure 1. Pilot scale multi-step reactor schematic.

Table 2. Injection CO2 concentration in each stage.

Stage CO2 (v/v %) NOx (ppmv) CO (ppmv) O2 (v/v %)

PBR1 14.90 (±0.18) 220.2 (±10.5) 1548.5 (±242) 5.47 (±0.03)

PBR2 8.08 (±0.52) 124.4 (±21.8) 941.1 (±41.9) 12.42 (±0.93)

PBR3 6.72 (±0.73) 99.3 (±16.0) 703.3 (±51.4)) 13.89 (±0.99)

PBR4 4.99 (±0.52) 72.3 (±12.1) 537.2 (±21.6) 15.81 (±0.86)

PBR5 3.87 (±0.52) 51.9 (±9.3) 421.1 (±35.2) 17.03 (±0.95)

Out 3.11 (±0.60) 51.8 (±8.18) 337.0 (±5.1) 16.86 (±1.41)

2.3. Analysis of Microalgal Growth

The growth rate of microalgae cultivated in pilot plant was obtained by analysis of OD680, from
spectrophotometer (Hach DR/2800, Loveland, CO, USA) which values were converted to dry cell
weight (DCW) concentration (g L−1). DCW of Nephroselmis sp. KGE 8 was calculated by:

Dry weight (g L−1) = 0.3997 × OD680 − 0.0471 (R2 = 0.9871) (1)
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Further, the specific growth rate (SGR) was calculated by Equation (2):

μ = (lnX2 − ln X1)/(t2 − t1) (2)

where X1 and X2 are the mass of initial and final weight of microalgae, respectively, which is used to
calculate DCW in this study, and t1 and t2 are the initial and final incubation times respectively.

2.4. Algal Harvest

In pilot scale, the algal harvest was performed by sludge pump, and collected to storage tank.
The algae of each stage were harvested, and the harvested algae were precipitated and recovered by
separating the supernatant and algae.

2.5. Analysis of Lipid and C16–C18 Fatty Acid Methyl Ester (FAME)

The modified Bilgh and Dyer method (Ji et al. (2016)) was used to analyze the lipids and fatty acids
in the harvested microalgae [13]. Fatty acids were identified by the modified Lepage and Roy method
from Yun et al. (2015), which convert fatty acid into fatty acid methyl esters through esterification and
is analyzed by Gas chromatography with a flame ionization detector (GC-FID) using HP-INNOWax
capillary column (Agilent Technologies, USA) [14].

3. Results and Discussion

3.1. Growable Microalgae in Exhaust Gas Condition

Batch scale experiment results shows that both Nephroselmis sp. KGE 8 and Acutodesmus obliquus
KGE 17 have lag phase up to two days and showed exponential growth phase until fifth day (Figure 2).
At this moment, Nephroselmis sp. KGE 8 exhibited the maximum growth when compared to the
Acutodesmus obliquus KGE 17. Another microalga like Acutodesmus obliquus KGE 32 exhibits the lag
phase until three days, and the exponential growth phase was until five days, and it has the stationary
growth phase. The growth rates of microalgae with a supply of exhaust gas are presented in Table 3.
Ji et al. (2017) and Yun et al. (2016) evaluated the potential for biofuel production according to changes
of CO2 concentration in exhaust gas. Compare with these previous studies, algae production was faster.
Also Tang et al. (2011) was focused on growth potential in high concentration of CO2 and effective
concentration of CO2, growth rate and lipid contents was lower than this study. Nephroselmis sp. KGE 8
have the OD680 value of 1.341 and the maximum specific growth rate (μmax) was 1.41 d−1 between 3–4
days of culture. Conversely, Acutodesmus obliquus KGE 32 and Acutodesmus obliquus KGE 17 possess
the OD680 values of 0.970 and 0.553 and μmax were 1.08 d−1 and 1.37 d−1 respectively. The microalgae,
which applied in this study, showed higher specific grow rates (1.08 to 1.37 d−1) than previous study
(Table 3). Continuous and excessive exposure of NOx and SOx gases to cells could leads to inhibition
of microalgae growth rate [15,16]. Praveenkumar et al. (2014a) reported that algal FAME content and
productivity increased from 129 to 168 mg fame/g cells and from 59 to 118 mg fame/L d, respectively,
in coal-fired flue-gas inlet condition [17]. They also conclude that stress conditions could lead to
improve algal lipid productivity [18].

3.2. Pilot Scale Cultivation

The pilot scale cultivation result discloses that, lag phase period of Nephroselmis sp. KGE 8 was
increased from 2 days to 10 days when compared with batch scale results due to the stress present in
the exhaust gas (Figure 3). Same trend was also observed in previous study by Borowitzka et al. (2018)
and mentioned that adaptation by stress due to CO2 [21].
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Figure 2. Growth curve of Nephroselmis sp. KGE 8, Acutodesmus obliquus KGE 17,
and Acutodesmus obliquus KGE 30 microalgae in purged power plant gas.

Table 3. Specific growth rate and lipid contents of various microalgal strains cultivated at different
carbon dioxide concentration.

Species
Carbon Dioxide

Concentration (%)
Incubation
Condition

Medium
Lipid

Contents (%)

Specific
Growth Rate
(μmax, d−1)

Scenedesmus obliquus KGE 9 a 14.1 Batch BBM 22.8 1.00

Chlorella pyrenoidosa SJTU-2 b 10.0 Batch BG11 24.2 0.78

Acutodesmus obliquus KGE 30 c 14.1 Batch BBM 17.5 1.09

Acutodesmus obliquus KGE 32 d 14.1 Batch BBM - 1.08

Acutodesmus obliquus KGE 17 d 14.1 Batch BBM - 1.37

Nephroselmis sp. KGE 8 d 14.1 Batch BBM 59.4 1.41

0 Nephroselmis sp. KGE 8 d 14.1 Pilot scale BBM 60.9 0.26
a Ji et al. (2017) [19]; b D. Tang et al. (2011) [20]; c HS Yun et al. (2016) [14]; d This study.

Further, the microalgae growth was not similar with the batch scale (Figure 3). Due to the
different character of coal and also the generated exhaust gas from the thermal power plant does
not contain constant amount of CO2, it may lead to irregular growth of microalgae in the pilot
scale. Cheng et al. (2019) also reported that biomass yields were not constant for every cycle, even
gas-adapted microalgae were injected with a constant concentration of mixed gas [22]. These results
indicated that Nephroselmis KGE 8 is a microalga species that could adaptively grow, even when the
exhaust gas was continuously injected.

In continuous culture potential evaluation experiment, Nephroselmis sp. KGE 8 reached the
exponential growth phase at 17 days after initiated the cultivation (Figure 4). According to
Tan et al. (2018), the productivity of microalgae tended to decrease with increasing amount of
cultivation [23]. The growth of Nephroselmis sp. KGE 8 was different in each stage. PBR 2 show a
microalgae concentration of 0.6002 g L−1 for the first time and 0.4932 g L−1 for the second cultivation.
Also the microalgae concentration in PBR 3, PBR 4, and PBR 5 was decreased from 0.5644 g L−1 to
0.4955g L−1, 0.5343 g L−1 to 0.4722 g L−1, and 0.4421 g L−1 to 0.4116 g L−1 respectively. In contrast,
the microalgae growth in PBR 1 has increased from 0.4996 g L−1 to 0.5710 g L−1, unlike other stages.
Biomass productivity is affected by growth factors, and according to Sun et al. (2018), the growth
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factors like high temperature and large N source will increase biomass growth [24]. When NOx is
dissolved in water, it tends to form nitrite, which can help to grow the biomass [25].

 

 

Figure 3. The growth of Neproselmis sp. KGE 8 when injecting exhaust gas from thermal power plant
using multi-step reactor. Growth rate was shown to (A), and removal CO2 concentration was shown to (B).

 

Figure 4. Microalgae growth curve in each incubator re-cultivation process.
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3.3. Lipid and Fatty Acid Productivity

We have compared the biomass productivity of Nephroselmis sp. KGE 8 in both batch and pilot
scale. In batch scale, the biomass productivity was found to be 0.696 g L−1 d−1, also contain 59.4%
and 95.1% of lipid and C16–C18 FAME respectively. In contrast, the biomass productivity, lipid,
and C16-C18 FAME contents were decreased to 0.163 g L−1 d−1, 39.4%, and 77.8% respectively in
pilot scale experiments (Table 4). Park et al. (2013) reported that the maximum lipid content of the
Nephroselmis sp. KGE 8 species was 38.8% [26].

Table 4. Biomass productivity, C16-C18 ratio, and lipid content of Nephroselmis sp. KGE8 at laboratory
scale and pilot scale.

Strain
Volumetric Productivity of

Biomass at μmax (g L−1 day−1)
C16–C18 Ratio (wt %) Lipid Content (wt %)

KGE8 cultivated in Laboratory 0.696 95.1 59.4

KGE8 Cultivated in Pilot scale 0.163 77.8 60.9

The average lipid content of harvested microalgae in PBR 1 was 41.24%, which was higher than
that of other stages. Arief et al. (2009) reported that the content of lipid in microalgae increased
with increasing CO2 concentration. The fatty acid content of the recovered Nephroselmis sp. KGE 8
illustrated in Figure 5. The average of C16 to C18 FAME contents in recovered microalgae at each
harvest cycle illustrated Figure 5A. The fatty acid content was 74.38% (w/w), and the highest fatty
acid content showed the highest fatty acid content as 87.29% in PBR 5. However, as the number of
continuous cultures increased, the fatty acid content of PBR 1 also increased, while that of PBR 2 to
PBR 5 tended to decrease (Figure 5B). In particular, PBR 5, which showed the highest fatty acid content
at the initial stage, showed a sharp decrease in fatty acid content as the number of times increased.
Sharmaet al. (2012), and Nayaket al. (2018) reported an increase in Oleic acid (C18: 1) in the fatty acids
of cultured algae in coal combustion gases [27,28].

Figure 5. Cont.
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Figure 5. C16–C18 FAME yield from each photo bioreactor.

4. Conclusions

Batch scale studies reveal that Nephroselmis sp. KGE 8 showed the best growth under exhaust gas
conditions. Nephroselmis sp. KGE 8 showed growth potential (0.696 g L−1) in the semi-continuous PBR
operation with the exhaust gas injection. The lipid content and C16-C18 FAME content were 39.4% and
77.8% in PBR1, respectively. The microalgae productivity of five reactors showed range from 0.4116 g
L−1 to 0.5468 g L−1 at each cultivate-harvest cycles. PBR 1 showed highest microalgae productivity
during PBR operation.

When exhaust gas is directly injected, changes in NOx and temperature condition accelerate the
microbial energy conversion. Singh et al. (2014) reported that some algal species obtained maximum
biomass in 15% CO2 [29]. Based on the result, it was concluded that direct injection of exhaust gas is
the most suitable condition for utilization of energy source of microalgae. This microalgal cultivation
system could be a suitable process for the massive cultivation of microalgae with exhaust gas from
power plants.
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Abstract: This paper presents results on the research currently being carried out with the objective
of developing new electrochemistry-based processes to produce renewable synthetic fuels from
liquefied biomass. In the current research line, the gas mixtures obtained from the typical electrolysis
are not separated into their components but rather are introduced into a reactor together with
liquefied biomass, at atmospheric pressure and different temperatures, under acidified zeolite Y
catalyst, to obtain synthesis gas. This gaseous mixture has several applications, like the production of
synthetic 2nd generation biofuel (e. g., biomethane, biomethanol, bio-dimethyl ether, formic acid,
etc.). The behaviour of operational parameters such as biomass content, temperature and the use of
different amounts of acidified zeolite HY catalyst were investigated. In the performed tests, it was
found that, in addition to the synthesis gas (hydrogen, oxygen, carbon monoxide and carbon dioxide),
methane was also obtained. Therefore, this research is quite promising, and the most favourable
results were obtained by carrying out the biomass test at 300 ◦C, together with 4% of acidified zeolite
Y catalyst, which gives a methane volumetric concentration equal to 35%.

Keywords: liquefied biomass; electrolysis; synthesis gas; renewable energy; synthetic fuels; HY zeolite

1. Introduction

Oil-derived fuels are essential for complying with the World’s energy needs, accounting for the
majority (more than 80%) of the global primary energy consumption, and recent forecast studies,
developed by the IEA (2017) [1] and BP (2018) [2], show a continuing growth in fossil fuel demand [3],
in the near future, considering a wide range of factors such as demand, technology development,
assumptions of policy agreements in order to reduce greenhouse gas emissions (GHG), as well,
as changes in the regional production capacity [4]. In spite of this dependence, recent concerns
over climate change have driven society to seek for alternatives in order to reduce GHG emissions.
This resulted in a continuous search for a shift in energy production from fossil fuels toward
renewables [5].

Consequently, the use of biomass as a source of renewable energy has recently been increasing.
When compared to fossil fuels, biomass energy has several advantages which includes its renewable
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nature, carbon neutral ability, low sulfur emission during combustion, relative abundance and its
easy transportation and storage. Therefore, biomasses are, potentially, one of the more important
available resources to produce new liquid biofuels, synthesis gas (syngas), biohydrogen, solid
biofuels, and, valuable chemicals [6]. Liquefaction is a relatively novel process capable of converting
biomass into bio-oil products [7]. In general, the liquefaction of biomass consists of three main steps:
depolymerization followed by decomposition, and, recombination at high temperatures [8]. Normally,
the biomass liquefaction processes use a specific solvent, such as water or organic ones, such as, methanol,
ethanol, phenol, acetone, etc., to interact strongly with the biomass components [9]. More recently,
cork by-products, have been reported as interesting raw materials for liquefaction, by conventional,
microwave induced, as well as ultrasounds-assisted methods [6]. The main components of these solid
biomass, like cork and eucalyptus bark are, lignin, cellulose and hemi-cellulose [9].

The bio-oil obtained from the liquefaction processes of these solid biomass components, performed
at 160 ◦C and 90 min, such as described by Mateus et al. [6], has several advantages, like its utilization
as fuel, in engines and, in other combustion units, such as, boilers, furnaces, etc., as auxiliary fuel
or, can be converted into high quality chemical products, through several processes, like, catalytic
cracking, hydrogenation or steam reforming [10].

Regarding electrolysis process, the main four technologies developed are, alkaline electrolysis,
Proton-exchange membrane (PEM), Solid Oxide Electrolysis (SOE) [11,12] and, finally, Polymeric
Anion Exchange Membrane (AEM) processes [13].

The syngas applications are several, not only related with synthetic biofuels production, but also,
in the added-value chemical products, such as, formic acid, ethylene, but also, methyl acetate, acetic
acid, formaldehyde and polyolefins (these last four produced from biomethanol) [14]. In the field
of synthetic biofuels production, syngas can be converted into biomethanol [15,16], bio-DME [17],
biomethane (synthetic natural gas) through the Sabatier process [18,19], but also, into biodiesel,
bio-gasoline, bio-naphtha, etc., through the Fischer-Tropsch process [20,21].

This paper describes a further new approach on a new technology, previously reported by the
authors [22] capable of producing syngas in a single step, without separation of the elementary gases,
produced during the water alkaline electrolysis. It is called co-electrolysis of water, under the alkaline
process, using a carbon source to directly produce the syngas mixture, at low temperatures and
pressures, thus requiring significatively less amounts of energy inputs [11,23]. This previous approach,
uses graphite electrodes, as a source of carbon, that is further oxidized, during the electrolysis process,
to carbon monoxide and carbon dioxide which are present in the generated gas mixture (syngas), and,
efficiently converts electricity from renewable sources (mainly wind or solar, or when this electricity is in
excess in the electrical grid, or in off peak hours). Thus, this new technology is able to convert electricity
into syngas, which is an intermediate for the generation of synthetic 2nd G biofuels, which was already
demonstrated [24]. The main drawback is the (small) consumption of the graphite electrodes and its
relatively high cost, which could be avoided if steel electrodes are used together with an additional
carbon source, such as, liquefied biomass, to be added in the electrolyser. Concerning the use of
liquefied biomass, some results from preliminary trials have been recently published elsewhere [25],
and points out that, the process needs enhancement, such as, the use of solid catalysts. In this new
process, the gas obtained from electrolysis is not separated into its components and, it’s introduced
into a reactor together with a specific content of a previous mixture of cork/eucalyptus bark liquefied
biomass, at normal pressure and different temperatures. The gas is released upon contact with the
biomass, thus resulting into syngas, which is a mixture consisting essentially of carbon monoxide,
hydrogen, carbon dioxide and some unreacted oxygen. In this work, the behaviour of operational
parameters such as biomass content and type, temperature and the use of different amounts of acidified
zeolite (z.) HY catalyst were investigated. In the performed tests, it was found that, in addition to the
syngas, methane was also produced, with significant content. The purpose of use samples of different
kinds of liquified biomass (described in Section 2.1) of cork and/or eucalyptus bark, with and without
the correspondent sugars solubilized in aqueous solvent, was to investigate if, there was significant
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influence in the output syngas/methane produced, at the methanation reactor, as well, the influence
of temperature and catalyst content in this process. The temperatures range choose for this study
must be significantly lower than the typical temperatures used in the gasification process (700–800 ◦C).
The advantage of this technology is located, precisely, in the utilization of lower/medium temperatures,
when compared with the coal/biomass gasification and steam reforming processes, which produces,
also, syngas. The utilization of lower temperatures will lead to significant input energy savings to the
process and, as consequence, lower operating costs. On the other hand, the influence of using lower
catalyst contents in the methanation process in this study, is to see if the methane concentration will
increase in these temperatures, with and without catalyst.

2. Materials and Methods

2.1. Chemicals

The chemicals used in this research work were, sodium hydroxide (pellets) from VWR Chemicals
Prolabo (Fontenay-sous-Bois, France), Y powdered zeolite in the basic form (NaY), from Sigma-Aldrich
(Darmstad, Germany) and ammonium nitrate from Merck (Darmstad, Germany). The biomass
liquified samples employed were four, one was a mixture of cork and eucalyptus bark with the
correspondent sugars (A1), other obtained from the liquefaction process of only cork biomass, with
the correspondent sugars (A2), other obtained from the liquefaction process of only eucalyptus bark,
without the correspondent sugars and solvents previously removed (A3), and, finally, the last one,
similar to A3 but with the correspondent sugars and a significant quantity of solvent (A4). These
liquified biomass samples were obtained through a hydro-liquefaction process, with an organic solvent
and, also, with an acid homogeneous catalyst, in a range of temperatures between 160–200 ◦C.

2.2. Syngas and Methane Production Equipment

The production of syngas was carried out on a laboratory apparatus, schematically shown in
Figure 1, consisting of: (i) a cylindrical storage tank feeding electrolyte to the solution; (ii) a second
storage for the electrolyte solution; (iii) a column containing molecular sieve, in order to adsorb the
humidity of the produced gas, and finally, (iv) an electrolyser, where the various electrochemical
reactions take place to produce synthesis gas. The electrolyser has a total of seven steel electrodes,
each one with a diameter of 5 cm and, a thickness of 0.2 cm, thus resulting an area of 20 cm2 by
electrode, forming disks with two holes each, thus creating electrolyte circulation channels. One
channel is connected to the electrolyser input, while the other is connected to its output, thus allowing
the out flow of produced gases. The electrodes are spaced from each other 0.3 cm, thus creating in the
electrolyser, 8 electrolytic cells. The body of the vessel is made of methyl methacrylate polymer, with
a basis of stainless steel, to withstand pressure. To prevent heat losses from the electrolyser and the
electrolyte circulation tank, the components are insulated with rockwool. The methanation reactor
(v) used is made of glass and consists of an inlet pipe that extends into the reactor where the gas will
bubble and an outlet pipe for the produced gas (syngas) that goes to a condenser (vi) with a coupled
tank where the resulting condensation and the final gas for analysis are collected. This reactor has
approximately 7.6 cm of diameter and 5.7 cm of high (Figure 2). During operation, the electrolyte is
admitted through the inlet valves, thus filling up the electrolyser. Then, electric terminals connect
the electrodes to the power supply source and the electrolysis process takes place. The produced
gas composition is measured by specific sensors (CLEVER CY-12C oxygen analyser from CLEVER,
Beijing, China, carbon dioxide and carbon monoxide analysers, both from KELISAIKE (Beijing, China),
and a methane analyser from Exibd R (Beijing, China), previously calibrated and validated by gas
chromatography and, the total flow rate of gases were measured by a volume displacement device. In
this study, liquefied biomass from cork wastes was used, obtained as described elsewhere [6]. In order
to improve the composition of the produced syngas, a solid catalyst was used, which was prepared
from a powdered Y zeolite in basic form, that was acidified using ammonium nitrate, by a traditional
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technique [26]. Figure 3, shows, on the left, the electrolyser unit and, on the right, the used steel
electrodes prepared, like described above.

Figure 1. Experimental set-up.

Figure 2. Glass reactor used with liquified biomass to produce methane.

Figure 3. Electrolyser (left) and, steel electrodes used in the electrolyser unit (right).

The measures of pH and conductivity of the electrolyte solutions in the electrolyser in the
beginning and the end of each experiment, were conducted, respectively, with a HANNA Instruments
(Woonsocket, RI, USA) portable device and, with a GLP32 conductimeter (Crison. Barcelona, Spain).
A PB 3002 balance (Mettler Toledo, Columbus, OH, USA) with a precision of 0.01 mg was also used to
weigh the solid samples and, also, an oven and a furnace, from Nabertherm (Lilienthal, Germany),
were used to dry and calcinate, respectively, the solid catalytic samples.
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2.3. Solid and Liquid Samples Characterization

Regarding catalyst characterisation, zeolite Y acidified was characterised by Scanning Electronic
Microscopy with Electron Diffraction Spectroscopy (SEM-EDS) and, liquid samples obtained
(condensate and liquified biomass) were analysed through Fourier Transformed InfraRed Spectroscopy
(FTIR). The SEM microscope used was a model JSM-7001F (JEOL, Tokyo, Japan), where the solid
samples were previously conducted through an gold alloy and, the FTIR spectrometer used was one
from Agilent Technologies (Santa Clara, CA, USA), where the correspondent spectra were acquired in
a range of wavenumber between 650 cm−1 and 4000 cm−1, with a resolution of 32 scans.min−1.

2.4. Preparation of the Different Electrolytes (NaOH Concentration and Biomass Content)

Several electrolytes were prepared with two different concentrations of sodium hydroxide (0.4 and
1.2 M) in demineralized aqueous solution, without any liquified biomass content. After that, four
electrolytes were prepared, all of them with 1.2 M of sodium hydroxide concentration, but with
different liquified biomass weight contents (5, 10, 12 and 15%), for a total volume of water and biomass
in each experiment, equal to 100 mL. For all of these experiments, the different electrolytes were placed
in the electrolyte admission tank and it was open the valve with connects the tank to the electrolyser, to
filling it. Then, it was plugged the terminals of the electric feed supply to the electrolyser. All of these
experiments were conducted for 2 hours, measuring in each 15 minutes, the electrolyte temperature
(T), voltage applied (V), current intensity (I), gas volumetric flow and, its volumetric composition.
In the beginning and in the end of each experiment, it was measured the pH and conductivity of the
correspondent electrolyte.

2.5. Preparation of Acidified Heterogeneous Catalyst

Since the Y zeolite catalyst was supplied in basic form (NaY), it was necessary to convert it in
acidic form (HY), using ionic exchange with a 2 M aqueous solution of ammonium nitrate, for 6 h in an
oil heating bath, with stirring, at 80 ◦C, to convert first, into the ammonium form (NH4Y). After this
time, the final solution was filtered under vacuum filtration and the collected solid was dried in an
oven, overnight (14 hours approximately), at 90 ◦C. In the next day, the dried solid was placed in a
furnace oven, at 500 ◦C for 8 hours, with a gradient heat of 5 ◦C·min−1 releasing ammonia gas and
adsorbed water, converting the zeolite from the ammonium form (NH4Y) to the acidic form (HY).

2.6. Experiments in the Syngas/Methane Reactor

First, in order to estimate the liquified biomass apparent density or bulk density, which is a
property of powders, granules, and other “divided” solids, or any other masses of corpuscular or
particulate matter. It is defined as the mass of many particles of the material divided by the total volume
they occupy. The total volume includes particle volume, inter-particle void volume, and internal pore
volume [27]. This bulk density was quantified in the liquified biomass sample (A2) collected after the
liquefaction process, supplied by one of our research partners. It was placed it in the reactor, 100 mL,
and then, sealed the reactor inlet and placed it in an oil heating bath with magnetic stirring, for 4 hours,
at different temperatures. The outlet reactor was connected to a condenser in order to collect the release
condensate at liquid state, which was collected in a cylindrical tank. After 4 h, the liquified biomass
was then weighted, to compare with its initial mass, before the correspondent experience.

The characterization and quantification of the syngas composition was conducted in a second
round of experiences, namely the methane gas produced and the oxygen content after the reaction
with the liquified biomass, with and without HY zeolite solid catalyst. In all of these experiments,
it was used 100 mL of liquified biomass in the reactor, and also, it was used in the electrolyser, 0.4 M
of sodium hydroxide aqueous solution. In the experiments, different weight percentages of catalyst
were used, together with the liquified biomass, in the methane reactor. 1 g, 2 g and 4 g of HY zeolite
were weighted and then mixed with the 100 mL of liquified biomass in this reactor, which corresponds,
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respectively, to, approximately, 0.9%, 1.8% and 3.6% of mass catalyst concentration, at four different
temperatures (150, 200, 250 and 300 ◦C). All these experiments were carried out at 4 hours, measuring
several parameters each 30 minutes, such as, temperature in the electrolyser, (T), voltage applied (V),
current intensity (I), gas produced volumetric flow and its volumetric composition, at the outlet reactor,
quantifying also, the condensate volume produced and, in the end of each experiment, the volume of
liquified biomass, to compare it with the initial one.

3. Results and Discussion

3.1. Characterisation of the Supplied Different Biomass Samples

The solid biomass used as raw-material in the liquefaction process, supplied by a pulp industry
Portuguese Company was cork and eucalyptus bark, with a typical elemental composition show
in Table 1. It’s possible to see that, those values are in accordance with similar ones published
elsewhere [28].

Table 1. Elemental composition, humidity and heating values of cork/eucalyptus bark solid
biomass samples.

Component Used (%(w/w)) (1) From Literature (Ligneous Biomass, % (w/w)) [28]

C 46.0–49.0 44.0–53.0 Cellulose 30.0–50.0
H 5.30–5.70 5.50–6.50 Hemicellulose 15.0–35.0
O 42.0–47.5 (2) 38.0–49.0 Lignin 20.0–35.0
N 1.00–2.00 0.00–2.00 Ashes 0.20–8.00
S 0.08–1.00 0.05–1.00
Cl 0.05–0.25 –

Total humidity 44.0–67.0 Variable
HHV (MJ/kg) 17.5–19.5 15.0–19.0
LHV (MJ/kg) 16.5–18.5 –

(1)—Obtained before entering in the hydro liquefaction process used, after several measures performed;
(2)—Estimated by difference from total weight composition.

After the liquefaction process of these biomass samples, they were analyzed, through the
quantification of its elemental composition, water content, the low heating value (LHV) and the high
heating value (HHV). This analysis was performed in one of our research partners, a cement kiln
producer and, the correspondent results are shown in Table 2.

Table 2. Elemental composition, humidity and heating values of cork/eucalyptus liquified
biomass samples.

Component % (w/w) Component % (w/w)

C 60.0–70.0 S <0.50
H 12.0–13.0 Total humidity 2.00–4.00
O 14.5–25.5 (1) HHV (MJ/kg) 31.5–39.0
N <2.50 LHV (MJ/kg) 29.0–36.0

(1)—estimated by difference from total weight composition.

Table 2 shows elemental composition of liquified cork/eucalyptus bark biomass samples, after the
hydro liquefaction process performed, in our research partner, as well, the final humidity content and
the heating values (HHV and LHV).

As reported in several references, biomass solid samples shows higher H/C and O/C ratios
then fossil fuels, like coal [28], which enhances hydrogen composition in the syngas production,
in thermochemical process, like gasification [28]. In this electrochemical process, the increase in
the hydrogen composition of syngas produced will enhance the production of biofuels, like in the
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methanation processes. Besides that, less carbon contents will decrease carbon dioxide emissions
(GHG) to the atmosphere [28].

3.2. Preparation of the Different Electrolytes (NaOH Concentration and Biomass Content)

Table 3 shows the experimental results achieved regarding the first round of experiences in the
electrolyser, with and without different liquified biomass contents, for two sodium hydroxide electrolyte
concentrations. The parameters measured for each experiment were, the electrolyte temperature in
the electrolyser (T), the input voltage (V), the current intensity (I), the final volumetric flow of gas
produced, the initial and final pH (pHi and pHf), as well, the initial and final conductivity (Ki and Kf).
All the values pointed in the table are averages values calculated from 4–5 experiences performed for
each case, at the end of 120 min.

Table 3. Experimental results achieved regarding the experiences performed in the electrolyser.

Electrolyte T (◦C) V (V) I (A)
F

(mL.min−1)
pHi pHf

ΔpH
(%)

Ki

(mS.cm−1)
Kf

(mS.cm−1)

ΔK
(%)

NaOH 0.4 M 76.9 28.5 3.64 98.80 14.2 14.1 0.70 76.70 68.13 11.2
NaOH 1.2 M 53.2 28.5 2.50 103.0 14.2 14.2 0.00 198.8 194.9 1.96

NaOH 1.2 M + 5%
(w/w) biom. 53.1 28.5 1.24 50.28 14.2 11.1 21.8 182.5 56.67 70.0

NaOH 1.2 M + 10%
(w/w) biom 45.8 28.5 0.96 48.79 14.2 10.9 23.2 136.4 48.73 64.3

NaOH 1.2 M + 12%
(w/w) biom 43.2 28.5 0.86 39.15 14.2 12.7 10.6 124.6 44.70 64.1

NaOH 1.2 M + 15%
(w/w) biom 46.4 28.5 1.09 50.76 14.3 13.0 9.09 116.3 38.57 66.8

This table also shows the calculated correspondent relative variations of pH (ΔpH) and conductivity
(ΔK). Through these results, it is possible to conclude that, with the exception of the 15% (w/w) of
biomass content experiment, the increase in the liquified biomass in the electrolyte decreases the final
temperature in the electrolyser and, also, the current intensity, as well, the produced gas volumetric
flow, since, both parameters are related. The justification is directly related with the electrolysis
conversion and the gas flow observed, which are proportional to the current intensity and, also, to
the heat produced in the electrolyser, through Joule’s effect. For the same electrolyte quantity, less
current intensity will decrease the heat released and the electrolyser temperature. It’s possible to see,
also, that, the presence of organic compounds, such as, the liquified biomass, mixed in the electrolyte,
decreases significantly the conductivity values. It’s well known that, organic compounds have very low
electrical conductivity values, thus affecting negatively the electrolysis conversion process, decreasing
the electrolyte final conductivity, when compared with the sodium hydroxide conductivity values.
This is confirmed by these results, which affected also, the final pH of the electrolyte, decreasing it.

In order to understand the evolution of the oxygen concentration in the electrolyser, over time, for
different tested electrolytes (with and without liquified biomass), Figure 4 shows those evolutions. It is
possible to notice that, higher biomass content mixed with the 1.2 M NaOH electrolyte will increase the
oxygen consumption, due to its reaction with the carbon from biomass, thus producing CO and CO2.
It is the co-electrolysis processes, like reported elsewhere, by Guerra et al. [24,25]. It is, also, interesting
to see that, A4 liquified biomass samples shows the same behavior as the 1.2 M NaOH aqueous
electrolyte without any biomass content. This is due to the presence in this sample A4, of a large
amount of solvent, mainly, water, ascribable to the high solubilization of the sugars compounds. On the
contrary, the remaining biomass samples tested (A2) shows a strong oxygen conversion, because this
sample only has a little portion of solvent, since it was previously removed in the liquefaction process.

For A2 experiments, it was also observed, a maximum oxygen conversion between 30 and 45 min,
although the final oxygen content in the gas produced from the electrolyser, at 120 min, is higher, when
compared with the observed at 30–45 min. This difference is due to the non-steady state process, which
occurs until it finishes, 10–15 min after the 2 h of each experience performed.
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Figure 4. Evolution of the oxygen concentration in the electrolyser, over time, for different tested
electrolytes (average values).

3.3. Experiments in the Syngas/Methane Reactor

Regarding the production of syngas, Table 4 shows the results obtained with complementary
experiences in the methane glass reactor, where this gaseous mixture is produced, with the methane
generation, through the reaction between the electrolysis gas and, the liquified biomass. The results
achieved and calculated were: the volumetric yields production of solid, liquid and gas phases,
respectively, the remaining biomass collected in the reactor (Yield(liq.biom.)) after the time experience
considered, at different temperatures, the condensate (Yield(cond.)) and, also, the gas mixture produced
(Yield(gas)).

Table 4. Experimental results obtained with complementary experiences in the syngas/methane reactor.

Liquified
Biomass

T (◦C) t (min.)
Vf(liq.biom.)

(mL)
Yield(liq.biom.)

(%)
V(cond.)

(mL)
m(cond.)

(g)
ρap. (cond.)

(g.cm−3)

Yield(cond.)

(%)

Yield(gas)

(%) (*)

A2

100 60 98 98.0 - - - - 2.0
150 60 96 97.0 - - - - 3.0

200
30 - - 18.5 18.2 0.98 18.5 -
60 72 74.0 23.5 22.8 0.97 23.5 2.5
240 74 72.0 24.5 23.5 0.96 24.5 3.5

(*)—estimated considering the initial volume of 100 mL of liquified biomass minus the volumes of final liquified
biomass and condensate produced.

The apparent density of the liquid condensate (ρap. (cond.)) was also calculated. The apparent
density of the liquified biomass sample (A2) was previously calculated, giving an average value of
1.14 g·cm−3. From these data, it is possible to conclude that, as expected, the increase of temperature will
increase, at shorter times, the volume of produced condensate, thus decreasing the volumetric yield in
the remaining liquified biomass. The calculated apparent density of the condensate is decreasing with
the increase of the reactor temperature and, those values are similar with the water density, although,
as explain more ahead, this condensate has, also, organic compounds, at minor concentrations.

Different operational parameters were studied in the syngas/methane reactor, such as the
volumetric flow rate of gas produced over time (QvRnormalized), the volumetric percentage of oxygen
produced (%O2) and reacted over time (QvRO2consum) and, the volumetric percentage of methane
produced (%CH4). These tests were carried out with different weight contents of zeolite HY catalyst and
different temperatures, like described in Section 2.6. The obtained results are presented in Figures 5–8.
All these experimental rounds took place with the following fixed experimental conditions in the
electrolyser: 22.4 V of applied voltage, 2.5 A of current intensity, 160 mL/min of electrolyser gas
produced (H2 + O2), electrolyte of NaOH 0.4 M aqueous solution and, with 4 h in each experience.
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Table 5 shows, at the end of 4 hours experience, the correspondent final output values of the gas
volumetric flow, as well, the oxygen and methane volumetric contents in the produced gas mixture,
for different reaction temperatures and different weight content (z. HY catalyst). To compare with
another Y zeolite already prepared, ultra-stabilized with nickel (z. USY), it were also performed,
two more experiments with this catalyst, which was supplied from another Portuguese university.
The results achieved with USY zeolite doesn’t show any significant improvement, mainly in the %CH4

content, when compared with the acidified HY zeolite catalyst.

Table 5. Experimental results in the methanation reactor, for different reaction temperatures and
different weight content catalyst.

Liquified
Biomass

%
(Wcat./Wliq.biom.)

T (◦C) F (mL·min−1) %O2 %CH4

A2

—

150 142.9 33.5 0.19
200 150.0 32.0 0.45
250 138.5 33.3 0.45
300 138.5 32.0 2.08

z. HY, 2%

150 145.2 33.8 0.25
200 134.2 32.5 1.84
250 145.2 32.2 4.16
300 157.9 30.2 12.8

z. HY, 4%

150 145.2 33.9 0.28
200 145.2 32.5 3.98
250 134.2 30.0 5.02
300 138.5 22.2 33.9

z. USY, 1% 200 125.0 33.1 0.17

z. USY, 2% 200 132.4 33.1 0.26

A3 — 200 145.2 32.3 0.16

A4 z. HY, 4% 200 133.6 32.2 3.81

3.3.1. Flow of Produced Gases

Analyzing Figure 5, the observed flows exhibit the same general behavior. An exception is the
flow rate for the test with 2% of HY catalyst at 300 ◦C, which was constant, due to a leak in the system.
This leak did not affect the test at all, but only the flow measurement.

Figure 5. Comparison of the behavior of the volumetric flow rate of gases produced over the test
time for the synthesis gas production tests for different amounts of catalyst and temperature (average
values).
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Nevertheless, the final gas flow measurements are basically constant, in all experiments, after
120–150 min of reaction time, when it was reached the steady state, with little differences (<10 mL·min−1)
between them, when it was reached the 4 hours of reaction time.

3.3.2. Oxygen Concentration in the Outlet Gas Mixture

In Figure 6, it can be seen that, the increase in temperature and the increase in the catalyst
weight content affect the percentage of oxygen, i.e., for the temperatures of 250 and 300 ◦C and with
4% (Wcatalyst/Wliq.biom.) of catalyst, it is possible to notice an appreciable decreasing on the oxygen
concentration, in the syngas mixture, is more noticeable, after 210 min of reaction time.

At lower temperatures of 150 and 200 ◦C, the oxygen content only shows slight variations between
32.5 and 33.8% (v/v). It seems that, for temperatures above 250 ◦C and, with 4% of zeolite HY
heterogeneous catalyst, the production of methane gas is enhanced, in the syngas mixture, because the
activation energy boundary is being decreased. In all these experiments, slightly concentrations of CO
and CO2 were detected, which means that, the gas compound with more and significant concentration
is the hydrogen.

Figure 6. Comparison of the behavior of the percentage of oxygen in the gas produced over the test
time for the synthesis gas production tests for different amounts of catalyst and temperatures (average
values).

3.3.3. Oxygen Flow Rate Consumed

The oxygen consumption evolution is shown in Figure 7, where it is possible to observe the
increase in the reacted oxygen volumetric flow with the increase of temperature, mainly at 250 and 300
◦C and, with 4% of z. HY catalyst. At 150 ◦C, this consumption does not exceed 6 mL·min−1, and, at
200 ◦C, this consumption has already reached 12 mL·min−1. At 250 ◦C, this consumption increased to
14 mL·min−1, and, at 300 ◦C, this consumption is even higher, reaching 28 mL·min−1, for the test with
4% of z. HY catalyst. The decreasing on the oxygen content in the syngas mixture, will increase the
reacted oxygen to produce, mainly, methane gas. These conditions are enhanced with the increase of
reaction temperature above 250 ◦C and, also, with 4% of weighted z. HY catalyst, for the same reasons
pointed out above.
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Figure 7. Comparison of the behavior of the volumetric flow rate of oxygen consumed over the test
time for the synthesis gas production tests for different amounts of catalyst and temperatures (average
values).

3.3.4. Methane Concentration

Figure 8 shows the production of methane through time, for different temperatures and different
contents of zeolite HY catalyst, in the syngas/methanation reactor. At 150 ◦C, the methane concentration
is very low, even with the use of the solid catalyst. Increasing the temperature and the amount of
catalyst shows that, the methane production increases, with a maximum of 35%, obtained in the 300 ◦C
test with 4% (w/w) of that catalyst. The reasons to explain this behavior of the methane production
were explained above in this article, since the production of this fuel gas is directly related with the
consumption of oxygen in this reactor, enhanced by the increase of temperature and, with, at least,
4% (w/w) of catalyst.

Best conditions which maximized methane concentration (300 ◦C, 4% (w/w)) were replicated
three times and, the same behavior were observed, since, at the end of the 4 hour reaction time, final
methane concentration achieved (yield) was 33% and 34% (twice), which gives an overage value of
34%, although, it was achieved also, a maximum concentration of 35% in all replicate experiments.
The remaining gas compositions measured were basically the same. After these three replications,
z. HY catalyst was calcinated again, to eliminate coal deposition in surface catalyst, to reactivate it,
because coal deposition covered the catalyst active sites.

Another experiment with the same best operating conditions was performed, after catalyst
recalcination in the same operating conditions and, the achieved results were the same of the previous
ones, again with 34% of methane final concentration, at the end of 4 h of reaction time. After recalcination,
catalyst acquire the same aspect as used in the first experiments.
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Figure 8. Comparison of the behavior of the percentage of methane in the gas produced over the test
time for the synthesis gas production tests for different amounts of catalyst and temperature (average
values).

In comparison with other similar studies, for instance, with Guerra et al. [24], it was reached a
methane volumetric content of 25.7% of the syngas mixture produced in the 1 kW SYM electrochemical
reactor, combined with a follow fixed bed catalytic reactor, under atmospheric pressure and, at 125 ◦C,
using graphite electrodes in the electrolyser and, a Ni/(CaO-Al2O3) heterogeneous catalyst. These
conditions give a methane gas selectivity of 96.5%, a CO2 conversion of 44.2% and, residual
concentrations of CO. In another study performed also, by the same authors, Guerra et al. [25]
they achieved volumetric CO2 concentration values of between 2.00–2.50% at 2 bar and 70 ◦C, but with
residual values of methane gas and, with 25% of CO. In this last case, it isn’t occurred any significant
production of methane gas, which means, it doesn’t show any relevant processual advantages when
compared with the current study. No more similar studies were found in the literature, regarding the
electrolytical production of syngas. Besides these two references, only pyrolysis/gasification process
shows significant volumetric syngas and methane gas concentrations but, achieved with significant
higher temperatures, higher than 400 ◦C and, in the case of pure syngas, only higher than 700 ◦C,
in gasification process. These higher temperatures will need higher energy inputs for the syngas
production, when compared with the electrochemical processes.

3.4. Stoichiometric Analysis

Due to the existence of methane in the final gas produced, it is apparent that the following main
reactions occur [24,25], between carbon from biomass and the oxygen and hydrogen produced in the
alkaline electrolyser. In the electrolyser itself, it occurs, both at the same time, the following reactions:

Anode:
Water alkaline oxidation:

4OH− →
(45− 55) ◦C 2H2O + 4e− + O2 (1)

Cathode:
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Water alkaline reduction:

4H2O + 4e− →
(45− 55) ◦C 4OH− + 2H2 (2)

In the syngas/methane glass reactor, with the presence of the liquified biomass, attending the
production of methane gas, the follow reactions seems to take place, according with [19,24,25]:

Partial carbon oxidation:

C +
1
2

O2
→

(100− 300) ◦C CO ΔHr = −222 kJ·mol−1 (3)

Total carbon oxidation:

C + O2
→

(100− 300) ◦C CO2 ΔHr = −394 kJ·mol−1 (4)

After the production of CO and CO2 gases, in the same methanation reactor, it will be produced
methane gas, according with the following reactions, described elsewhere [19], which is enhanced by
temperature and catalyst increases:

Sabatier reaction:

CO + 3H2
cat.,(200−300) ◦C←−−−−−−−−−−−→CH4 + H2O ΔHr = −206 kJ·mol−1 (5)

Water-gas shift reaction:

CO2 + H2
cat.,(200−300) ◦C←−−−−−−−−−−−→CO + H2O ΔHr = +41 kJ·mol−1 (6)

The overall reaction from these two (reactions (5) and (6)) leads to the following one:

CO2 + 4H2
cat.,(200−300) ◦C←−−−−−−−−−−−→CH4 + 2H2O ΔHr = −165 kJ·mol−1 (7)

This means that, in the methanation reactor, the above reactions took placed in the follow order:
first, the reactions (3) and (4), simultaneously, then the reactions (5) and (6), which, together, leads to
the reaction (7), where, the standard specific enthalpy reaction is equal to − 206 + 41 = −165 kJ.mol−1.

According to the stoichiometry of these reactions, it is possible to obtain some outputs such as:
molar flow at the outlet of the electrolyser, molar flow of oxygen and hydrogen at the outlet of the
electrolyser, molar flow at the exit of the syngas reactor, molar flow of oxygen, methane, hydrogen,
carbon dioxide and carbon monoxide at the exit of these reactor, as well, the molar flow rate of oxygen,
methane and hydrogen consumed. From these outputs, in the 300 ◦C test with 4% of z. HY catalyst,
where there is a higher percentage of methane produced, and, since there is a portion of the flow
produced that is not justified by the stoichiometry of these reactions, it means that, there are compounds
formed in addition to those mentioned before, at the same time, in the reactor. These compounds
may be hydrocarbons resulting from cracking processes of biomass itself, enhancing the methane
production [29]. As reported in the literature, the propagation step mechanism of cracking paraffins
leads, inevitably, to the co-production of methane gas [29].

On the other hand, the very low contents of CO and CO2 observed, suggests that, through the
temperature reaction and heterogeneous catalyst used conditions, these gases were basically consumed
to produce methane, through the Sabatier process. Besides that, the most part of the liquified biomass
in the reactor, was converted to liquid condensate.
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In the same test with 300 ◦C and 4% (w/w) of z. HY catalyst, it was also observed, after the 240
min of reaction time, the deposition of small black particles, thus covering the catalyst surface, which
could be ascribable to the deposition of coke particles, resulting most probably from the follow reaction
(Equation (8)), which typically occurs on the methane conversion processes in the presence of steam
water and/or oxygen, as well, in the gasification of coal and biomass [15]:

2CO
cat.,(200−300) ◦C←−−−−−−−−−−−→C + CO2 ΔHr = −173 kJ·mol−1 (8)

Although the global process is exothermic, due to the negative values of reaction enthalpies, it’s
necessary supply heat in order to achieve the desired temperature. The same procedure occurs in the
thermochemical processes of syngas/methane production, like pyrolysis and gasification. Pyrolysis
process starts at 400 ◦C and, syngas production in the gasification process normally occurs from
temperatures higher than 700 ◦C. In order to calculate the theoretical supply heat to the correspondent

process (ΔH
T

), it’s necessary to calculate the calorific values of syngas and methane produced in both
cases (electrochemical/Sabatier combined process and, both thermochemical processes mentioned
above), for the 300 ◦C achieved in this study and, for 400 ◦C and 700 ◦C, which normally occurs in the
pyrolysis and in the gasification processes, respectively. To perform this task, it’s necessary to apply
the following expression (Equation (9)):

ΔH
T
= Cp·ΔT (9)

where Cp is the mean specific calorific capacity between 25 ◦C and the temperature (T) used, ΔT is the
difference of temperature between 25 ◦C (room temperature) and the operating one (T). The product
Cp·ΔT corresponds to the specific calorific heat which is needed to supply for the process.

To calculate Cp values, is need, in first place, calculate each Cp for the correspondent component,
between 25 ◦C and the operating temperature. With Equation (10), it’s possible to calculate each (Cpi)
value, through the thermodynamic values of (a), (b), (c) and (d), which were collected in this study,
from the literature (Himmelblau, [30]). These values are showed in Table 6. Equation (11) calculate the
overall specific calorific capacity (Cp) for the syngas/methane mixture at the reactor outlet, where (xi)
represents the correspondent volumetric composition of each gas component:

Cpi =

∫ T
25 ◦C

(
a + b·T + c·T2 + d·T3

)
dT

(T − 25)
(10)

Cp =
∑n

i=1
xi·Cpi (11)

Table 6. Thermodynamic values (a,b,c,d) expressed in J·mol−1 ◦C−1, of gas components, for application
in equation 10 [30].

Compound a b c d

CO 28.95 4.11 × 10−3 3.55 × 10−6 −2.22 × 10−9

CO2 36.11 4.23 × 10−2 −2.89 × 10−5 7.46 × 10−9

O2 29.10 1.16 × 10−2 −6.08 × 10−6 1.31 × 10−9

N2 29.10 2.20 × 10−3 5.72 × 10−3 -2.87 × 10−9

H2 28.84 7.65 × 10−5 3.29 × 10−6 −8.70 × 10−10

CH4 34.31 5.47 × 10−2 3.66 × 10−6 −1.10 × 10−8

The values of (Cp) for each case, depending of the operating temperature (T), applied in Equation (9),
gives the values of specific heats. Table 7 shows those values for the analyzed processes. N2 was only
applied for outlet gases in pyrolysis and gasification processes, while O2 only in the electrolytic process.

37



Energies 2019, 12, 3787

Table 7. Calculated values of (Cp) and (ΔH
T

) for different syngas/methane production processes.

Process T (◦C) (Cp) (J.mol−1·◦C−1) ΔH
T

(kJ ·mol−1)

Electrochemical/Sabatier combination 300 34.62 10.38
Pyrolysis (with N2 and without O2) 400 35.39 14.15

Gasification (with N2 and without O2) 700 38.46 26.92

It’s possible to conclude, according with ΔH
T

values that, higher temperature process means
a significant increase in the input energy and, as consequence, a significant increase with the
energetic (operating) costs. Comparing the pyrolysis process (14.15 kJ·mol−1) with the combined
electrochemical/Sabatier one (10.38 kJ·mol−1) and considering the same syngas/methane flow and
the same gas composition, an decrease of 36% in the input energy was observed. By another
hand, the comparison between the same combined process (10.38 kJ·mol−1) with the gasification one
(26.92 kJ·mol−1), an decrease of 159% in the input energy was observed, both values applied for each
mole of syngas/methane mixture.

3.5. FTIR Analysis

Infrared spectroscopy analyzes were performed on some liquid samples obtained in the previous
experiments. These liquid samples refer to the biomass used in the tests, before and after those tests, as
well, in the condensate obtained. Analyzing Figure 9A,B, it can be seen that, the liquified biomass
spectra are identical, before and after the trials, respectively, since the absorption peaks detected were
almost the same, varying only their intensity.

Figure 9. FTIR spectra: (A) corresponding to the initial sample of liquefied biomass, prior to any test;
(B) corresponding to the biomass sample after the test at 250 ◦C, without catalyst.
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It can be seen that, the most intensity peak is related with the O-H absorption peaks between 3200
and 3500 cm−1, mainly ascribable with alcohols, water and, for the case of biomass samples, are related
also with O-H bonds of the hydroxyl groups present in the several monomers of the cellulose and
hemicellulose structures [31]. Nevertheless, it’s possible to see a little decreasing in intensity of these
absorption peaks of O-H (3200–3500 cm−1), and also, at 1675 cm−1 related with C=O bonds (stretching
vibrations) of aldehydes and ketones, after the correspondent experiment, due to the evaporation of
some of these compounds to the condensate.

The spectra presented in Figure 10A,B are related with the liquid condensate samples obtained,
respectively, for the trials of 150 ◦C with 4% of catalyst and, at 300 ◦C with 2% of catalyst. The
remaining trials performed give similar condensate FTIR spectra to these two cases. For low reaction
temperatures, it’s possible to detect the O-H stretching vibrations bonds, typical in water, alcohols
and similar compounds, but also, the C=O absorption peaks, at 1675 cm−1, typical of aldehydes and
ketones. For higher temperatures (250 and 300 ◦C), it is also possible to detect, besides these absorption
peaks mentioned before, other ones, mainly at, 2800–3000 cm−1 and at 890 cm−1, which correspond to
the stretching and bending vibrations of the C-H bonds of the aldehydes, as well, at 1040–1100 cm−1,
for stretching vibrations of the C=O bonds of the carboxylic acids, 1200 cm−1, addressed to stretching
vibrations of the C-O bonds of the alcohols and, finally, at 1395–1440 cm−1, ascribable to stretching
vibrations of the C-O-H bonds of the carboxylic acids, also.

Figure 10. FTIR spectra: (A) corresponding to the condensate resulting from the test at 150 ◦C with
4%g of z. HY catalyst; (B) corresponding to the condensate resulting from the test at 300 ◦C with 2% of
z. HY catalyst.

When comparing the FTIR spectra of liquified biomass and condensate liquid samples, it’s possible
to verify that, the functional groups which are decreasing its intensity in the biomass samples, increase
in the condensate samples.

This fact was to be expected, since the most volatile constituents with O-H, C-O and C=O bounds
evaporate during the reaction and, therefore, are collected in condensate tank. Since the evaporation of
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the condensate previous collected was almost complete at 100 ◦C, suggests that the major quantity of
those alcohols, aldehydes and carboxylic acids have boiling temperatures below 100 ◦C, which could
be ascribable to formaldehyde, methanol, ethanol and, formic acid, since these compounds have, all,
normal boiling temperatures below than 100 ◦C.

3.6. SEM-EDS Analysis

By the end of the syngas production test at 300 ◦C, with 4 g of z. HY catalyst, a solid was
obtained, with some black particles, ascribable to coke deposition. In order to observe and characterize
morphologically, this sample, before and after the acidification and calcination processes, as well, after
the reaction at those conditions, SEM-EDS analysis was used, as shown in Figures 11 and 12 (SEM
images) and Figures 13 and 14 (EDS spectra – atomic percentages).

Figure 11. SEM images of z. HY catalyst sample collected after the methanation reaction process, at
300 ◦C and with 4% (w/w) of z. HY catalyst (A: 2000 x, 10 μm; B: 5000 x, 1 μm).

Figure 12. SEM images (5000 x; 1 μm) of: (A) z. HY catalyst sample collected before the activation
process; (B) same catalyst sample collected after the activation process.

Analyzing the several SEM micrographics of these figures, it is possible to conclude that the solid
sample is not homogeneous in its constitution, mainly in the solid sample collected after the reaction
process, at 300 ◦C with 4% of weighted catalyst. The grey areas of post-reaction catalyst, according
with SEM image of Figure 11B can be ascribable to the carbonaceous residue deposited on the surface
catalyst, with a significant content, since the carbon atomic content increase significantly, from 3.4% to
68.1% and 76.2%, in two different points of the solid surface analyzed, according with Table 8.
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Figure 13. EDS spectra and respective SEM image of: (A) solid sample collected before the syngas
production test at 300 ◦C with 4% of z. HY catalyst and (B) solid sample collected after the syngas
production test at 300 ◦C with 4%g of z. HY catalyst.

Figure 14. EDS spectra of: (A) z. HY catalyst sample collected before the activation process and (B)
same catalyst sample collected after the activation process.

Several researchers pointed out in their articles that, this coke can be eliminated to CO2,
regenerating the zeolite HY catalyst, to be active again in this reaction. The same phenomena
was also observed in this work. It is well known that, this catalyst is the same that is currently used in
the fluid catalytic cracking of heavy diesel fuels, in the crude oil refining industry [32]. The catalyst has
the same behavior, in both processes.

Besides this, when comparing SEM images and EDS analysis of atomic contents, before and after
the catalyst activation process (acidification and calcination), there aren’t significant changes in the
morphology of the catalyst surface, with a little exception in the decreasing of the sodium content,
which was expectable, due to the ionic exchange performed, where the sodium cation was leached.
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The carbon atomic content decreased also, probably due to the calcination process, where the
adsorbed CO2 was released of the catalyst surface, to the atmosphere and/or, due to the decomposition
of some sodium carbonate adsorbed, which was converted to sodium oxide with CO2 released.

Table 8. Atomic percent data obtained by EDS spectra for catalyst samples, before and after the
activation processes, as well, after the biomethane reaction, at 300 ◦C with 4% (w/w) of zeolite HY.

Element Before Activation After Activation

After Reaction

Sample 1
(Spectrum 1)

Sample 2
(Spectrum 2)

C 6.57 3.43 68.1 76.2
O 57.5 64.4 24.8 22.7

Na 5.29 2.29 0.63 -
Al 6.73 7.74 1.58 0.36
Si 24.0 22.1 4.74 0.77
K - - 0.18 -

4. Conclusions

From this research work, it can be concluded that it is possible to produce syngas and
methane, using this electrolysis system (electrofuel), together with a fixed bed catalytic reactor
to produce methanation (Sabatier process), with significant less energy inputs when compared with the
conventional thermochemical processes of syngas/methane production, like pyrolysis and gasification.
Comparing the combined electrochemical/Sabatier process (10.38 kJ·mol−1) with the pyrolysis one
(14.29 kJ·mol−1) and considering the same syngas/methane flow and the same gas composition,
an increase of 38% in the input energy was observed. By another hand, the comparison between the
same combined process (10.38 kJ·mol−1) with the gasification one (27.21 kJ·mol−1), an increase of 162%
in the input energy was observed, both values applied for each mole of syngas/methane mixture. With
the utilization of this combined electrochemical/Sabatier reactors, it’s possible to reduce input energy
to the system and, as consequence, reduce energetic (operating) costs.

Regarding the methane production in this reactor, the operating conditions obtained so far, which
enhanced and maximized its production was, a temperature of 300 ◦C and a weight heterogeneous
catalyst content of 4% of zeolite HY. However, it should be noticed that, there are compounds, in the
produced gas, that were measurable by the portable sensors. It was possible to conclude also, that, z.
HY catalyst was progressively deactivated, through the visualization of carbon particles deposition on
the surface catalyst. Nevertheless, the catalyst can be reactivated, by calcination, to be used again in
the Sabatier reaction, so it’s possible to conclude that, the use of z. HY catalyst was clearly suitable in
the Sabatier reaction (methanation process), at normal pressure and temperatures between 200–300 ◦C.

Besides, the use of acidified zeolite HY catalyst and higher temperatures increases methane
production, which points out for further research steps comprising the increase of catalyst mass, and, to
study the increase of pressure and temperature in a new laboratory prototype. It will also be of interest
to investigate the use of other heterogeneous catalysts which may be more active such as other zeolites,
acid clays or bimetallic catalysts, as well, study the production of other biofuels, like biomethanol,
bio-DME, etc., regarding this electrolytic system.
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Nomenclature

%CH4 volumetric percentage of methane produced
%O2 volumetric percentage of methane produced
ΔHr standard specific reaction enthalpy, at 1 atm and 25 ◦C
ΔH

T specific heat (specific calorific value) of syngas/methane mixture at T temperature
ΔT difference of temperature = T − 25
A1, A2, A3, A4 Liquified biomass samples codification
Cp mean specific calorific capacity for syngas/methane mixture
Cpi specific calorific capacity for each gas component
FTIR Fourier Transformed InfraRed Spectroscopy
GHG greenhouse gas
HHV high heating value
LHV low heating value
QvRnormalized volumetric flow rate of produced gas
QvRO2consum volumetric flow rate of oxygen consumed
SEM-EDS Scanning Electronic Microscopy with Electron Diffraction Spectroscopy
Wcatalyst/Wliq.biom. Weight catalyst content regarding weight of liquified biomass employed
T temperature
z. HY acidified zeolite HY catalyst
z. USY ultra-stabilized zeolite Y catalyst
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Abstract: There are different technologies for biodiesel production, each having its benefits and
drawbacks depending on the type of feedstock and catalyst used. In this study, the techno-economic
performances of four catalyst technologies were investigated. The catalysts were bulk calcium oxide
(CaO), enzyme, nano-calcium oxide, and ionic liquid. The study was mainly based on process
simulations designed using Aspen Plus and SuperPro software. The quantity and quality of biodiesel
and glycerol, as well as the amount of biodiesel per amount of feedstock, were the parameters to
evaluate technical performances. The parameters for economic performances were total investment
cost, unit production cost, net present value (NPV), internal return rate (IRR), and return over
investment (ROI). Technically, all the studied options provided fuel quality biodiesel and high purity
glycerol. However, under the assumed market scenario, the process using bulk CaO catalyst was
more economically feasible and tolerable to the change in market values of major inputs and outputs.
On the contrary, the enzyme catalyst option was very expensive and economically infeasible for all
considered ranges of cost of feedstock and product. The result of this study could be used as a basis
to do detail estimates for the practical implementation of the efficient process.

Keywords: biodiesel; CaO catalyst; nano-catalyst; ionic liquid catalyst; economic analysis

1. Introduction

According to the recent report from the World Energy Outlook 2018 [1], 93% of the world’s
carbon capacity is already in use up to 2040. Consequently, there is a very narrow space for the
development of fossil fuel projects over this period without contradicting international objectives
about climate change. This implies that it is becoming inevitable to push on the development of
alternative and renewable energy resources for the supply of reliable and environmentally efficient
energy to the growing economic activities around the world. Among such alternative sources are
biofuels [2], which are mainly preferred for their carbon neutral character, their renewability, as well as
the fact that they can be produced in decentralized manners from abundant and versatile resources.
Biodiesel is one of the promising biofuels to substitute conventional fossil diesel. It has a number of
environmental and technical benefits over conventional fossil diesel. Environmentally, biodiesel is
non-toxic, biodegradable, and its greenhouse gas (GHG) emission is very low compared to the
conventional fossil diesel [3,4]. The technical benefits are associated with its use for fuel; for example,
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its possession of more oxygen to favor complete combustion and its better lubricating character to
reduce engine wear [5].

Biodiesel can be produced from different oil and fat resources, which are found everywhere.
Such feedstocks include edible and non-edible plant oil, animal fat, as well as waste oils and fats.
The production of fuel quality biodiesel from oil and fat feedstock mainly involves the transesterification
reaction with alcohol in the presence of some kind of catalyst or without catalyst at the supercritical
condition. The transesterification reaction catalyzed by homogeneous base catalysts like NaOH and
KOH is the conventional way of producing biodiesel at an industrial scale [6], which requires relatively
better-quality feedstock like edible oil with very low free fatty acid (FFA) content [7,8]. Such high-quality
feedstock is usually associated with a high price. In addition, it creates food versus energy controversies.
These reasons altogether have been making biodiesel the expensive alternative fuel compared to
its counterpart-fossil diesel, because the cost of feedstock can take up to 80% of the total cost of
biodiesel production [9,10]. Comparatively, the heterogeneous alkali-catalyzed transesterification
reaction has advantages of easy catalyst recovery and reusability for multiple times [11,12]. Unlike the
homogeneous ones, the heterogeneous alkali-catalyzed transesterification can tolerate a considerable
amount of FFA in the feedstock. For instance, Avhad et al. [13] reported that using glycerol-enriched
calcium oxide as a heterogeneous alkali catalyst, a 96.1% of crude Jatropha curcas oil containing high free
fatty acid could be converted into biodiesel within 7 h. In addition, most of such heterogeneous base
catalyst types can be easily prepared from cheap resources, indicating the potential to reduce biodiesel
production cost. For example, industrial wastes (red mud, slag, ash) and biological wastes (chicken
eggshells, mollusk shells, animal bones) have huge potential towards developing a cheap catalyst for
low-cost biodiesel production [14]. Among the heterogeneous alkali catalysts developed for biodiesel
production, the main ones include basic zeolites, alkaline earth metal oxides, and hydrotalcites [15].

The conventional chemical catalyst options also include homogeneous and heterogeneous acid
catalysts. In general, acid-catalyzed transesterification is very efficient in the production of biodiesel
from feedstock with very high FFA content [16,17]. However, the problems usually associated with the
use of acid catalysts are high reaction temperature, longer reaction time, and corrosion of the equipment
due to the acid catalyst [10]. There are some substantial advantages of solid acid catalysts over the
homogeneous ones. This includes ease of catalyst separation from the reaction media, which lowers
product contamination and ease of catalyst regeneration and reuse, as well as much-minimized
equipment corrosion [18].

The other most promising technologies for the production of biodiesel from least cost feedstock
involve CaO-based catalysts, enzyme catalysts, ionic liquid (IL) catalysts, and nanoparticle catalysts.
Calcium oxide, as a catalyst, has such advantages as an abundance occurrence, better catalytic property,
easy separation from the product stream, reusability for multiple times, nontoxicity, and least cost
character for feasible production of biodiesel from lower-quality feedstock [19,20]. Boey et al. [21]
did a study on the production of biodiesel from waste cooking oil using a CaO catalyst derived from
waste sources like mud crab shells and cockleshells. They calcined the CaO obtained from these wastes
at 900 ◦C for 2 h separately and mixed them in a 1:1 mass ratio to catalyze the transesterification
of the oil. According to their result, a 98% conversion could be achieved within 3 h for optimum
reaction conditions of 5 wt.% catalyst and methanol to oil molar ratio of 13:1 at methanol refluxing
temperature [21]. In another study, Sasiprapha et al. [22] assessed the production of biodiesel from used
oil using CaO catalyst derived from river snail shells. For optimum reaction conditions of methanol to
oil ratio of 9:1, catalyst amount of 3 wt.%, and reaction temperature of 65 ◦C, they could achieve 92.5%
conversion of oil to biodiesel within 3 h [22].

Even though the enzyme-catalyzed approach for biodiesel production is the expensive option,
primarily due to the cost of the enzyme, the technical performance of most enzyme catalysts for the
production of fuel quality biodiesel is very significant. Enzyme for the catalysis of biodiesel production
has such advantages over the chemical catalysts as being less energy-intensive, allowing easy recovery
of glycerol from the product stream and efficient conversion of acidic oil (oil with high FFA content) to

46



Energies 2019, 12, 3916

biodiesel [23,24]. A study done by Cervero’ et al. [25] indicated that a 95% conversion of soybean oil to
biodiesel could be reached within 24 h using Novozyme 435 enzyme catalyst at optimum reaction
conditions of 5 wt.% enzyme load, 3:1 molar ratio of ethanol to oil, and a temperature of 37 ◦C.
Ketsara et al. [26] also studied the production of biodiesel from used palm oil using mixed enzymes in
a solvent-free environment. The studied mixed enzyme contained Pseudomonas fluorescens and Candida
rugose. According to their result, 89% conversion could be realized within 12 h for optimum reaction
conditions of 3:1 ethanol to oil molar ratio, 10% enzyme dosage, 2% water content of the oil feedstock,
and a 45 ◦C reaction temperature [26].

The other group of promising catalysts for biodiesel production are ionic liquids, which are
generally known as solvents and green catalysts in chemical processes. Several ionic liquids are being
used for the catalysis of biodiesel production from various low-cost feedstock alternatives. The use
of such ionic liquids for biodiesel production provides considerable advantages over most other
catalyst categories. Some of such advantages are low corrosion of equipment, ease of separation,
recyclability, and less wastewater production [27]. In addition, the lower reaction time, together with
the ability to produce good quality biodiesel from low-cost feedstock, could make ionic liquid catalysis
a better alternative than most of the catalyst options for biodiesel production. Feng et al. [28] studied
the transesterification process to produce biodiesel from palm oil using Brønsted acidic ionic liquid as
a catalyst. They found out that conversion of 98.7% of the oil to biodiesel could be achieved within
2.5 h when the optimum reaction conditions are methanol to oil molar ratio of 21:1, catalyst dosage
of 3 wt.%, and reaction temperature of 120 ◦C [28]. In another study, Ullah et al. [29] investigated
the production of biodiesel from waste palm cooking oil using the acidic ionic liquid as a catalyst.
They used specific ionic liquid butyl-methyl imidazolium hydrogen sulfate (BMIMHSO4) as catalyst,
and the highest biodiesel yield of 95.6% could be achieved with optimum reaction conditions of 5 wt.%
of BMIMHSO4, methanol to oil molar ratio of 15:1, 1 h reaction time at 160 ◦C reaction temperature
and agitation speed of 600 rpm [29].

Similarly, nano-catalysts are also becoming very interesting for the production of biodiesel from
low-quality feedstock as they do have higher catalytic activity due to having large pore size and large
surface area. Having large pore size and large surface area means possessing a more active catalytic
surface, because the active surface of a catalyst, which is its vital property, increases when the size of
the catalyst is reduced [30]. Such higher catalytic character enables the use of a smaller amount of the
catalyst compared to other catalyst options, and this has considerable economic benefits for large-scale
production processes. Generally, by using nano-catalysts, better conversion of oil feedstock to biodiesel
can be achieved at relatively medium temperature and shorter reaction time. The study done by
Bet-Moushoul et al. [31] indicated that the oil conversion range of 90%–97% could be attained within
3 h using CaO-based gold nanoparticles as a heterogeneous catalyst for transesterification of sunflower
oil with methanol. For this conversion, the optimum reaction conditions were a reaction temperature
of 65 ◦C, methanol to oil molar ratio of 9:1, and a catalyst loading of 3 wt.% [31]. Table 1 shows some
of the recent studies done on the optimum reaction conditions required to produce biodiesel from
different feedstock types using bulk CaO, ionic liquid, enzyme, and nanoparticle catalysts.
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Even though these four catalyst categories are technically capable of producing fuel quality
biodiesel from various feedstock options, the relative economic feasibility of each production alternative
remains unclear, as there are no such considerable studies performed so far to investigate the economic
competitiveness of the alternatives. Accordingly, this study aimed at evaluating the techno-economic
performances of bulk CaO, enzyme, ionic liquid, and nanoparticle catalyst technologies to produce
biodiesel fuel from low-quality and cheap oil feedstock. The study would compare the proposed
catalyst technologies in terms of their technological efficiencies and economic feasibility. Such an
approach would give a complete view of the practicability of the process routes for sustainable
production of biodiesel fuel. In addition, the study could be used as a preliminary estimate of the whole
set up of the projects based on which detail estimates for the actual implementation of the efficient
and affordable production process could be carried out. As to our knowledge, there are no similar
investigations and comparisons performed among the catalyst technologies mentioned in this study.

The study was entirely based on process simulation involving all the unit procedures required
to produce fuel quality biodiesel. These process simulations were designed using two commercial
software - Aspen Plus and SuperPro. The technical performance evaluation was done based on the
relative amount and purity of the product biodiesel and the byproduct glycerol, as well as the relative
amount of biodiesel produced per amount of oil feedstock. Whereas the economic performance
assessment was performed using economic parameters, such as total investment cost, unit production
cost, net present value (NPV), internal rate of return (IRR), return over investment (ROI), and gross
margin. The sensitivity of the technology options towards the change in market values of oil purchasing
cost, catalyst purchasing cost, and biodiesel price was also assessed using NPV as a parameter.

2. Materials and Methods

2.1. Description of Raw Materials

The raw materials used in all the technological options include acidic oil feedstock,
ethanol, and four catalyst types, such as bulk CaO, enzyme (Novozyme 435), ionic liquid
(1-benzyl-1H-benzimidazole-based IL), and nano-CaO (zinc doped CaO nanoparticle). We took
acidic oil with 10% FFA content to represent the oil from most of the non-edible plants [45,46], which are
cheap and found everywhere. The alcohol considered was ethanol because it is non-toxic (thus easy to
handle) and can be produced from renewable resources, making the biodiesel produced to be entirely
from renewable resources.

The four catalyst categories considered in this study are proved to achieve the significant
conversion of low-quality oil to biodiesel [25,39,47,48]. The bulk CaO-based catalyst can be prepared
using cheap resources through very simple process steps like calcination [22]. Thus, we considered
this catalyst because it is very cheap and can be easily prepared from waste materials. It can also be
reused 13 times [49], favoring a considerable reduction of the total cost required for catalyst purchase.
Concerning the nanoparticle catalyst category, we took a zinc doped nano-CaO catalyst because it
does have additionally better catalytic activity due to its higher surface area [30,50]. Kumar et al. [48]
found out that zinc doped CaO nano-catalyst could catalyze transesterification of oil with 8.4 wt%
FFA content for its complete conversion. The third catalyst category considered was an enzyme,
which is well known for its technical efficiency in producing fuel quality biodiesel from feedstock with
very high FFA content [51,52]. In this study, we considered the commercial enzyme, Novozyme 435,
produced from Candida antarctica. Li Deng et al. [53] studied the performances of different lipases
with different alcohols to produce biodiesel from sunflower oil and found out that Novozyme 435 is
preferable enzyme catalyst for the highest yield of fatty acid alkyl esters (with more than 90% yield)
using methanol, ethanol, 1-propanol. Even though the cost of the enzyme is very high, the greater
reusability rate of such catalysts would reduce the total cost required to purchase the enzyme catalyst.
According to Andrade et al. [54], immobilized enzymes like Novozyme 435 could be reused 300 times,
favoring the reduction of the total cost. The fourth catalyst considered was an ionic liquid catalyst,
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which is very well known to achieve higher conversion within relatively short reaction time when
compared to most of the catalyst types used for biodiesel production [27,29,41]. In this specific study,
we preferred to take the Bronsted acid ionic liquid, 1-benzyl-1H-benzimidazole, because this catalyst
is proved to be one of the highly efficient catalysts compared to other ionic liquid catalysts [39].
This catalyst can be reused 8 times without a considerable reduction in its catalytic activity [39].

2.2. Design Assumptions

The process flow diagrams of all the production technology options were designed based on the
following assumptions:

• The feeding rate of the oil feedstock was kept the same for all technological options, and it was
5177.23 kg/h. This value was assumed to represent large-scale production capacity considering
that the oil feedstock has 10% FFA on a molar basis; in that case, the feedstock consists of 5000 kg
triglyceride and 177.23 kg FFA.

• It was assumed that there is no solid particle in the oil feedstock.
• The oil supply is continuous throughout the year.
• 7920 working hours or 330 working days per year were considered.
• In all of the equipment, the pressure drop was neglected.
• The triglyceride was represented by triolein with a density of 907.8 kg/m3, the FFA was denoted

by oleic acid with a density of 895 kg/m3, and the pure biodiesel was denoted by ethyl oleate with
a density of 873.9 kg/m3.

• Due to the presence of polar compounds, such as ethanol and glycerol, in all of the processes
considered, the non-random two liquid (NRTL) thermodynamic model was selected as the
property package for the calculation of activity coefficient of the liquid phase in the simulations.

• The total project lifetime was assumed to be 15 years.
• There was no loan considered for all the projects.
• In each process option, the reusability of the catalysts was considered in the calculation of the

total cost of catalyst.

2.3. Description of the Technology Options for Biodiesel Production

Four different catalyst options for biodiesel production from acid oil were considered in order to
examine their techno-economic performances while producing fuel quality biodiesel from cheap oil.
Technology option I: The enzyme-catalyzed transesterification and esterification; Technology option II:
Bulk CaO-catalyzed transesterification; Technology option III: Ionic liquid-catalyzed transesterification;
and Technology option IV: Nano-CaO-catalyzed transesterification. Recently, these catalyst technology
options are getting more emphasis by researchers for efficient and eco-friendly production of biodiesel
from cheap resources. In all the process alternatives, transesterification is the dominant reaction;
however, other possible side reactions may occur based on the oil quality and the type of the catalyst
used. The dominant reactions, the optimum reaction conditions, the amount and specific type of input
materials, as well as the whole flow of the processes involved in each catalyst technology, are indicated
as follows.

2.3.1. Technology Option I

This option was designed to investigate the techno-economic performance of the enzyme-catalyzed
biodiesel production process by involving all the equipment necessary to get fuel quality biodiesel.
Figure 1 indicates the process flow diagram of the enzyme catalysis technology option.
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Figure 1. Technology option I: R1-101 continuous stirred-tank reactor (CSTR) to produce biodiesel,
C1-101 first short cut distillation column to recover unreacted ethanol, DC1-101 centrifugal decanter to
separate glycerol, and C1-102 second short cut distillation column to purify biodiesel.

The dominant reactions involved in enzyme-catalyzed processes are transesterification and
esterification. There was also hydrolysis of the triglyceride by water produced from the esterification
reaction. Therefore, enzyme-catalyzed biodiesel production was comprised of two processes, namely:
direct alcoholysis of triacylglyceride in one-step reaction and two-step hydrolysis of triacylglyceride
followed by esterification [25].

The optimum reaction condition was taken to be 3:1 ethanol to oil molar ratio, 5 wt.% Novozyme
435 catalyst, and 37 ◦C reaction temperature to attain about 95% oil conversion within 24 h [25].
The alcohol to oil molar ratio considered here was the exact stoichiometric amount (3:1) because
an excessive amount of alcohol in the reaction could hinder the activity of the enzyme [25,55].
Especially when methanol is used as the reacting alcohol, the effect is more pronounced [25], and it is
always recommended to perform stepwise (2 or 3 steps) addition of the alcohol to the reaction [51,56].
However, concerning ethanol alcohol, the effect is not that significant, and the one-step addition of
the stoichiometric amount does not significantly affect the enzyme activity. This might be due to the
lower amount of undissolved alcohol in the substrate when we use ethanol than methanol because
it is much amount of undissolved alcohol that inhibits the enzyme activity [57]. Thus, since ethanol
is more soluble in oil than methanol [58], enzyme inhibition effect is very low when we use ethanol
than methanol. Cervero’ et al. [25] also indicated that at maximum reaction time, the conversion of
soybean oil to biodiesel was almost similar for both single step and multiple step addition of ethanol
to the reaction. Accordingly, a one-step addition of the ethanol was considered in this process flow.
This could also avoid the need to include more reactors, which would otherwise be if the alcohol is
added in multiple steps.

Both the oil (5177.23 kg/h) and ethanol (809.35 kg/h) were heated up to 37 ◦C and pumped
separately to a continuous stirred-tank reactor (R1-101), which has a total volume of 33.6 m3 and packed
with Novozyme 435 catalyst. The reactor was designed to have a constant temperature of 37 ◦C and
work continuously in such a way that the oil conversion of 95% could be achieved within a residence
time of 24 h based on the optimum reaction conditions taken from the literature [25]. The produce from
the reactor was then directed to the first distillation column (C1-101) to recover the unreacted ethanol
for possible reuse and to improve the biodiesel quality too. The bottom outlet from this distillation
column was cooled down and directed into a centrifugal decanter (DC1-101) to separate the glycerol.
The upper output from this centrifugal decanter was then taken to the second short cut distillation
column (C1-102) to purify the biodiesel. This distillation column was designed to have 11 number of
stages and 0.125-reflux ratio for which the maximum possible biodiesel purification could be attained.
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2.3.2. Technology Option II

The second technological option considered the application of bulk CaO catalyst to produce
biodiesel through transesterification of acidic oil by involving all unit procedures required to get
high-quality fuel. Figure 2 indicates the flow diagram of the whole processes involved to produce
biodiesel fuel using the CaO catalyst.

 
Figure 2. Technology option II: R2-101 CSTR for the production of biodiesel, C2-101 first short cut
distillation column to recover excess ethanol, DC2-101 centrifugal decanter to separate the glycerol,
and C2-102 second short cut distillation column to purify the biodiesel.

In this technology option, the dominant reaction was a CaO-catalyzed transesterification reaction for
which excess amount of ethanol was used to favor forward reaction for more biodiesel production [20,32].
There was also an unavoidable saponification reaction between the FFA and the catalyst, which could not be
dominant due to the relatively lower amount of FFA. The reactor designed was a continuous stirred-tank
reactor packed with a bulk CaO catalyst. The optimum reaction conditions taken into consideration were oil
to ethanol molar ratio of 9:1, catalyst loading of 7 wt.% with respect to oil, and reaction temperature of 75 ◦C;
and at such reaction conditions, 97.58% oil conversion could be achieved within 2 h [47].

Oil amount at 5117.23 kg/h and the ethanol amount at 2341.35 kg/h were heated up to 75 ◦C
separately and pumped into the continuous stirred-tank reactor (R2-101), which has a total volume
of 18.9 m3 and packed with bulk CaO catalyst. The reactor was designed to have a 75 ◦C constant
temperature. The outlet from the reactor was directed to the first distillation column (C2-101) to
separate the excess ethanol for reuse. Seven stages and 2-reflux ratio were the optimum values taken
in the design of this distillation column to recover the maximum possible ethanol left after the reaction.
The lower pipe from this distillation column was directed to a centrifugal decanter (DC2-101) for
glycerol separation from the product mixture. The upper outlet from this centrifugal decanter was
then directed to the second distillation column (C2-102) for purification of the biodiesel product.
This distillation column was designed with 4 number of stages and 3 reflux ratios, beyond which there
could not be further purity of the biodiesel attained. The waste stream from this process was composed
of unconverted oil and calcium soap, which is non-toxic and rather useful if further purification is
included. However, such an additional purification unit procedure incurs the considerable cost and
would increase the overall production cost, making the technology option economically unattractive.

2.3.3. Technology Option III

In this technology option, the ionic liquid-catalyzed biodiesel production process was designed
for techno-economic evaluation of the possible arrangement of all equipment required to produce fuel

52



Energies 2019, 12, 3916

quality biodiesel. Figure 3 indicates the whole flow diagram required to produce fuel quality biodiesel
using a specific type of ionic liquid catalyst.

 

Figure 3. Technology option III: R3-101 CSTR for the production of biodiesel, DC3-101 first centrifugal
decanter to recover the catalyst, C3-101 first distillation column to recover excess ethanol, DC3-102
second centrifugal decanter to separate the glycerol, and C3-102 second short cut distillation to purify
the biodiesel.

Transesterification was the dominant reaction considered here, even though there was also an
esterification reaction due to the presence of FFA in the oil. The optimum reaction condition taken
into consideration for this process option was 9:1 ethanol to oil molar ratio, 5% (based on mmol of
oil) catalyst, and 60 ◦C reaction temperature to attain a maximum conversion (94.3%) of the oil within
5 h [39].

Oil with a rate of 5177.23 kg/h and ethanol with a rate of 2428.07 kg/h were heated up to 60 ◦C
separately and pumped into CSTR (R3-101), which has a total volume of 23.7 m3 and to which
a Brønsted acid ionic liquid (1-benzyl-1H-benzimidazole) catalyst was also supplied at a rate of
258.86 kg/h. The reactor was designed to work at a constant temperature of 60 ◦C. The product from
this reactor was directed into the first centrifugal decanter (DC3-101) for the separation of the catalyst
from the remaining product mixture. The upper outlet from this centrifugal decanter was let into the
first short cut distillation column (C3-101) to recover the leftover ethanol for recycling. This column
was designed to have 5 number of stages and 3.5-reflux ratio, above which there was no change in
amount and quality of ethanol recovered. The bottom output from this first distillation column was
then directed to the second centrifugal decanter (DC3-102) to separate glycerol. The upper outlet from
the second centrifugal decanter was let into the second distillation column (C3-102) for the purification
of the biodiesel product. This distillation column was designed to have 7 actual stages and 0.125 reflux
ratio by which the maximum possible purity could be attained.

2.3.4. Technology Option IV

As the fourth technology option, the nano-CaO-catalyzed process was designed to assess the
techno-economic performance for the production of fuel quality biodiesel. Figure 4 indicates the whole
process flow diagram of producing fuel quality biodiesel using zinc doped CaO nano-catalyst.
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Figure 4. Technology option IV: R4-101 CSTR for the production of biodiesel, C4-101 first short cut
distillation column to recover excess ethanol, DC4-101 centrifugal decanter to separate the glycerol,
and C4-102 second distillation column to purify the biodiesel.

Transesterification was the dominant reaction using the nano-CaO catalyst. According to the
study done by Kumar et al. [48], the existence of a saponification reaction among the specific catalyst,
zinc doped CaO, and the FFA in the oil is negligible. The optimum reaction condition for 99% conversion
of the oil within 1 h was taken to be the molar ratio of ethanol to the oil of 9:1, catalyst amount of
5 wt.% with respect to oil, and 65 ◦C as the reaction temperature [48].

The oil at a feeding rate of 5177.23 kg/h and ethanol at a rate of 2341.35 kg/h were heated up
to 65 ◦C separately and driven into the continuous stirred-tank reactor (R4-101), which has a total
volume of 9.4 m3 and packed with zinc doped CaO nano-catalyst. The rector was designed to work
at a constant temperature at 65 ◦C. The produce coming out of the reactor was directed into the first
distillation column (C4-101) to distill out the excess ethanol for reusing. This column was designed to
have 4 number of stages and 1 reflux ratio for the maximum possible recovery of the excess ethanol.
The bottom outlet from the first distillation column was cooled down to ambient temperature and
directed to a centrifugal decanter (DC4-101) for the separation of the glycerol from the rest of the
mixture. Finally, the upper outlet from this centrifugal decanter was directed into the second short
cut distillation column (C4-102) to purify the biodiesel from impurities, such as unreacted oil and
remaining glycerol. This distillation column was designed to have 7 stages and 0.2 reflux-ratio at
which the maximum possible purity of the biodiesel product could be achieved.

In all the production technology options, the storage tanks for raw materials and output were not
involved because the raw materials are considered to be used immediately, and the outputs could also
be used as soon as they are produced without the need to store them. In most of the process options,
there was no waste stream from the production, except in technology option II, where the waste stream
was composed of unreacted oil and calcium soap. This waste stream could be purified further to get
reusable oil and economically valuable calcium soap. Calcium soap is vital as fat supplements for
ruminants because it comprises a high concentration of fat and calcium, and both are beneficial for
ruminants [59].

2.4. Techno-Economic Assessment

The technical performances of the technology options were evaluated based on the relative amount
and purity of biodiesel product and glycerol byproduct while using the same amount and quality of
oil feedstock. The other important parameter considered was the quantity of biodiesel that could be
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produced from a kilogram of the oil feedstock. Such technical performance assessment depends on the
material and energy balance, which was done using Aspen plus V10 considering optimum reaction
conditions of the dominant reactions in each technology option.

The economic analysis of the processes was carried out using SuperPro software. By using
financial input data, the program calculated the internal return rate (IRR) (before and after-tax),
NPV (at 7% interest rate), gross margin, unit production cost, and annual revenue, among other
important economic parameters. The latest market values and the estimated cost of raw materials,
utilities, labor, and equipment were used as the basis for evaluating the economic performances of the
studied technology options. The other considerable cost categories for such evaluation were equipment
installation cost, auxiliary facilities cost, and depreciation cost, among others. The feedstock taken was
non-edible and cheap oil with an estimated cost in the range of 478–684 US$/ton [45,46,60]. In this
specific study, feedstock cost of 580 US$/kg was taken as the average value because it is very cheap
to produce such oil in the Ethiopian context, even though there is no formal market to buy or sell
non-edible oil in the country. The delivered cost of the other raw materials, such as the four catalysts
and ethanol, were based on the latest market prices taken from various sellers in Ethiopia, as well as
from the relevant literature [54,61].

The costs of all the required labor categories are according to the current wage indicator in
Ethiopia [62], for which the conversion to US$ was done based on the rate at the time of referring the
database. The labor cost was calculated using the basic rates allocated for each labor category. In doing
so, the basic rate was multiplied by the sum of the benefit, supervision, supplies, and administration
rates, as well as the total labor hours. In all the technology options, the percent of work time dedicated
to process-related activities, which is used to estimate the labor time, was taken to be 70%, considering
that the technology options involve continuous processes. The utilities considered in all the technology
options include electricity, steam, steam high, and cooling water, and their cost estimations were taken
according to the current market prices in Ethiopia as well as from the relevant literature [63,64]. Table 2
shows the estimated costs for utilities, labor, and raw materials considered in all the technology options.

Table 2. The estimated cost of raw materials, labor, and utilities used in the four technology options.

Raw Materials Cost

Oil 0.478 US$/kg
Ethanol 0.300 US$/kg

Bulk CaO 0.120 US$/kg
Ionic Liquid 50.5 US$/kg

Enzyme (Novozyme 435) 1000 US$/kg
Nano-CaO 6.5 US$/kg

Utilities
Electricity 0.021 US$/KW-h

Steam high 10 US$/MT
Steam 6 US$/MT

Cooling water 0.025 US$/MT
Labor (Basic rate)
Reactor operator 15 US$/h

Operator 10 US$/h

The cost of every equipment involved in all technology options was estimated using the Peter
and Timmerhaus method [65]. For such estimation, the Chemical Engineering Plant Cost Index of
691.8 for February 2019 was used [66]. This index signifies the money time value due to deflation
and inflation by which the average cost of each equipment can easily be calculated for the year 2019
using previous year cost values. For the estimation of the other components of the capital investment
cost like instrumentation, piping, electricity, installation, and yard improvement, a method involving
allocation of a percentage of total equipment purchasing cost was used based on literature, as shown
in Table 3.
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Table 3. Direct plant cost categories and their percentage allocation with equipment cost [67].

Cost Category % Allocation with Equipment

Piping 20
Instrumentation 10

Electrical 15
Insulation 3
Building 15

Yard improvement 10
Auxiliary facilities 25

Unlisted equipment 20

These capital investment cost categories could directly be used in SuperPro because its cost
estimation interface gives options to assign an estimated percent of total equipment cost for each direct
plant cost category. The other equipment-associated costs, such as insurance, depreciation, maintenance
cost, and tax, could also be put in the software based on the percentage allocation of their costs,
as indicated in Table 4.

Table 4. Cost estimation methods for components of capital investment and operating costs.

Cost Items Estimation Method

Capital investment cost categories
Installation cost (for each equipment) 0.2 × PC h

Maintenance cost (for each equipment) 0.1 × PC
Purchasing cost of unlisted equipment (PCUE) 0.2 × PC

Installation cost of unlisted equipment 0.5 × PCUE
Operating cost categories

Insurance 2 × DFC i

Local tax 15 × DFC
Factory expense 5 × DFC

Laboratory and quality control 30 × TLC j

i DFC–direct fixed cost; h PC–equipment purchasing cost; j TLC–total labor cost.

3. Results and Discussion

The material and energy balance of the four technology options were carried out based on
determined equipment size and the optimum reaction conditions taken for each dominant reaction in
the processes. Using the results from material and energy balance together with the latest prices of raw
materials, utilities, labor, and equipment, the techno-economic performances of the technology options
have been evaluated and presented as follows.

3.1. Technical Performances

All the process options could provide fuel quality biodiesel and pure glycerol, proving that the
catalysts used together with the unit procedures involved in separation and purification of the crude
biodiesel could attain high-quality products. Accordingly, the biodiesel from all technology options
fulfilled the American Society for Testing and Materials (ASTM) standards for biodiesel fuel quality.
However, there was a slight variation in the amount of biodiesel and glycerol produced. In terms of
biodiesel product, technology option IV had the highest performance, with about 98.98 kg/h product
variation from the least performing one. This was mainly owing to the high catalytic activity of the
nano-CaO particles, which favors the high conversion of the oil into biodiesel within relatively short
reaction time. It might also be due to the negligible occurrence of the saponification reaction when
zinc doped nano-CaO catalyst was used [48], which also minimizes the likeliness of the catalyst being
used by the FFA in the process of saponification. Relatively, the least performance in terms of biodiesel
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product was indicated in the ionic liquid catalyst option. This was due to the lower conversion
percentage achieved in the given optimum reaction conditions taken from the literature [39].

Similarly, the higher glycerol production amount was attained in technology option IV, with a
product variation of 23.43 kg/h glycerol from the least performing option. This was again due to
the variation in the achievement of oil conversion percentage according to the required optimum
reaction conditions. Consequently, the option I and IV did have a relatively highest performance as
they provided more amount of biodiesel from the same amount of feedstock used. Table 5 indicates
the relative technical performances of the technology options studied.

Table 5. Summary of technical performances of the technology options.

Indicators
Technology Options

Option I Option II Option III Option IV

Biodiesel amount (kg/h) 5191.26 5132.16 5103.64 5202..62
Biodiesel quality (% mass) 99.9 99.9 99.9 99.9

Glycerol amount (kg/h) 507.47 503.06 489.98 513.41
Glycerol quality (% mass) 99 99 99 99

Performances (biodiesel/oil) 1 0.991 0.986 1
Impurities in biodiesel *

Glycerol (% mass) 0.11 0 0.01 0
Triolein (% mass) 0 0 0 0

* The maximum allowable amount of impurities, according to ASTM (American Society for Testing and Materials,)
are Glycerol 0.25% mass and Triolein 0.20% mass.

The catalysts from all the technology options could be recovered and reused for a number of
times. This would help to reduce a considerable amount of money, which otherwise could be spent to
purchase the extra catalyst. Another advantage of the processes was that in all the process options,
except technology option II, there was no waste produced. In option II, the waste stream was composed
of unreacted oil and calcium soap that could be further purified for economic benefits. The unreacted
oil from technology option I and option III could be recycled directly to the processes, whereas the one
from technology option IV should pass through a treatment step before it is reused in order to reduce
the FFA content. This is because 76% of the unreacted oil from this process was composed of FFA,
which was left unreacted in the nano-catalysis process.

3.2. Economic Performances

Technology option I was the most expensive alternative, mainly due to the very high cost of
the enzyme, Novozyme 435. Even though this catalyst could be repeatedly used for more than
200 times [54], and the process could give the second higher biodiesel product, the higher total
investment cost of the option could not make it economically feasible for the production of biodiesel
fuel. The higher production cost in option I was also attributed to its relatively larger reactor volume
required due to longer reaction time. Because the larger the equipment volume, the higher would be
the costs of equipment, facilities, and utilities.

The second expensive option was the technology option III. Its total investment cost was almost
half of that of the option I and 37% higher than the least cost option, which was option II. This was
mainly because of the second larger volume of reactor required due to longer reaction time as well
as because of additional centrifugal decanter required to separate the catalyst. The larger and the
more equipment we use, the higher would be the utility cost and the other equipment-associated costs.
Technology option II had the least total capital investment cost because it required smaller equipment
sizes due to minimum reaction time, and the catalyst involved was the cheapest among the catalyst
options studied.

Even though technology option IV was the second cheapest option, the higher cost of the nano-CaO
catalyst could still make it economically infeasible at the optimum market prices of raw materials
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and outputs. Similarly, option III was also found to be economically infeasible at the current market
prices of raw materials and outputs. However, for the optimum market values of inputs and outputs
considered, option II was the most feasible option with positive NPV, lower unit production cost,
higher IRR, ROI, and gross margin. Table 6 summarizes the economic performances of the technology
options. It highlights the comparative economic performances of the process options for the given
market scenario. The first part indicates the total investment cost, followed by expenditures in cost
categories. The calculated revenues from the product and byproduct, as well as the value of the
calculated economic parameters, are also indicated in the Table.

Table 6. Summary of the economic performance of the technology options.

Economic Performance Parameters
Catalyst Technology Options

Option I Option II Option III Option IV

Total capital investment cost (US$) 13,200,448 4,608,642 6,319,464 4,744,425
Total equipment purchasing cost (US$) 1,629,303 432,295 674,025 403,033

Direct fixed capital (US$) 6,716,375 1,781,747 2,778,061 1,682,115
Working capital (US$) 6,148,254 2,737,807 3,402,499 2,978,204

Total annual operating cost (US$) 71,304,387 31,224,324 39,050,943 33,824,494
Total annual raw material cost (US$) 66,706,623 29,372,952 36,670,506 32,010,394

Labor dependent cost (US$) 624,549 364,320 390,343 364,320
Facility dependent cost (US$) 3,376,225 889,148 1,396,347 844,949

Laboratory, quality control, and analysis (US$) 187,365 109,296 117,103 109,296
Utility cost (US$) 299,626 378,608 366,644 385,535

Annual revenue from Biodiesel (US$/year) 32,087,761 31,704,748 31,529,636 32,140,209
Annual revenue from Glycerol (US$/year) 1,607,422 1,594,245 1,552,758 1,627,161

Total annual revenue (US$/year) 33,695,184 33,298,993 33,082,394 33,767,370
Unit production revenue (US$/kg) 0.8186 0.8192 0.8184 0.8194

Unit production cost (US$/kg biodiesel) 1.7323 0.7681 0.9660 0.8208
Net Present Value at 7% (US$) −349,847,116 9,736,266 −57,834,235 −3,217,935

Return over Investment (%) 26.11 84.66 71.48 103.69
After tax Internal Rate of Return (%) −100 32.73 −100 −100

Gross margin (%) 13.79 17.53 20.19 21.93

The higher amount of biodiesel product and glycerol byproduct for the nano-CaO-catalyzed option
results in a relatively higher value of total annual revenue incurred, as shown in Table 6. The lowest
total annual revenue was recorded for ionic liquid-catalyzed option with about 684,976 US$/year lower
than the revenue from the nano-catalyzed option. The enzyme-catalyzed option scored the highest unit
production cost with about 0.964 US$ increment per kilogram of biodiesel product compared to the
bulk CaO-catalyzed option. Positive after-tax IRR was recorded only for bulk CaO-catalyzed option.
For the enzyme-catalyzed option, the gross margin, ROI, and NPV were the lowest, followed by the
ionic liquid-catalyzed option.

Except for the bulk CaO-catalyzed option, the other three process options showed negative NPV.
This indicated that the investment of each project was not profitable because the present value of
the net cash flow in each project, within the projects’ lifetime, was lower than the present initial
cash required to establish them. This was exhibited more by the values of IRR for each process
option. The after-tax IRR of the bulk CaO-catalyzed option was positive, whereas, for the other three
options, the calculated amount was negative, meaning that the projects did not perform well over time.
For instance, without considering the discounted cash flow, i.e., only based on the amount of return
and cost of investment, the nano-CaO-catalyzed option seemed efficient as it had a higher percentage
of ROI. However, its NPV and IRR were negative, implying that the investment in this process option
is not viable within the given lifetime.

Concerning the relative economic performances of the technologies, divergent results might
be obtained if calculations are done in a different market scenario or using market values of inputs
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and outputs, which are not comparable to what has been used in this study. This implies that such
performances are expected to be different for countries with different market scenarios.

3.3. Sensitivity Analysis

The economic feasibility of the studied technology options was very diverse, mainly due to the
cost variation among the catalysts as well as the number and size of equipment required to attain fuel
quality biodiesel. Thus, it seems reasonable to test how sensitive the technology options are towards
the change in market values of the inputs and outputs. Among the various economic variables, oil cost
and catalyst cost comprise the higher percentage of the raw materials’ cost. Similarly, biodiesel is the
main product to get the desired revenue from the projects. Therefore, in this study, the economic effect
of variations of oil purchasing cost, biodiesel selling price, and catalyst purchasing cost was evaluated
in terms of NPV (at 7% interest rate); and the results among the technology options were compared
and presented as follows. We considered biodiesel price since biodiesel is the main product, and its
price fluctuation could have a direct effect on the feasibility of the businesses. We considered oil cost
because the cost of feedstock took a higher share of raw material cost. In addition, we took the cost of
catalysts for sensitivity analysis in order to indicate how the respective cost of the studied catalysts
affect the businesses as well as to indicate the maximum possible cost of each catalyst for the economic
feasibility of the businesses.

3.3.1. Effect of Change of Oil Cost on NPV

The trend at which the technology options respond towards change in oil purchasing cost was
almost similar. However, the option I was found to be economically infeasible for all ranges of the oil
purchasing cost considered. For option III, the maximum cost of oil feedstock was about 0.39 US$/kg,
beyond which the option would be economically infeasible. Option II was found to be more tolerant
of the market variation of oil cost. It could, still, be economically feasible up to 0.59 US$/kg of the
oil purchasing cost. In comparison, option IV was found to be the second most tolerant of market
fluctuations of the oil purchasing cost. Nevertheless, it could be economically feasible for oil purchasing
cost less than 0.51 US$/kg. Figure 5 indicates the effect of the change in oil purchasing cost on NPV of
the technology options.
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Figure 5. Effect of change of oil purchasing cost on NPV (net present value).
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3.3.2. Effect of Change of Biodiesel Selling Price on NPV

The changing trend of the technology options towards the variation of the market values of
biodiesel price was almost similar. Option I was unprofitable for the considered ranges of biodiesel
selling prices. For this option to be economically feasible, biodiesel should be sold at a very high
price (1.8 US$/kg), which is practically impossible. On the contrary, technology option IV could be
economically feasible, with almost half of this price (0.97 US$/kg). This designates that the production of
biodiesel fuel using technology option I should be subsidized to make the fuel economically competitive
with fossil diesel in the market. For the biodiesel selling price range considered, option II was found to
be more tolerant of the possible fluctuation of biodiesel price and could still be economically feasible at
a biodiesel price as low as 0.77 US$/kg. Figure 6 indicates the effect of variation of the biodiesel selling
price on NPV of the technology options.

Figure 6. Effect of change of biodiesel selling price on NPV.

3.3.3. Effect of Change of Catalyst Purchasing Cost on NPV

The entire techno-economic comparison was among these four catalyst technologies.
Thus, evaluating the effect of the market values of the four catalyst types could give reasonable
ground for selecting the technology option that is more tolerant of fluctuating cost of materials in
the market. The trend at which the NPV changes with the catalyst cost was almost the same for all
technological options. However, some get negative NPV at very low-cost values and some at relatively
higher values. For instance, an option I could still be economically feasible for about 61 US$/kg cost of
an enzyme catalyst. This was mainly due to its higher reusability that could reduce the total cost of
the catalyst. Nevertheless, this higher price, indicated here, is not enough to buy the very expensive
enzyme catalysts, especially immobilized ones [54]. This demands more investigation on enzyme
catalysts, which could be produced with a cost as low as 60 US$/kg while possessing the same catalytic
performance as indicated here. Option III was found to be the most sensitive towards a change in the
value of catalyst purchasing cost. It was economically feasible for a catalyst cost of less than 4.1 US$/kg.
Option IV got its negative NPV for a catalyst cost of more than 5 US$/kg. The cheapest catalyst was
the bulk CaO catalyst in option II. It could be prepared from wastes, such as eggshell, crab shell,
and river snail shell, among others. The cheap cost and higher reusability of the CaO catalyst made
option II more tolerant of the possible fluctuations of catalyst purchasing cost in the market. It got its
negative NPV for a catalyst cost more than 7 US$/kg, which seems to be far from its current market
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value, as indicated in Table 2. Figure 7 shows the effect of variation of catalyst cost on the NPV of each
technology option.

 
Figure 7. Effect of change of catalyst purchasing cost on NPV of each production technology option.

4. Conclusions

All the studied technology options could produce fuel quality biodiesel and pure glycerol.
Their technical performance regarding the quantity of biodiesel per amount of oil feedstock was almost
the same. Economically, the enzyme-catalyzed option was not feasible, mainly due to the very high
cost of the enzyme catalyst and a larger volume of the reactor. The second expensive technology
was the ionic liquid-catalyzed option. This is because it had the second-largest reactor volume and a
greater number of equipment required to get fuel quality biodiesel. The bulk CaO-catalyzed option
was the most efficient in economic terms as it attained higher positive NPV, higher IRR, higher gross
margin, higher ROI, and minimum total capital investment cost. The enzyme-catalyzed option was
not economically feasible for all possible ranges of biodiesel price and oil cost considered. The enzyme
catalyst had to be bought for less than 60 US$/kg for the process to be economically feasible at all.
The bulk CaO-catalyzed option was the most tolerant of the change in the price of biodiesel, oil cost,
and catalyst cost. It indicated profitability at a biodiesel price as low as 0.74 US$/kg, oil purchasing
cost as high as 0.70 US$/kg, and catalyst cost as high as 7 US$/kg.
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Abstract: In this experimental work, calcium from natural seafood wastes was used as a heterogeneous
catalyst separately or in a blend of “shell mix” for producing biodiesel. Several chemical reaction runs
were conducted at varied reaction times ranging from 30 min to 8 h, at 60 ◦C, with a mass content of
5% (Wcat./Woil) and a methanol/oil molar ratio of 12. After the purification process, the biodiesel with
fatty acid methyl ester (FAME) weight content measured was higher than 99%, which indicated that
it was a pure biodiesel. This work also showed that the inorganic solid waste shell mixture used as
the heterogeneous catalyst can be reused three times and the reused mixture still resulted in a FAME
content higher than 99%. After 40 different transesterification reactions were performed using liquid
(waste cooking oils) and solid (calcium seafood shells) wastes for producing biodiesel, under the
specific conditions stated above, we found a successful, innovative, and promising way to produce
biodiesel. In addition, blends prepared with jet fuel A1 and biodiesel were recorded with no invalid
results after certain tests, at 25 ◦C. In this case, except for the 10% blend, the added biodiesel had no
significant effect on the viscosity (fluidity) of the biojet fuel.

Keywords: biodiesel; seafood inorganic wastes; calcium oxide; transesterification; hydrotreated
kerosene; heterogeneous catalysis

1. Introduction

Aviation fuel, a petroleum-based fuel used to power aircraft, has strict quality requirements
in air transport [1]. Jet fuel is an aviation fuel designed specifically to power gas-turbine engines.
According to a report from the U.S. Energy Information Administration in 2013, “4 gallons out of every
42-gallon barrel of crude oil are used to produce jet fuel”. The worldwide aviation industry consumes
approximately 1.5–1.7 billion barrels of conventional jet fuel (JET-A1) per year. Several homegrown
and renewable feedstock-based fuel systems are critical in the strategy to achieve energy security and
improve environmental sustainability. In 2010, the U.S. Department of Agriculture (USDA) and the
Navy inaugurated a joint venture called “Farm-to-Fleet” to develop domestic, competitively priced,
diesel and jet fuel replacements (USDA News Release 2013). The Farm-to-Fleet program announced
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in 2013 that it incorporates the acquisition of biofuel blends into regular domestic exactions for jet
engine and marine diesel fuels (USDA News Release 2013). The Navy will seek to purchase JP-5 and
F-76 advanced drop-in biofuels blended with 10–50% conventional fuels. There are many processual
technologies to convert biomass-based materials into jet fuel [2]. Some are available on a commercial
or pre-commercial scale, while others are still under research and development [3]. Global airline
operations consumed approximately 1.5 billion barrels of Jet A-1 fuel producing 705 million metric tons
(Mt) of CO2 in 2013, producing just under 2% of the total of CO2 emissions [4]. Until 2050, worldwide
aviation is expecting to grow by up to 5% annually, with the following target: 12 million tons per
year. CO emissions from aviation in 2012 in Europe represented 12.9% of total transport emissions.
Final energy consumption in aviation in 2012 was 49.1 million tons equivalent (Mtoe) or 14% of
transport energy usage. Adding biofuel to hydrotreated kerosene fossil fuel lowers the CO/CO2 (carbon
monoxide/dioxide) and NOx (nitric oxide) Green House Gas (GHG) emissions [5]. The difference
between pure biofuel (B100) and fuel oil performance was 40% less for CO and 50% less for CO2

GHG emissions. For all fuels, NOx concentration increased a little (<5%) and CO/CO2 concentration
decreased significantly. In general, previous studies suggest that, the addition of biofuel to fossil fuel
reduced the static thrust and increased the fuel consumption by as much as 8% and 4%, respectively,
due to the lower heat content of biofuel [6]. The presence of oxygen in biofuel molecules was expected
to result in a cleaner combustion, and therefore increase the thermal efficiency, and a little increase in
NOx emissions. As biodiesel is a renewable fuel, it has many advantages when compared to fossil
fuels [7]. First of all, it is non-toxic, biodegradable, and does not ignite easily due to its high flash point,
making it more advantageous than most fossil fuels. It is easy to transport and store it. In addition,
some other advantageous reasons can be pointed out, such as, the fact that, it does not contain sulfur,
it does not increase CO2 emissions, and is produced from a renewable energy source, like the lipid
biomass which can be found in oleaginous plants (rapeseed, palm, soya, sunflower, and jatropha), thus
minimizing the GHG emissions [8,9]. Due to the utilization of calcium seafood wastes and vegetable
oils as heterogeneous catalysts and raw materials, respectively, in biodiesel production, it promotes,
twice, the sustainability of this process. Other advantages are related to the fact that biodiesel is suitable
for use in diesel motor vehicles at a blend ratio less than 30%, does not require any modifications,
and does not adversely affect the engine performance [10,11]. On the other hand, CO emissions
are reduced by 50% and particulate matter by 30%. Sulfates, which cause acid rain, are eliminated.
Aldehyde compounds are reduced by 30% and hydrocarbon emissions by 95%, when compared with
the conventional diesel. In 2018, biodiesel represented 58% of the global biofuel production around the
world, while bioethanol represented 39% of that production and the remaining 3% corresponded to
biomethanol, biomethane, and other biofuels [12]. Figure 1 [12] shows the evolution of biodiesel and
bioethanol global productions over the last 10 years. There are different methods used for biodiesel
production, such as pyrolysis, dilution, transesterification, supercritical method, microwave-assisted
transesterification, and ultrasound-assisted transesterification [13]. To date, different solid alkali
catalysts have been developed for the production of biodiesel [14], such as zeolite, alkaline earth
metal oxide [15], and hydrotalcites [16]. Alkali earth metal oxides, especially calcium oxide (CaO),
are highly prominent due to their high basic strength and low solubility in methanol [17,18]. Natural
Ca-rich minerals can also be used as precursors for CaO catalysts [14,19], but these materials can also
be produced from seafood inorganic wastes [20,21], such as white seashells, “navalha” shells, waste
obtuse horn shells [22], combusted oyster shells [23], mud crab (Scylla serrata) shells [24], Ca industrial
wastes [25], mollusk shells, shrimp shells, and eggshells [26,27]. Basically, the activation processes of
these materials only need a simple calcination process, up to 850 ◦C, to convert calcium carbonate into
calcium oxide, the active species for these catalysts. In another study [11], it was observed how steam
and carbon dioxide reacted with these materials, thus affecting the catalytic performance and behavior
of active CaO. The study showed that CaO was rapidly hydrated and carbonated in air, and no CaO
peak was observed after exposure to air for more than 20 days. CaO, which also shows a tendency to
easily deactivate with these poisons (CO2 and H2O), can recover its catalytic activity if recalcination is
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applied. Also, several studies have been conducted to investigate the use of other natural materials
as catalysts, such as snail shell [28,29] and rice husks [30], while a wide range of bio-based materials
have also been reviewed recently [31]. Finally, regarding the utilization of liquid wastes to produce
biodiesel, particularly waste cooking oils (WCO), by using calcium seafood wastes or the typical
calcium oxide as heterogeneous catalysts, several works highlighted that higher FAME yields (>99%)
are achievable with these wastes. These are very promising results for biodiesel production with high
quality standards [32–36], which can improve the importance of recycling wastes, thereby decreasing
the raw material costs.

 
Figure 1. Global production of biodiesel and bioethanol in 2008 and 2018 [12].

2. Materials and Methods

2.1. Chemicals

The chemicals used in these experiments were phosphoric acid 85% (w/w) and potassium hydroxide
85% (w/w) from PANREAC (Barcelona, Spain); sodium hydroxide pellets from LABCHEM (Zelienople,
PA, USA); citric acid; hydrated solid, pure acetone as solvent from Jose Manuel Gomes Dos Santos,
Lda. (Odivelas, Portugal); ethanol >99.5% (w/w) and nitric acid 65% (w/w) from MERCK (Darmstad,
Germany); methanol >99.5% (w/w) from CARLO ERBA (Le Vaudreuil, France); and hydrotreated
kerosene (JET-A1) fuel manufactured and provided by a Portuguese refining crude oil company.

2.2. Equipment Used

Several equipment were used to achieve the various objectives of this research work as follows:
Two heating baths, a LAUDA Ecoline 019 water bath with the LAUDA E100 heating system from
LAUDA-Brinkmann LP (Delran, NJ, USA) and a water thermostatic bath with cooler, model F32,
from JULABO Labortechnik (Seebach, Germany) as well as two mechanical stirrers from the LBX
OS20 series (Labbox Labware, Barcelona, Spain) to perform the transesterification reactions; a vacuum
pump from Comecta Ivymen (Comecta, Barcelona, Spain) to perform the vacuum filtration step in
order to collect the catalyst samples after the transesterification process; an analytical balance, KERN
EMB-V (KERN & SOHN GmbH, Balingen, Germany), to weigh the mass catalyst and prepare the
solutions; an oven from ERT, Lda. (Setúbal, Portugal) to dry the catalyst samples; a furnace oven
from Heraeus Instruments (Hanau, Germany) to calcinate and activate the solid catalytic samples;
a centrifugation equipment, HERMLE-Z 300 (Labnet International, Inc., Edison, NJ, USA), to separate
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the produced soaps in the neutralization process of free fatty acids (FFA) in waste cooking oils (WCO); a
heating plate with a magnetic stirrer from LBX (Labbox Labware, Barcelona, Spain) for drying biodiesel
liquid samples; an FTIR-ATR (Fourier-Transform Infrared Spectroscopy-Attenuated Total Reflection)
spectrometer, model Interspec 200-X, from Interspectrum OU (Tartumaa, Estonia) to plot the FTIR
spectra of the solid and liquid samples; a refractometer, D’Abbé, from ATAGO (Tokyo, Japan) to
quantify the FAME content of biodiesel samples produced in order to evaluate their purity; and finally,
a pH/conductivity meter, AD8000, from ADWA (Szeged, Hungary) to measure the pH of washing
waters in the biodiesel purification process.

2.3. Preparation of Natural CaO Catalysts

The catalyst was prepared from natural sources of CaCO3. Six different calcium-rich waste
components were used for the catalyst mixture. The components that made up the catalyst were
eggshells, shrimp shells, crab shells, “navalha” shells, and dark-colored and white-colored seashells
(clams). Shells were collected from the Lisbon beaches to prepare the Ca-based “shell mix” catalyst.
The collected shells were washed and left overnight in an oven (for around 15 h), which was set to
110 ◦C to perform the drying process. After drying, manual grinding was completed in an agate mortar,
to obtain fine powder materials. Subsequently, certain amounts of catalyst components were taken
from each component and the pre-calcination process was carried out in a furnace oven at 300 ◦C for
3 h. After that, FTIR-ATR analysis was performed for each calcium waste material. In order to perform
the calcination process, the same catalyst mixture (shell mix) was prepared through calcination at
850 ◦C in the same furnace oven, for 3 h. The aim was to remove the moisture and carbon dioxide
contained in the catalyst mixture and convert calcium carbonate (CaCO3) into calcium oxide (CaO).
Thus, the catalyst was activated. At the end of the process, the catalyst contained in the ceramic capsule
was taken to a desiccator for cooling.

2.4. Waste Cooking Oil Pre-Treatment

The waste cooking oils (WCO) were collected from the university canteen of ISEL (Instituto
Superior de Engenharia de Lisboa), and their quality was improved through several purification steps,
including drying, washing, centrifugation and neutralization. First, the WCO samples were filtered
under vacuum filtration, distributed to specifically remove some immiscible solid particles, and then
dried at 110 ◦C for 90 min to remove some humidity content. Then, the samples were placed in a
heating bath at 45 ◦C for 15 min under mechanical stirring and at this time, approximately 0.05 g of 85%
(w/w) of phosphoric acid was added to each 100 g of WCO. After this step, the acidity index (AI) was
calculated and since the calculated value was found to be higher than 0.5 mg KOH/g oil, a neutralization
process was performed with 8% (w/w) of an aqueous solution of sodium hydroxide (NaOH) at 45 ◦C
for 30 min, until an AI value below 0.5 mg KOH/g oil was reached. After the neutralization process,
the WCO samples were placed in a centrifugation equipment, to separate the soaps produced during
the neutralization reaction, at 4000 rpm for 10 min. Then, several washing steps were performed with a
citric acid aqueous solution and hot demineralized water in a decantation funnel to remove remaining
contents of NaOH and some soluble impurities in the WCO samples as well as remaining contents of
citric acid from the previous washings. Finally, the WCO samples were dried at 120 ◦C for 2 h. At this
stage, the WCO samples were prepared for performing the transesterification reaction process.

2.5. Transesterification Reaction Process

The transesterification reaction procedure with the heterogenous catalyst was performed as
follows: A 500 mL triple-necked flask was used as a reactor for the transesterification process. A double
blade mixer apparatus was placed inside the flask and mounted on the mechanical stirrers. A cooler
was used to prevent the evaporation of methanol during the reaction and it was connected to one of
the reactor inlets (reflux apparatus). The set-point temperature of the water bath was set in order to
achieve 60 ◦C inside the reactor. When the desired temperature was reached, methanol and WCO at a
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molar ratio of 12:1 and 5% (Wcat./WWCO) were prepared and added to the reactor. Then, a purified
WCO sample, previously heated at 60 ◦C with the help of a heating plate, was added to the reactor and
the reaction was started. Different reaction times were studied and 6 h was found to be enough as
the reaction time. After changing the composition of the catalyst, according to the transesterification
reaction results, 2 h was considered as the optimum reaction time. At the end of the transesterification
process, the catalyst was collected on a filter paper under vacuum filtration and separated from the
final liquid product, which was settled in a decantation funnel to separate the two immiscible phases:
the upper one with fatty acid methyl esters (FAME—biodiesel) and the lower one with glycerin
(glycerol plus unreacted methanol).

A homogeneous process was used to benchmark the heterogeneous process, and it was performed
with the same operational procedure, but with the following operating conditions: 60 ◦C, 2 h of reaction
time, a methanol/WCO molar ratio equal to 6, and 0.6% (w/w) of sodium hydroxide catalyst solubilized
in methanol, related to WCO. Table 1 shows the comparison between the operating conditions used in
the heterogeneous and homogeneous processes.

Table 1. Comparison between the operating values used in both heterogeneous and homogeneous
catalyzed processes.

Element Heterogeneous Process Homogeneous Process

T (◦C) 60 60
t (h) 2 2

MeOH/WCO molar ratio 12 6
Catalyst Shell mix (CaO), c. 850 ◦C NaOH with methanol

% (Wcat./WWCO) 5.0% 0.6%

2.6. Biodiesel Purification Process

After the separation of biodiesel and glycerin phases, the produced biodiesel was washed three
consecutive times: the first time with demineralized water to remove non-reacted methanol and other
contaminants, the second time with 1.5% (w/w) aqueous nitric acid solution to remove the remaining
contents of the catalyst, and the last time with demineralized water to remove the remaining contents
of nitric acid from the previous washing step. After that a centrifugation step was performed and
finally, biodiesel was dried in a heating plate at 110 ◦C for 40 min.

3. Results and Discussion

3.1. Catalyst Characterization

Catalyst characterization was performed on natural calcium waste materials, essentially through
SEM-EDS (scanning electronic microscopy with electron diffraction spectroscopy), for morphological
characterization; XRD (X-ray diffraction) for structural characterization and identification of crystalline
phases; and N2 adsorption at 77 K for textural characterization to quantify solid specific area.
Finally, semi-quantification of catalyst basicity was also performed through the utilization of a
Hammett indicator.

Regarding morphological characterization, Figure 2 shows, from left to the right, SEM images
of the shell mix new composition heterogeneous catalyst, respectively, before calcination (A),
after calcination (B), and after first batch transesterification reaction step (C). All images were acquired
at 8000×magnification.
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Figure 2. SEM images (5000×, 1 μm) of shell mix solid catalyst, (a) before calcination, (b) after
calcination, and (c) after the first transesterification step.

These images were almost similar to the CaO catalyst images reported in several works, such as [37].
Table 2 shows the atomic composition of the shell mix catalyst from situations A, B, and C, collected
through the EDS technique.

Table 2. Atomic compositions (%) of shell mix (“Shellm.”) collected through EDS (Energy Dispersive
Spectroscopy).

Element
“Shellm.” before

Calcination
“Shellm.” after

Calcination
“Shellm.” after First

Reaction

C 21.6 ± 1.0% 4.39 ± 1.1% 8.1 ± 1.0%
O 59.3 ± 1.3% 59.9 ± 1.1% 63.5 ± 1.2%
Ca 19.1 ± 0.9% 35.7 ± 1.0% 28.4 ± 1.1%

Note: average values collected from three different catalyst surface measurements.

The significant decrease in carbon composition after calcination is due to the conversion of calcium
carbonate to calcium oxide, which is to be expected, since this decomposition process of calcium
carbonate is well known to occur between 800–900 ◦C. As a consequence, calcium composition increases
proportionally. On the other hand, carbon composition slightly increases, due to the adsorption of
oily species during the transesterification reaction, as reported in Section 3.3, covering progressively,
the available active sites of the catalyst surface. Also, the noticed decrease in calcium content, after the
first reaction is probably due to leaching of this element, as noticed previously in other studies [19].

Regarding catalyst crystallinity, Figure 3 shows diffractograms of the shell mix calcinated at 850 ◦C,
before (a) and after (b) the first batch transesterification step. The differences in both diffractograms are
related to the diffraction lines pointed out in diffractogram (b), ascribable to calcite (calcium carbonate),
while the remaining diffraction lines are common in both diffractograms, ascribable to lime (calcium
oxide). This fact seems to be related to the transformation of some of the calcium oxide particle catalyst
into calcium carbonate, due to the contact of the calcium oxide catalyst with the reaction organic
species. As mentioned before, calcium oxide is strongly hygroscopic and a strong CO2 adsorber. It is
also possible to notice the crystalline phases of the calcinated shell mix catalyst.
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Figure 3. XRD diffractograms of the shell mix solid catalyst before (a) and after (b) the first reaction step.

An N2 adsorption technique was applied for shell mix textural characterization at 77 K and the
Brunauer–Emmett–Teller (BET) isothermal model was applied to estimate the specific area of the solid
mixture. Figure 4 shows adsorption/desorption isothermal lines applied for the shell mix catalyst,
after the calcination process. Through the BET model, the specific area calculated for the shell mix
was equal to 2.93 m2·g−1, which corresponds to a macro porous solid due to its lower value of specific
area. Besides, other researchers like [38] reported a value of 4.6 m2·g−1, which is a very close value,
confirming these results. Several researchers pointed out that the calcium oxide catalyst is very active
in transesterification reactions, mainly at the surface, due also to its lower value of specific area and
higher value of porous volume [37,39,40].

Figure 4. Adsorption and desorption isothermals of the shell mix catalyst after calcination.

The N2 adsorption/desorption diagram of a fresh catalyst is almost the same as the one illustrated
in Figure 4, with a little difference in the specific area, as the solid catalyst is characterized by a macro
porous structure with a significant lower surface area, so it is not expectable to notice significative
differences before and after the calcination process in these diagrams.
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Figure 5 shows granulometric lines, accessed by diffraction laser-beam scattering (DLS) using
methanol as a wet fluid to drag all the sample particles, representing the number of particles (%)
depending on the diameter (μm) of shell mix catalyst particles before and after the transesterification
reaction. It is possible to conclude that, after the reaction process, a significant number of particles with
a higher diameter (e.g., 2 μm) were subjected to reduction of granulometry and converted, for instance,
to 1 μm diameter. This behavior is probably due to the continuous stirring in the reactor, which causes
defragmentation on the heterogeneous (solid) catalyst particles when they come into contact with
the reactants’ liquid phase and also due to the shovels of the mechanical stirrer, which is under a
continuous rotational speed.

Figure 5. DLS (Dynamic Light Scattering) granulometric lines of the shell mix catalyst before and after
the transesterification reaction.

Finally, a few drops of a methanolic solution of 4-chlorine-2-nitroaniline (pKa = 18.2) were used
as the Hammett indicator on the shell mix solid catalyst’s surface to identify its basicity. This indicator
shows a yellow color in the liquid phase and also shows this same color on the catalyst surface,
after deposition of the drops. After a certain time, any color change observed on the catalyst surface
indicates that the catalyst is strongly alkaline with pKa > 18.2. It checks its basicity behavior, due to
its alkaline active sites [41]. Figure 6 [41] shows a typical scheme of a metallic oxide, such as calcium
oxide, the most important component of the shell mix catalyst, where it is possible to identify the acid
(δ+) and alkaline (δ−) active sites.

Figure 6. Typical metallic oxide surface with the corresponding active sites’ distribution [41].

3.2. Biodiesel Characterization

After the transesterification and separation–purification processes, the biodiesel obtained was
analyzed by FTIR-ATR (Fourier-transform infrared spectroscopy) to identify the absorption peaks and
compare them with the absorption peaks for homogeneously synthesized biodiesel and treated WCO
(Figure 7). The homogeneous synthesis method is used as a reference for biodiesel production, in order
to compare it with the heterogeneous process. The ellipse marks identified the FAME absorption peaks,
which were present in the biodiesel samples, but not in the WCO samples. The biodiesel heterogeneous
samples were compared with the homogeneous sample (a standard for comparison) obtained using the
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same reaction apparatus at 60 ◦C, but with a methanol: WCO molar ratio of 6:1 and 0.6% (Wcat./Woil)
for 2 h, and the same purification process.

Figure 7. FTIR-ATR results for biodiesel and treated WCO (Waste Cooking Oil).

The catalyst used in the homogeneous process is, typically, sodium hydroxide solubilized in
methanol. Results showed that the FTIR spectra of biodiesel homogeneous and heterogeneous samples
were identical.

The composition of methyl esters in oils and in the produced biodiesel was determined by
refractometry to quantify the FAME (%) weight content, which is directly related to biodiesel purity and
biodiesel yield. Since soap formation was not observed in the liquid samples, it indicates that there are
practically no side reactions and the FAME yield is practically equal to the transesterification conversion
rate. A calibration curve was previously performed on the refractive index through the FAME (%)
content, by using several standards of biodiesel in WCO (0, 20, 40, 60, 80, and 100% (Wbiod./WWCO)).
The obtained FAME yield results are presented in Table 3 and they showed that the calcined shell
mixture of all the components initially yielded at the end of 8 h reaction time. However, considering
that this is not very practical, all components were calcined again at 850 ◦C for 3 h in an oven and then
the transesterification reaction was performed. The obtained FAME contents were then interpreted and
it was concluded that the FAME percentage of white-colored clams was somewhat low. In contrast,
shrimp shell, dark-colored clam, and “navalha” shell seafood wastes showed FAME yields higher
than 99.5%, which is a very interesting result. However, in a previous study [37], it was reported
that CaO reacted with glycerol after transesterification of soybean oil with methanol and calcium
diglyceroxide was formed in the glycerin phase. Therefore, an extra purification step, for example with
an ion-exchange resin, is needed to remove the soluble content in the biodiesel. Thus, in this study,
egg shells may tend to react with glycerol immediately after transesterification due to its rich CaO
content and form the same structure. Initially 20 g of each component (20% for each one) was used to
prepare the shell mix mixture before performing the transesterification reaction for each component
separately. In light of all these results, the composition, by weight, of the new shell mix mixture was
changed and egg shells were removed.

The new shell mix composition, by weight, comprised of 16.7% of white-colored clams, 25.0% of
dark-colored clams and crab shells, 25.0% of “navalha” shells, and 33.3% of shrimp shells. In light of the
results obtained, 5% (Wcat./Woil), methanol: WCO at a molar ratio of 12:1, 60 ◦C working temperature,
and 6 h of reaction time were considered to constitute the optimized method after performing the
“repeatability test”.
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Table 3. FAME (Free Acid Methyl Ester) contents for biodiesel samples obtained under different
conditions.

Type of Catalyst Reaction Time (h) Refractive Index, 25 ◦C FAME Conversion (%)

Shell mix (former
composition)

4 1.47735 1.10
5 1.47731 1.20
6 1.47729 1.30
5

(separately calcinated) 1.46709 49.9

2
(Methanol + catalyst, 3 h) 1.47733 1.20

1
(Methanol + catalyst, 7 h) 1.45669 >99.5

1
(Methanol + catalyst, 3 h)

(a)
1.47725 1.80

White-colored clam 6 1.46700 50.0
Shrimp shell 6 1.45665 >99.5

“Navalha” shell 6 1.45663 >99.5
Dark-colored clam 6 1.45662 >99.5

Ca(OMe)2

5 1.47730 1.20
7 1.46716 50.8
8 1.45661 >99.5

Ca(OH)2

5 1.47727 1.40
7 1.47726 1.40
8 1.45661 >99.5

Glycerol +Methanol (b) 2 1.45662 >99.5
Shell mix 5%(w/w) (c) 6 1.45662 >99.5
Shell mix 3%(w/w) (c) 6 1.46690 50.4
(a) With acetone as co-solvent; (b) co-production of calcium diglyceroxide; (c) new shell mix without eggshell added.
The replication measurements were only applied for those samples which showed a FAME content higher than
96.5% (w/w) (minimum value for standard quality biodiesel, according to the EN 14214 standard). In all cases,
the replication shows values of FAME content higher than 99.5%.

3.3. Biodiesel Repeatability Test

After determining the most appropriate methods and conditions for biodiesel synthesis,
the repeatability test was performed five times to ensure accuracy. As mentioned earlier, the same
working conditions were adopted, e.g., the transesterification reaction was carried out for 6 h in a
triple-necked flask using a mechanical stirrer with 5% (Wcat./WWCO) and 12:1 molar methanol: WCO
ratio at 60 ◦C in a heated water bath (reflux apparatus), for the new shell mix composition. Repeatability
test results are shown in Table 4.

Table 4. Repeatability test results for biodiesel product.

Number of Experiment (#) FAME Yield (% Wbiod./WWCO)

#1 99.9
#2 99.8
#3 99.9
#4 99.7
#5 99.8

Regarding Table 4 results, the average value achieved was 99.82% of FAME content and the
standard deviation value calculated was 0.08%.

3.4. Catalytic Stability Test

Catalytic stability tests were performed to evaluate the suitability and stability of the catalyst after
the first transesterification reaction (first catalytic cycle). All environment and working conditions
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were maintained for the transesterification reaction, e.g., tests were performed for 2 h only instead of
6 h. This change was based on kinetic test results. The catalyst, between stages, after separation of the
liquid phase through vacuum filtration, was only dried overnight on a filter paper in an oven set to
90 ◦C. Table 5 presents the FAME content (% Wbiod./WWCO) in the catalytic stability tests.

Table 5. FAME yield (%) of biodiesel products obtained as a result of catalytic stability tests.

Number of Experiment (#) FAME Yield (% Wbiod./WWCO)

#1 99.9 ± 1.0%
#2 99.9 ± 1.2%
#3 99.8 ± 0.9%
#4 28.9 ± 2.2%

As a result of these tests, it was observed that the shell mixture (“shell mix”) used as the
heterogeneous catalyst was suitable for use three times consecutively, which is quite an interesting
result. As in another study in the literature [6], the same catalyst could be used three consecutive
times with a high FAME conversion rate. The catalyst had a limited life to be reused, as seen before.
In this study, it was found that the catalyst can be used three times consecutively without losing its
higher activity. The reason for the significant FAME content drop from the fourth batch reaction and
consequently, a decrease in the shell mix catalytic activity, is the decreasing number of catalyst active
sites due to progressive adsorption of oil/methyl ester molecules on the surface of the catalyst, covering
the mentioned active sites and deactivating the catalyst. For instance, the causes of deactivation for
pure CaO catalyst derived from renewable resources were as follows [5]: CO2 and H2O existed in air
and reactants, adsorbed onto the catalyst surface, poisoned it (CaO is highly hygroscopic and easily
adsorbs CO2), and converted CaO into Ca(OH)2 and CaCO3, respectively; the co-production of calcium
diglyceroxide on the catalyst surface during reaction, which results from the interaction between
CaO and glycerol; and the leaching of Ca2+ ions from the CaO surface, since calcium diglyceroxide is
soluble in glycerin phase. Nevertheless, the catalyst can be reactivated easily, if recalcination is applied,
as reported by several researchers, to desorb the oily species as well as previously adsorbed CO2 and
H2O. However, it is important to avoid a significant formation of calcium diglyceroxide, otherwise,
a catalyst weight loss with the time reaction will take place, thus leading to a significant increase in
operating costs [37]. Figure 8 shows FTIR-ATR spectra of the liquid biodiesel samples obtained from
the catalytic stability tests.

Figure 8. Comparison of FTIR-ATR results of biodiesel samples produced by catalytic stability tests
and treated waste cooking oils (WCO).
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3.5. Kinetic Tests

In order to evaluate time dependency, kinetic tests were performed for the new composition of
the shell mix solid catalyst for different reaction times up to 6 h, at 60 ◦C with a methanol/WCO molar
ratio of 12 and 5% of (Wcat./WWCO). The purpose was also to estimate apparent constant kinetic rates
at 60 ◦C by using the shell mix heterogeneous catalyst. Table 6 and Figure 9 show FAME yield time
dependency. After that, the apparent constant velocity (k) at 60 ◦C of the transesterification process was
estimated for the operatory conditions mentioned in Section 2.5 (Table 1) and with the heterogeneous
catalyst samples, depending on whether the reaction kinetic order law is of the 1st order or 2nd order.
The best correlation coefficient (R2) will lead to the corresponding transesterification kinetic equation.
The molar ratio of methanol/WCO used corresponds to a significant excess quantity of alcohol (300%),
since the stoichiometry methanol/WCO molar ratio is only equal to 3, which means that for each mol
of WCO (triglyceride molecule), 3 mol of methanol will be needed in order to produce 3 mol of methyl
esters (biodiesel) and 1 mol of glycerol as the co-product. This significant excess of methanol ensures
that the only limiting reactant will be WCO, since in this situation, for each mol of triglyceride, 12 mol
of methanol were applied, instead of the necessary (stoichiometric) 3 mol.

Table 6. Kinetic test results for different reaction times.

Reaction Time (min.) FAME Yield (% Wbiod./WWCO)

0 0.00
30 1.30
45 1.50
60 1.80
75 24.8
80 25.0
90 99.7

120 99.8
180 99.8
240 99.8
300 99.9
360 99.9
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Figure 9. Kinetic test results for different reaction times.

The transesterification reaction is the result of three consecutive equilibrium reaction steps as
follows: 1st step is the conversion of triglyceride (TG) molecules into diglyceride (DG) molecules;
in the 2nd step, these diglycerides are converted into monoglyceride (MG) molecules; and finally,
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in the 3rd step, the monoglycerides are converted into glycerol (G). In each equilibrium step, 1 mol
of methanol (M) is used and it will produce 1 mol of methyl ester (ME) in each step. The significant
excess of methanol (300%) leads all the three equilibrium reaction steps into the direction of chemical
production of reaction products, thus enhancing biodiesel production and WCO conversion, according
to the Le Chatelier postulate.

1st step:
TG +M↔ME + DG.

2nd step:
DG +M↔ME +MG.

3rd step:
MG +M↔ME + G.

The overall reaction is given by:

TG + 3M↔ 3ME + G.

An excess of methanol will also tend to minimize mass transfer external diffusion limitations
between reactants’ liquid phase and catalyst surface. Regarding mass transfer internal diffusion
limitations, it was assumed that there are very few mass transfer internal diffusion limitations in this
process since the catalyst is a macro porous structure and the pores have a higher diameter, thus leading
to a lower surface area (<5 m2·g−1) as mentioned before.

Those were the assumptions to define the present kinetic model, assuming pseudo-first order
kinetic law, due also to the mentioned mass transfer diffusion limitations, typically occurring in
heterogeneous catalysis.

From Figure 9, it is possible to conclude that there are some mass transfer limitations due to time
delay in the transesterification reaction, since only after 1 h, a significant increase in FAME yield took
place, when the reaction started. The rapid increase in FAME yield over time, resulted in achieving
values higher than 99% at the end of only 30 min, leading to the conclusion that the reaction step is very
fast and the kinetic limiting step is probably related to the mass transfer external diffusion limitations.

After performing the linearization of 1st and 2nd kinetic order equations, (−dCoil/dt = k·(Coil)
and −dCoil/dt = k·(Coil)2, respectively, where dCoil is the limiting concentration of the WCO over time
(dt) and k is the apparent kinetic rate constant), the best correlation coefficient was achieved with the
linearization of the 1st kinetic order equation, thus leading to the following kinetic equation:

− dCwco

dt
= 0.0036·CWCO (1)

where the achieved value of k was found to be equal to 3.6 × 10−3 min−1. Figure 10 shows FTIR-ATR
spectra of some collected shell mix catalysts after the kinetic transesterification test. Results showed
that, with time, oily species will adsorb onto the surface catalyst, since absorption peaks for the
C–H and C–O bonds of esters were identified. The carbonate group, resulting from the progressive
adsorption of CO2 molecules and which reacts with calcium oxide to produce calcium carbonate, was
also identified.
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 30 min 

Figure 10. FTIR-ATR results of shell mix catalyst samples dried after kinetic tests.

3.6. Determination of Physical Properties of Produced Biodiesel

The physical properties of the obtained biodiesel product such as kinematic viscosity at 40 ◦C,
density, and acidity index, besides FAME content (%), were determined and compared with the
European standard EN 14214. To quantify the acidity index of the biodiesel samples, 0.1 M of KOH
ethanolic solution was prepared as the titration agent through an acid-base titration. Biodiesel samples
produced from the catalytic stability tests were used. The biodiesel samples were solubilized in a small
volume of acetone and titrated with the KOH solution. After titration, a pink-violet color change was
observed due to the presence of phenolphthalein indicator. The analysis method performed was exactly
the same method used to quantify the acidity index (AI) in the WCO samples, before the neutralization
process. The results are listed in Table 6. The expression for calculating the acidity index values is:

AI (mg KOH/g oil) =

(
56.11 × 0.1 × VKOH

mWCO

)
, (2)

where V(KOH) is the volume of KOH necessary to titrate the WCO sample, mWCO is the mass of WCO
weighted and used in the titration process analysis, 56.11 is the molar mass of KOH, and 0.1 is the
molar concentration of the KOH solution used.

Samples 1–4 of Table 7 were biodiesel products obtained after catalytic stability (#1 = product
obtained after the first catalytic stability test), while #5 sample was biodiesel produced using the
homogeneous catalyst as a reference for comparison. Since the limit value of acidity index is
0.50–0.60 mg KOH/g oil, it is possible to conclude that all the obtained samples were in accordance
with the biodiesel quality EU standards (EN 14214). In order to compare the biodiesel obtained from
the experimental method with the commercial diesel, a density measurement was performed with the
help of a pycnometer. Measurements were made at 25 ◦C and 40 ◦C only, which are close to room
temperature. The results are shown in Table 8.

Table 7. Acidity index (AI) values of biodiesel products obtained from catalytic stability tests.

Biodiesel Samples
Acidity Index (AI)

Control 1
Acidity Index (AI)

Control 2
Average Acidity Index

(AI)

#1 0.57 0.56 0.57 ± 1.3%
#2 0.55 0.53 0.54 ± 2.6%
#3 0.42 0.44 0.43 ± 1.6%
#4 0.56 0.55 0.56 ± 1.3%
#5 0.55 0.56 0.56 ± 1.3%
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Table 8. Density of all samples (biodiesel, blended biodiesel-treated WCO, and blended biodiesel-
hydrotreated kerosene (HK)) at 25 ◦C and 40 ◦C.

Sample Density (kg/m3)

Biodiesel by homogeneous method 865.0 (25 ◦C)
Biodiesel by heterogeneous method (first try of catalytic stability test) 890.5 (25 ◦C) 842.2 (40 ◦C)

Biodiesel by heterogeneous method (second try of catalytic stability test) 889.9 (25 ◦C) 839.5 (40 ◦C)
Biodiesel by heterogeneous method (third try of catalytic stability test) 892.7 (25 ◦C) 841.3 (40 ◦C)
Biodiesel by heterogeneous method (four try of catalytic stability test) 919.8 (25 ◦C) 868.6 (40 ◦C)

Biodiesel according to EN 14214 860–900 (15 ◦C)

Treated oil 925.0 (25 ◦C) 877.6 (40 ◦C)
Jet-A1 793.8 (25 ◦C)

Blend of HK fuel (1% biodiesel additive) 793.6 (25 ◦C)
Blend of HK fuel (2% biodiesel additive) 794.8 (25 ◦C)
Blend of HK fuel (3% biodiesel additive) 795.0 (25 ◦C)
Blend of HK fuel (5% biodiesel additive) 796.2 (25 ◦C)

Blend of HK fuel (10% biodiesel additive) 801.9 (25 ◦C)
Jet-A1 specifications 775.0–840.0 (15 ◦C)

The same procedure was applied for jet fuel (JET-A1) and blended biodiesel–JET-A1 samples.
For this test, at first the pycnometer weight was measured when empty (M0), then the pycnometer
was filled with distilled water (reference fluid) and heated in a bath set at 40 ◦C for 5 min. After
heating, the mass of water plus the pycnometer (MH2O) was measured and recorded again. The same
procedure was then applied to biodiesel samples (Mmixture) obtained from the catalytic stability tests
and also to the blended samples of 1%, 2%, 3%, 5%, and 10% (Wbiodiesel/Wjet fuel A1). Table 8 shows
these results. The calculation of density (ρ) values was made through Equation (3):

ρ =
(Mmixture −M0

MH2O−M0

)
·ρH2O (3)

Measurements for biojet fuel blends were carried out at room temperature since the jet fuel
has a flash point of 38 ◦C. Ambient temperature at operation was 25 ◦C. According to these results,
all biodiesel samples from the catalytic stability tests were in accordance with the quality parameters
defined for biodiesel under the European standard EN 14214, which defines density limits between
860–900 kg·m−3. Regarding JET-A1, quality standards for this jet fuel define a range of density between
775–840 kg·m−3, so to add biodiesel to JET-A1 fuel until achieving 10% (v/v), basically keeps the
density of these mixtures within the same quality limits, which means that no relevant differences
were observed. The water bath was also used to quantify kinematic viscosity at 40 ◦C and the capillary
viscosimeter was fixed in the water bath. The spilled product from the large end of the viscosimeter
was brought to the upper phase line level by means of a pump to cross to the other side. After the
pump was removed, the timer was started. The timer was kept and time was recorded until the liquid
level reached the lower phase line. For the same reason, measurements were made at 25 ◦C for the
biojet-fuel-blended samples. The values of kinematic viscosity at 25 ◦C and 40 ◦C are highlighted in
Table 9. The equation used for calculating kinematic viscosity values was Equation (4):

μ

μoil
=

t·ρ
toil·ρoil

. (4)
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Table 9. Kinematic viscosity of all samples (biodiesel and blend of biodiesel, treated oil, and HK).

Sample
Kinematic Viscosity (mm2·s−1),

40 ◦C
Biodiesel by homogeneous method 3.50

Biodiesel by heterogeneous method (first try out of catalytic stability test) 3.72
Biodiesel by heterogeneous method (second try out of catalytic stability test) 3.52
Biodiesel by heterogeneous method (third try out of catalytic stability test) 3.60
Biodiesel by heterogeneous method (four try out of catalytic stability test) 12.6

Biodiesel according to EN 14214 3.5–5.0

Treated oil 32.9
Jet-A1 1.00 (*)

Blend of HK fuel (1% biodiesel additive) 1.03 (*)
Blend of HK fuel (2% biodiesel additive) 1.04 (*)
Blend of HK fuel (3% biodiesel additive) 1.07 (*)
Blend of HK fuel (5% biodiesel additive) 1.10 (*)
Blend of HK fuel (10% biodiesel additive) 1.20 (*)

(*)—Measures performed at 25 ◦C and these specific values represent the ratio (μ/μjet-A1) at this temperature.

Biodiesel sample viscosity results showed that all analyzed samples from the catalytic stability
tests, with the exception of the fourth sample, were in accordance with the quality limits defined
by EN 14214, as kinematic viscosity of FAME biodiesel must be between 3.5 and 5.0 mm2·s−1 or cSt.
The fourth transesterification batch showed a higher value of viscosity, which was related to the low
value of FAME content (≈28%) achieved and far from the standard quality limits.

Lower FAME content meant less biodiesel and high oil content, because the viscosity of WCO
was significantly higher than the biodiesel. On the other hand, for the blended biodiesel samples
in the HK fuel, the ratio between the kinematic viscosity of a blended sample (μ) and the kinematic
viscosity of pure HK (μjet-A1) at 25 ◦C slightly increased with an increase in blended FAME content
(%). This correlation was linear and it was calculated with the blended samples prepared, 1%, 2%, 3%,
5%, and 10% (Wbiod./Wjet-A1) of the heterogeneous biodiesel produced, and HK fuel supplied by the
Portuguese refining oil company. This linear correlation is presented in Figure 11. A maximum increase
of 10% in kinematic viscosity was observed for the blended biodiesel up to 5% (by weight) in the HK
fossil fuel, which meant that significant changes in HK viscosity and lubricity were not observed.
Beyond this point, the kinematic viscosity of HK fuel, at 25 ◦C, started to increase significantly, thus
compromising its lubricity. Further studies at significant lower temperatures must be performed to
understand blended biodiesel in the lubricity behavior of hydrotreated kerosene (HK).
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Figure 11. Linear correlation between μ/μ(jet-A1) at 25 ◦C and blended biodiesel in JET-A1 (HK).
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4. Conclusions

At the end of this study, it is possible to conclude that waste cooking oils (WCO) can be used in
order to valorize an important liquid waste, thus reducing GHG emissions, and also to use renewable
primary energy sources (biomass) instead of non-renewable sources (diesel from crude oil). WCO used
as raw materials have been improved and in this research work, this concept was achieved, since it
was possible to produce FAME biodiesel from treated WCO and Ca-rich seafood wastes as alkaline
heterogeneous catalysts. The catalytic activity and stability tests prove that these materials are suitable
to be used as solid catalysts in biodiesel production, avoiding the current disadvantages of the catalytic
homogeneous processes. Nevertheless, the acidity index of the WCO must be lower, otherwise,
soap formation (from undesirable saponification reactions) will decrease biodiesel mass yield, since
the separation process of these soaps will drag along a significant quantity of biodiesel. For that
reason, WCO was pre-treated previously, with drying and neutralization processes. If not, this will
affect the whole process, slow down the catalyst activity, and also decrease biodiesel purity, thereby
reducing FAME yield and it will present difficulties in the separation and purification processes.
It may even cause gelification of the liquid product, making it impossible to reach the desirable
purity due to the undesirable production of calcium diglyceroxide, as reported before. Furthermore,
by using a natural and calcium-rich heterogeneous catalyst, the biodiesel operating costs can be
considerably reduced and the biodiesel can even be considered as a good alternative, since these
catalyst components are easy to find and use. During the transesterification reaction, the best operating
conditions achieved were 5% (Wcat./Woil), 12:1 methanol/WCO molar ratio, 60 ◦C, and 2 h of reaction
time, thus producing a remarkable FAME conversion result higher than 99.5%, similar to current
catalytic alkaline homogeneous processes with NaOH, KOH, or NaOMe. The repeatability and catalytic
stability tests showed that the activity and stability of these Ca-rich waste materials made them very
good catalysts in the production of FAME biodiesel by heterogeneous catalysis processes. To ensure
the quality of synthesized heterogeneous biodiesel samples, some quality parameters were quantified,
according to the European standard for biodiesel (EN 14214), like density, kinematic viscosity, acidity
index, and FAME content. These parameters were applied for the four samples of the catalytic stability
tests and with the exception of the fourth sample, the other samples showed that all values were in
accordance with the standard limits, including the FAME content, which was found to be higher than
99.5% (the established standard minimum is 96.5%). The preparation of current HK fuel and FAME
biodiesel blends was an important task to quantify the viscosity of these mixtures. 1%, 2%, 3%, 5%,
and 10% synthesized heterogeneous FAME biodiesel samples were added to HK fuel and compared
with pure JET-A1 viscosity. The data obtained from the compatibility tests were found to be the same
for almost all the times recorded. Only for the blend of 10% (biodiesel), the difference was 11 s more.
So, it is possible to conclude that, with the exception of the 10% blend, the added biodiesel between 1%
and 5% had no significant effect on the fluidity of the HK fuel, at 25 ◦C. According to the obtained
results, the increment of kinematic viscosity at 25 ◦C in the blended biojet fuel was only approximately
0.02 for each 1% (v/v) FAME biodiesel added to the HK fuel, which was a very low increase. In further
studies, there is a need to perform more significant compatibility studies of blended FAME biodiesel
into JET-A1 fuel, at other temperatures, especially, with very cold temperatures (−20 ◦C until −50 ◦C).
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Abstract: Energy security and environmental concerns, related to the increasing carbon emissions,
have prompted in the last years the search for renewable and sustainable fuels. Biodiesel, a mixture of
fatty acids alkyl esters shows properties, which make it a feasible substitute for fossil diesel. Biodiesel
can be produced using different processes and different raw materials. The most common, first
generation, biodiesel is produced by methanolysis of vegetable oils using basic or acid homogeneous
catalysts. The use of vegetable oils for biodiesel production raises serious questions about biodiesel
sustainability. Used cooking oils and animal fats can replace the vegetable oils in biodiesel production
thus allowing to produce a more sustainable biofuel. Moreover, methanol can be replaced by ethanol
being totally renewable since it can be produced by biomass fermentation. The substitution of
homogeneous catalyzed processes, nowadays used in the biodiesel industry, by heterogeneous ones
can contribute to improve the biodiesel sustainability with simultaneous cost reduction. From the
existing literature on biodiesel production, it stands out that several strategies can be adopted to
improve the sustainability of biodiesel. A literature review is presented to underline the strategies
allowing to improve the biodiesel sustainability.

Keywords: biodiesel; sustainability; vegetable oils; animal fats; methanolysis; ethanolysis

1. World Energy

Worldwide energy demand has been growing in the last decades (Figure 1a). According to the U.S.
Energy Information Administration (EIA) report, this trend will carry on, with an estimated growth
in energy consumption of 28% between 2015 and 2040 [1]. Only in 2018, the world primary energy
consumption grew 2.9% [2].

World use of petroleum and other fuels has been growing as well, being the largest growth in the
transport and industrial sector. In the transportation sector, fossil fuels continue to supply most of the
energy consumed despite the shortage of their reserves [1].

In Africa, Europe and Americas the oil remains the dominant fuel, while natural gas dominates in
the Commonwealth of Independent States (CIS) and the Middle East. In the Asia Pacific region, coal is
the dominant fuel (Figure 1b).

Energies 2019, 12, 4408; doi:10.3390/en12234408 www.mdpi.com/journal/energies85



Energies 2019, 12, 4408

 
(a) 

 
(b) 

Figure 1. World Consumption by fuel from 1994 to 2018. (a) (million tones oil equivalent) and Regional
Consumption by fuel 2018; (b) (% of different fuels, color legend in Figure 1a) [2].
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Replacing fossil fuel with more sustainable energies, maximizing the use of renewable ones,
is increasingly important, not only to reduce the emissions of greenhouse gases (GHG) but also to
improve energy supply security [3]. These concerns have led to changes in global environmental policy.

In 2007 the European Union launched a climate and energy policy to fight climate change and
increase energy security but reinforcing simultaneously its competitiveness. The 2020 package was
enacted in legislation in 2009 (Renewable Energy Directive) and sets targets for the year 2020 [4]:

� 20% cut in greenhouse gas emissions (from 1990 levels)
� 20% of EU energy from renewable sources in the energetic mix
� 20% improvement in energy efficiency

The EU also sets binding national targets of minimum energetic incorporation of 10% for the share
of energy from renewable sources consumed by all modes of transport in 2020 [5]. One way to achieve
the proposed targets is the increase in the use of biofuels as an alternative energy source. Figure 2
shows the share of renewable energy in transport in 2014, 2015 and 2016 for EU countries.

y p

Figure 2. EU share of renewable energy in transport in 2014, 2015 and 2016 [6].
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The Renewable Energy Directive was reviewed in 2015 (Directive (EU) 2015/1513) limiting to 7%
biofuel production from agri-food-cultures such as cereal and other starch-rich crops, sugars and oil
crops used in transport sector [7].

Biofuel production from wastes and residues was also encouraged due to double contribution
by double counting for the purpose target. In addition to the current list of raw materials that can be
used to produce double counted biofuels (Directive (EU) 2015/1513) it is possible to use raw materials
not included in the list but considered as wastes by the national authorities before the adoption
of the amendment [7]. Not all countries apply double counting and the definition of waste differs
between them.

For example, Portugal is one of the countries that apply double counting, and biofuels produced
from animal fats categories I & II and waste cooking oils, among others, are counted twice. The EU
targets for the year 2030 (from 2021 to 2030) had been already established [8]:

� At least 40% cuts in greenhouse gas emissions (from 1990 levels)
� At least 32% share for renewable energy (upwards revision by 2023)
� At least 32.5% improvement in energy efficiency

The EU has also set a new binding national target of minimum energetic incorporation of 14% for
the share of energy from renewable sources consumed in transport until 2030. The 2050 long-term
strategy, instead of set targets, creates a vision and defines directions that the EU must take to achieve
climate neutrality as well as the Paris Agreement, which established keeping the temperature increase
well below 2 ◦C compared to pre-industrial levels and the pursuit of efforts to keep it to 1.5 ◦C, by
2050. Several strategic areas such as energy efficiency; deployment of renewables; clean, safe and
connected mobility; competitive industry and circular economy; infrastructure and interconnections;
bio-economy and natural carbon sinks; carbon capture and storage to address remaining emissions
would have to be worked together to achieve the climate neutrality. In the transport sector an increase
in biofuels production due to all alternative fuel options is predicted, which will be required achieving
deep emission reductions [9].

2. Biofuels

Biofuels are fuels made from biomass, a renewable alternative to fossil fuels. Many of them can
be used in the transport sector, like [10]:

� bioethanol: ethanol produced from biomass and/or the biodegradable fraction of waste;
� biodiesel: a methyl-ester produced from vegetable or animal oil, of diesel quality;
� biogas: a fuel gas produced from biomass and/or from the biodegradable fraction of waste, that

can be purified to natural gas quality, to be used as biofuel, or wood gas;
� biomethanol: methanol produced from biomass;
� biodimethylether: dimethylether produced from biomass,
� bio-ETBE (ethyl tert-butyl ether): ETBE produced based on bioethanol. The percentage by volume

of bio-ETBE that is calculated as a biofuel is 47%;
� bio-MTBE (methyl tert-butyl ether): a fuel produced based on biomethanol. The percentage by

volume of bio-MTBE that is calculated as a biofuel is 36%;
� synthetic biofuels: synthetic hydrocarbons or mixtures of synthetic hydrocarbons, which have

been produced from biomass;
� biohydrogen: hydrogen produced from biomass, and/or from the biodegradable fraction of waste;
� pure vegetable oil: oil produced from oil plants through pressing, extraction or comparable

procedures, crude or refined but chemically unmodified, when compatible with the type of
engines involved and the corresponding emission requirements.
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In this sector, the most widely used biofuels around the world are bioethanol, as a substitute for
gasoline, and biodiesel, as a substitute for diesel. Other biofuels are also used, although with more
limited market access.

2.1. Biodiesel

Biodiesel, a mixture of alkyl esters produced of fatty acids is highlighted out as a feasible renewable
and low carbon substitute of fossil diesel for the transportation sector [5]. Biodiesel can be used pure
or blended with petroleum diesel due to its complete miscibility. Biodiesel blends are referred to as
Bxx, where the xx indicates the amount of blend. Thus, B100 corresponds to pure biodiesel, and a B80
blend is 80% biodiesel and 20% petroleum diesel by volume.

Worldwide Europe is the main producer of biodiesel as a result of the environmental policy
(Figure 3). Diverse feedstocks can be employed in biodiesel production. Nowadays biodiesel worldwide
production is still dominated by vegetable oils: soybean, rapeseed, and palm oil. In the USA the main
raw material used is soybean oi, with a 52% share of total biodiesel feedstocks, followed by canola oil
and corn oil with 13% each [11]. In Europe, rapeseed oil was the major feedstock used, with 45% of the
total production in 2017, followed by used cooking oil (UCO) with 21% and palm oil with 18% [12].
For example, in Portugal, rapeseed is the main vegetable oil used, followed by soybean oil. Table 1
presents Portugal’s biodiesel production in the last years.

 

Figure 3. World ethanol and biodiesel production from 2008 to 2018 (vertical axis in million tonnes oil
equivalent) [2].
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Table 1. Biodiesel production from different feedstocks in Portugal (adapted from [13]).

Biodiesel Production (ton); Year

Feedstock 2010 2011 2012 2013 2014 2015 2016 2017 2018

Fresh oils 316,507 365,622 304,190 299,404 324,200 287,329 205,594 175,954 151,078
WCO+

animal fat 4810 4639 4869 11,044 16,906 75,737 131,226 179,875 176,023

Total 321,317 370,261 309,059 310,448 341,106 363,066 336,820 355,828 327,101

2.2. Advantages and Disadvantages

The major benefits of using biodiesel as a replacement for diesel fuel are [14–17]:

• Biodegradability;
• Non-flammable and low toxicity;
• Safer to handle;
• Higher combustion efficiency, portability, availability, and renewability;
• Higher cetane number and flash point;
• Lower emissions such as CO2, CO, SO2, particulate matter (PM) and hydrocarbons (HC) compared

to diesel;
• May be blended with diesel fuel at any proportion;
• No required engine modification up to B20;
• Excellent properties as a lubricant.

There are also some disadvantages of using biodiesel that must be taken into consideration:

• Lower calorific value;
• Higher pour and cloud point fuel;
• Higher nitrous oxide (NOx) emissions (in some cases);
• Higher viscosity and less oxidative stability;
• Biodiesel is corrosive to copper and brass;
• May degrade plastic and natural rubber gaskets and hoses when used in pure form;
• Biodiesel causes excessive engine wear.

The main restriction for biodiesel commercialization is its higher cost in comparison to petroleum
fuel. Raw materials price represents 70–95% of the total production cost [18].

2.3. Transesterification

Biodiesel is produced by transesterification of triglycerides with short-chain alcohols in the
presence of a catalyst (Scheme 1). Due to the reversibility of the reaction, it is necessary to use an
excess of alcohol to drive the reaction equilibrium [19]. However, the transesterification reaction can
be done without a catalyst through supercritical process reactions [20]. This process consists of three
consecutive reversible reactions where triglycerides are converted into diglycerides, diglycerides are
converted into monoglycerides and finally, monoglycerides are converted into glycerol. In addition,
for each glyceride that reacts the formation of an ester (biodiesel) molecule occurs [21].
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Scheme 1. Transesterification reaction (adapted from [21]).

Various parameters affect the transesterification reaction. In order to produce biodiesel that meets
the standard quality parameters, production processes must be optimized [3]. The most relevant,
processual and quality, parameters are [3,22,23]:

(1) Free fatty acids, moisture and water content.
(2) Type of alcohol and molar ratio employed.
(3) Type and concentration of catalysts.
(4) Reaction temperature and time.
(5) Rate and mode of stirring.
(6) Purification process of the final product.
(7) Mixing intensity.
(8) Effect of using organic co-solvents.
(9) Specific gravity

Glycerol, also known as glycerin (commercial term, purity > 95%), is a by-product of
transesterification reactions. About 1 kg is produced for each 10 kg of biodiesel [24]. Glycerol
is a nontoxic, edible and biodegradable compound used as a raw material in different industries,
such as pharmaceuticals, cosmetics, tobacco, textiles or foods [24,25]. Due to its commercial value, in
transesterification reaction beyond the biodiesel quality it is also important to obtain glycerol with
high purity.

2.4. Alcohol Used

In biodiesel production, different alcohols can be used, such as methanol, ethanol, propanol or
butanol [26]. The most commonly used are methanol and ethanol, and the reaction product produced
when methanol is used is called a fatty acid methyl ester mixture (FAME) whereas if the alcohol is
ethanol, the product obtained is a fatty acid ethyl ester mixture (FAEE) [26].

The mild reaction conditions needed, the fast reaction time and the easy phase separation combined
with its low-cost and industrial availability make the methanol the most used alcohol in biodiesel
production [26,27]. However, the use of this alcohol presents some drawbacks. Methanol is more toxic,
volatile and has a lower oil dissolving capacity than ethanol. Although methanol can be obtained from
biomass gasification, this alcohol is majorly produced from a fossil sources, about 90% from natural
gas. Thus, the biofuel produced by methanolysis is not considered fully renewable biodiesel [28].
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Besides, ethanol is made from agricultural products such as potatoes, grain, and corn, allowing
this way the production of a renewable fuel [29]. Due to the extra carbon atom, the FAEE produced
has a cloud and pour point lower than FAME, which allows the engine to start low temperatures [30].
The combustion heat and the cetane number are higher and the storage properties of FAEE fuel are
also improved [27]. The main drawbacks of ethanolysis in biodiesel production are its lower reactivity,
compared with methanol, as well as the more difficult separation of FAEE from the coproduced glycerin
due to their higher miscibility [31].

Many studies have been carried out to compare the effect of methanol and ethanol on biodiesel
production from different feedstocks [32–35]. All achieved results reported that the yield obtained
by ethanolysis is lower and more time is needed to complete the reaction than for methanolysis. The
separation of FAEE from glycerin is also more difficult. Nevertheless, it allows achieving a completely
renewable biodiesel. Although several alcohols can be used to produce biodiesel, so far European
Union legislation only covers FAME.

2.5. Feedstocks

As mentioned before several feedstocks can be employed in biodiesel production such as vegetable
oils (edible and non-edible), waste cooking oils, animal fats and algae oils [36]. The chemical structure
is similar in vegetable oils and animal fats, mainly composed by triglycerides with a smaller fraction of
diglycerides and monoglycerides [18]. Triglycerides (Figure 4) are formed by one molecule of glycerol
combined with three molecules of saturated or unsaturated fatty acid.

Figure 4. Triglyceride [37].

Both feedstocks are water-insoluble, hydrophobic and soluble in nonpolar organics solvents [18].
The main differences between them are the varied distributions of fatty acids and the high free fatty
acids (FFA) content in the fats. The fatty acid profiles of some vegetable oils and animal fats are
referenced in Table 2.

Animal fats and greases, at room temperature, tend to be solid due to their high content of
saturated fatty acid (carbon-carbon single bond), oils are generally liquids. Refined oils have less FFA,
lower acid value, than animal fats, waste grease and waste oils [18].
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Based on their feedstock, biodiesel can be classified into three categories: first, second and third
generation (Table 3):

Table 3. Different generations of biodiesel and their feedstocks (adapted from [3]).

1st Generation Edible Oils
2nd Generation 3rd Generation

Microalgal OilsNon-Edible Oils Animal Fats

Soybeans (Glycine max) Jatropha (Jatropha curcas L.) Pork lard Bacteria

Rapeseed (Brassica napus L.) Mahua (Madhuca longifolia) Beef tallow Microalgae
(Chlorella prothecoides)

Safflower
(Carthamus tinctorius L.) Coffee grounds Poultry fat Microalgae

(Chlorella vulgaris)

Rice bran oil (Oryza sativa L.) Camelina (Camelina sativa) Fish oil Microalgae
(Botryococcus braunii)

Barley (Hordeum vulgare L.) Cottonseed
(Gossypium hirsutum) Chicken fat Microalgae

(Chlorella sorokiana)
Sorghum (Sorghum bicolor)
Wheat (Triticum aestivum)

Tall fescue
(Festuca arundinacea)

Corn (Zea mays) Neem (Azadirachta indica)
Coconut (Cocos nucifera) Jojoba (Simmondsia chinensis)
Canola (Brassica napus) Passion seed

Peanut (Arachis hypogaea) Moringa (Moringa oleifera)

Palm (Arecaceae) Tobacco seed
(Nicotiana tabacum)

Sunflower
(Helianthus annuus)

Rubber tree seed
(Hevea brasiliensis)

Palm kernel
(Elaeis guineensis) Nag champa (Plumeria)

First generation refers to biodiesel derived from edible vegetable oils. The most commonly used
are rapeseed, palm, soybean, coconut, peanut, and sunflower [52]. The vegetable oils are widely
available and relatively easier to convert into biodiesel. However, the use of edible vegetable oils in
the production of biofuel raises several ethical issues. Edible vegetable oils come from food crops. The
use of arable land, water, and fertilizer in “growing fuel” instead of food not only affects the food price
but also sustainability issues [52].

Furthermore, even if the total amount of edible oils available was used in the production of
biodiesel, it was not enough to meet today’s diesel requirements. These concerns ally with the
double counting of biofuels produced from wastes, which have led to an increasing search for more
sustainable feedstocks.

Second generation biofuels are biodiesels derived from non-edible crops or feedstocks that have
already fulfilled their food purpose such as waste oily streams from the oil refinery, waste cooking oils
(WCOs), greases and waste animal fats (WAFs) [53]. The non-edible crops can be grown on lands that
cannot be used for arable crops that have a lower necessity of water or fertilizer to grow, making their
plantation more economic [53]. The WCO refers to vegetable oils or animal fats that had been heated
and used for cooking different types of food. During this process, various chemical reactions occur
such as hydrolysis, polymerization, and oxidation modifying the physical and chemical properties of
oil/fat [54]. Recycled fats, based on their FFA level, can be divided as yellow or brown grease. The
yellow greases have a FFA level of less than 15% while, brown has more than 15% [54]. The second
generation also includes WAFs or rendered animal fats, this topic will be explored in the next chapter.
The use of these less expensive feedstocks (Table 4) reduces the production costs and reuse wastes,
without competing with the food market [47]. The prices of feedstocks are unstable.

Third generation are the biodiesels derived from algal biomass.
Independently of the feedstock category used, the physical and chemical properties of the biodiesel

are the same [41].
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Table 4. The prices of the feedstocks [55,56].

Type Price

soybean oil 728 USD per ton 1

rapeseed oil 827 USD per ton 1

palm oil 535 USD per ton 1

WCO 610 USD per ton 2

tallow (category 1) 400 € per ton 2

1 December 2018 price; 2 October 2018 price.

Animal Fats

Biodiesel production can be also done with animal fats as raw materials such as tallow, lard,
poultry fat and fish oils (Figure 5) [18]. Animal fats are wastes or by-products that came from animal
meat processing industry and carcasses of livestock, with relatively low prices.

Figure 5. Tallow, lard, fish oil, and poultry fats.

In the European Union the regulation (EC) No 1069/2009 and No 142/2011 lays down health rules
as regards animal by-products and derived products not intended for human consumption. These
materials can be categorized into three specific categories considering the perceived level of risk to
public and animal health [57]:

Category 1 (high risk):

� Specified Risk Material (SRM) linked with the transmission of TSEs (Transmissible Spongiform
Encephalopathies), this includes the spinal cord and brain.

� Fallen stock with SRM
� Catering waste
� Anything handled with Category 1

Category 2:

� Material not fit for human consumption and posing a risk to animals and humans
� Fallen stock without SRM

Category 3 (lowest risk):

� Fit for human consumption at the point of slaughter
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Fats are recovered from waste fat tissues by the rendering process. This process depends on the
risk category and to prevent contamination between different categories of waste and different species,
all processing is done on separated lines [57].

Many types of rendering are used in the industry. All of them involve the application of heat, the
extraction of moisture, and the separation of fat [58]. The fat can mainly be recovered from wet or dry
rendering. In wet rendering (Figure 6), the fat is recovered by heating in the presence of water. Boiling
in water and/or steam at a high temperature can be employed [58,59]. The color of the fat produced by
this process is clearer. The free fatty acid content increases due to the long contact with water [58].

Figure 6. Wet rendering [59].

In dry rendering (Figure 7), in either batch or continuous processes, the fat tissues are cooked in
their “own juices” with dry heat [59].

Figure 7. Dry rendering [60].

There is no rule when and where wet or dry rendering is ideal, but it can be observed that the lard
and tallow from wet rendering are better than from dry rendering [59]. The rendering process may
also be done using an organic solvent.
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Usually, fats are further used in food, pet foods, feed applications but can also be transformed
into soaps and oleochemicals (Figure 8), depending on the risk category [61]. All fats can be employed
as feedstocks in biodiesel production.

Gelatine 
production 6%

Edible fat 
processing 4%

Rendering 27%

Petfood 11%
Skins 2%

Meat 50%

Figure 8. Estimated utilization of slaughtered animal (by % weight) [60].

2.6. Biodiesel Production from Animal Fats Versus Vegetable Oils

In terms of emission of pollutant gases, the advantages of replacing diesel with biodiesel produced
from animal fats or obtained from vegetable oils are similar, since the emissions from burning generate
similar results. However, Wyatt et al. have reported that three animal fats-based B20 biodiesel blends
obtained from lard, beef tallow and chicken fat had lower nitrogen oxide (NOx) emission levels than
B20 blend produced from soy oil [40].

In comparison with biodiesel from vegetable origin, biodiesel from animal fats has several
advantages. Due to its lower content of unsaturated fatty acids, biodiesel produced from animal fats
has a higher cetane number than biodiesel from the most vegetable oils and diesel fuel [18,36]. The
cetane number increases with the increment of fatty acid carbon chains and the increase in degree of
saturation [62]. A higher cetane number is recognized to lower NOx emissions [36]. Biofuel from
animal fats has also a higher calorific value [36]. A nonconsensual issue is the oxidative stability of
animal-based biodiesel. Some authors claim that animal fat-based biodiesel is less stable for oxidation
due to the absence of natural oxidants as compared to biodiesel from vegetable oil [63–65]. On the other
hand, others, claim that from the content of saturated fatty acid, the addition of animal fat improves
the oxidative stability of biofuel [36,66,67]. Feedstocks rich in polyunsaturated fatty acids are more
susceptible to oxidation, due to the presence of double bonds in the chains, than feedstocks rich in
saturated or monounsaturated fatty acids [68].

Pereira et al. evaluated the effect of blending vegetable with animal-based biodiesel on the
oxidative degradation of this biofuel. The authors reported that blends of soybean/beef tallow biodiesel
presented a higher oxidative stabilities in comparison with soybean biodiesel [67]. Wyatt et al. also
reported that the oxidative stability of biofuel from lard, beef tallow, and chicken fat is equivalent or
better than soybean biodiesel [40]. However, Sendzikiene et al. [69] showed that biofuel from animal
fats such as lard and tallow is less stable for oxidation than rapeseed and linseed oil. Fuel produced
from fats has also some disadvantages, such as the higher cold filter plugging point (CFPP) due to a
significant content of saturated fatty acids [63–65]. The CFPP refers to the lowest temperature at which
a given volume of liquid fuel will still flow through a specific filter in a specified time when cooled
under certain conditions [70]. This is an important property to cold temperature countries.
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2.7. Catalysts for Biodiesel Production

In order to increase the reaction rate, the transesterification reaction needs to be catalyzed [20].
The catalyst is a substance that increases the reaction rate without being consumed. If the catalysis

acts in the same phase as the reaction mixture is a homogeneous catalyst. However, if the catalysts acts
in different phase it is classified as a heterogeneous catalyst [26]. In this case, the chemical reaction
occurs at the interface between the two phases [71]. Figure 9 shows the different types of catalysts that
can be used in the transesterification process.

Figure 9. Different types of catalysis employed in the transesterification process.

Homogeneous catalysts have the main advantage of acting in the same phase of the reaction
mixture, so the mass transfer resistance is minimized. Depending or their nature they can be basic,
acid or enzymatic. These catalysts requires less time for a higher yield and conversion than the
heterogeneous one [72].

Currently, the most common catalysts employed in the biodiesel industry are the homogeneous
basic ones, such as sodium hydroxide (NaOH) and potassium hydroxide (KOH) that are easily soluble
in methanol [22]. Homogeneous basic catalysts, having a higher reaction rate than homogenous acid
ones, have the advantage of high biodiesel yield achieved in short reaction time under mild operating
conditions. However, high purity feedstocks are essential and such catalytic systems should not be
used with low grade fats feedstock which contains a high concentration of FFA and moisture. The
FFA reacts with the basic catalyst forming soaps (Scheme 2), which leads to the losses of catalyst and
reduced the biodiesel yields.

Scheme 2. Saponification reaction of triglycerides and Neutralization reaction of FFA (adapted
from [26]).
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The feedstocks moisture, and the water formed in the above reaction (Scheme 2), can also hydrolyze
the triglycerides into diglycerides and FFA, increasing the acidity index and decreasing the biodiesel
yields, according to the reaction in Scheme 3.

Scheme 3. Hydrolysis of triglycerides in FFA (adapted from [26]).

In order to overcome this issue, the transesterification reaction can be done in two stages. First,
FFAs are converted into esters through pretreatment of the feedstock with an acid catalyst, reducing
the FFA level (Scheme 4), followed by alkali transesterification. Another possibility is the use of a
homogeneous acid catalyst such as sulfuric acid (H2SO4) or hydrochloric acid (HCl). Acid catalysts
are not affected by FFA or water content due to their simultaneously capacity to catalyze both
transesterification and esterification reactions (Scheme 4). Although, the acid catalyzed reaction is
slower and thus, severe reaction conditions are needed, such as high reaction temperature, high acid
catalyst concentration, and high alcohol:oil molar ratio in comparison with basic catalysts.

Scheme 4. Esterification reaction of FFA (adapted from [26]).

Homogeneous catalysts cannot be separated from the reaction mixtures so they cannot be reused
or regenerated, which is their major drawback. Besides that, these are corrosive to reactors and their
separation from the reaction mixture is more difficult, requiring more complex equipment [73,74]. In
the homogeneous catalysis purification process, a large amount of water is needed to neutralize and
purify the biodiesel, producing a large quantity of wastewater, and increasing the production costs.

In the last decades, there has been a growing interest in the development and employment of
new heterogeneous catalysts for biodiesel production. Heterogeneous or solid catalysts can be easily
recovered, regenerated and reused. Depending or their nature they can be basic like alkaline earth
metal oxides (CaO, MgO), hydrotalcite, acids like zirconia and alumina-based catalysts or enzymatic,
like immobilized lipase [74,75]. Heterogeneous catalysts facilitate continuous reactor operation as they
are easily separated from the reaction medium. They also minimize biodiesel and glycerin purification
steps. Water consumption decreases because no catalyst neutralization process, and consequent steps,
are required [21,74]. Like the homogeneous basic catalysts, the performance of basic solid catalysts is
also affected by high FFA and water content, is also more active than solid acid one with mild operating
conditions requirements. Mass transfer resistance is an issue when using heterogeneous catalysts
due to the presence of three phases (oil/alcohol/catalyst) in the reaction mixture. In comparison with
a homogeneous catalyst, solid catalyst presents lower conversions requiring more severe reaction
conditions to achieve the same conversions [21,74]. Another issue to consider is the leaching of the
active phase into the reaction mixture. The catalyst leaching leads to a homogeneous contribution. The
extent of the catalyst leaching affects not only the life expectancy of catalysts and consequently their
reuse but also the biodiesel quality [76]. For these reasons the heterogeneous catalyst should not be
leaching and must be reused.
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Lipases are enzymes that can be used in biodiesel production as catalysts, belonging to the
homogeneous if used in its free form or heterogeneous group if immobilized [75]. Compared with other
catalysts, enzymes have high selectivity, the products achieved (biodiesel and glycerin) are purer and
no soaps are formed. Like acid catalysis (homogeneous or heterogeneous), enzymes have the capacity
to catalyzed both triglycerides by transesterification and FFA by the esterification reaction. The main
disadvantages are its high costs and the risk of enzyme inactivation by the short chain alcohols and
products [75,77]. A literature survey on advantages and disadvantages of both homogeneous and
heterogeneous catalysis is presented in Table 5.

Table 5. Advantages and disadvantages of homogeneous and heterogeneous catalysts in
biodiesel production.

Advantages Disadvantages

Homogeneous

Less time required with a higher yield
Mild operation condition

Base catalysts are more active than acid
Acid catalysts are not affected by the content of FFA

or water simultaneously capacity to catalyzed
transesterification and esterification reaction

Not separable from the reaction
mixture, cannot be reuse

A large amount of water is needed to
neutralize and purify the biodiesel
Base catalysts are affected by high

FFA and water content

Heterogeneous

Easily recovered, regenerated and reused
Available to batch or continuous fixed bed reactors

Requires fewer process units with a simpler
separation and purification processes

The amount of water is reduced
Base catalysts are more active than acid

Acid catalysts are not affected by the FFA or water
amount, capacity to catalyzed both

transesterification and esterification reaction

Lower conversions requiring more
severe reaction conditions to achieve

the same conversions of
homogeneous ones

Mass transfer resistance due to the
presence of three phases

(oil/alcohol/catalyst) in the
reaction mixture

Base catalysts are affected by high
FFA and water content

2.8. Homogeneous and Heterogeneous Catalytic Conversion of Animal Fats

Animal fats can be used as feedstocks to produces biodiesel through homogenously- (Table 6) and
heterogeneously- (Table 7) catalyzed processes. Tables 6 and 7 summarize the main characteristics of
both types of catalyzed processes.

2.9. Biodiesel Purification

After the transesterification reaction, biodiesel must be purified in order to accomplish the quality
specifications (ASTM D6751 or EN 14214) and for further commercialization. In heterogeneous catalysis,
in the first step, the solid catalyst can be easily recovered from the reaction mixture by filtration, instead,
homogeneous ones will be dispersed and cannot be reused.
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Biodiesel phase can be separated from the glycerin phase in a decanter by sedimentation or
centrifugation due to their density difference [99,100]. The excess alcohol used in the reaction can
be separated from both phases by evaporation or distillation. The obtained biodiesel still contains
free glycerol, soap, residual alcohol, catalyst and mono, di, and triglycerides unreacted, which must
be removed. Table 8 summarizes the main consequences of biodiesel contamination on internal
combustion engines.

Table 8. Biodiesel impurities and properties effects on internal combustion engines [101,102].

Impurities
Effects

Biodiesel Engines

FFA Low oxidation stability Corrosion

water Reduces the heat of combustion
Hydrolysis (FFA production)

Corrosion
Bacteriological growth (filter blockage)

methanol
Low values of density and viscosity
Low flash point (transport, storage,

and use problems)
Corrosion of Al and Zn pieces

glycerides High viscosity Deposits in the injectors (carbon residue)
Crystallization

metals
(soap, catalyst) -

Deposits in the injectors (carbon residue)
Filter blockage (sulfated ashes)

Engine weakening

glycerin Decantation
storage problem Increase aldehydes and acrolein emissions

Biodiesel can be purified by several processes. The most used industrial biodiesel purification
process is water washing. This method is simple, efficient and allows one to obtain biodiesel with high
purity. Distilled water, deionized water, acidulated water, acid and water or water, and an organic
solvent can be added to biodiesel [99,102,103]. Due to their water solubility, residual glycerol, methanol,
catalyst, and any soap formed during the reaction can be eliminated. Lastly, washed biodiesel need to be
dehydrated [99,103]. Biodiesel purification with water is time-consuming and produces large volumes
of wastewater which cannot be discharged in watercourses. Wastewater effluent has to be treated,
increasing the biodiesel production costs. To overcome this issue, a dry washing purification process,
using solid sorbents such as ion exchange resin, silica, activated carbon among other adsorbents, can be
adopted. This purification process is fast, easy to integrate in an industrial plant and being water-free,
no wastewater is produced lowering the production cost [102]. The main drawback is the purified
biodiesel may not meet methanol and glycerin EN 14214 specifications. Therefore, methanol and
glycerin should be removed as much as possible before the purification process [101,104]. Also, the
adsorbent cost, its recycling, and elimination can be a disadvantage [105].

Inorganic and polymeric membranes can also be employed for biodiesel purification [104].
Membrane works as a selective barrier retaining the biodiesel contaminants [105]. No water is
consumed within this process, consequently, no wastewater is produced although the addition of
a small amount of water improves glycerin retention. High-quality biodiesel meeting the required
specifications can be achieved. This process presents some issues too such as, membrane cleaning,
membrane costs and the increase of biodiesel production cost [103].

2.10. Quality Specifications

The quality of biodiesel can be influenced by several factors that may be reflected in its chemical
and physical properties. To be commercialized, biodiesel has to accomplish the quality specifications
established by institutions like the European Committee of Standardization (ISO) and the American
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Society for Testing and Materials (ASTM) (Table 9). These regulations, which are dynamic and must be
periodically reviewed, describe not only the quality requirements but also the test methods employed.

Table 9. ASTM D6751 and EN 14214 specifications of biodiesel fuels (B 100) [106,107].

Property Specification
ASTM D6751

Limit
Test

Methods
EN 14214

Limit
Test Methods

Ester content (% (m/m)) - - 96.5 EN 14103
Density at 15 ◦C (kg/m3) 880 D1298 860–900 EN ISO 3675/12185

Viscosity at 40 ◦C (mm2/s) 1.9–6.0 D445 3.5–5.0 EN ISO 3104
Cetane number Min. 47 D613 Min. 51.0 EN ISO 5165

Iodine number (g I2/100 g) - - Max. 120 EN 14111/16300
Acid value (mg KOH/g) Max. 0.50 D664 Max. 0.50 EN 14104

Pour point (◦C) -15 to -16 D97 - -
Flash point (◦C) Min. 130 D93 Min. 101 EN ISO 2719/3679
Cloud point (◦C) -3 to -12 D2500 - -

Cold filter plugging point (◦C) Max. +5 D6371 - EN 116/16329
Copper strip corrosion (3 h at 50 ◦C) No 3 D130 class 1 EN ISO 2160

Carbon residue (% (m/m)) Max. 0.05 D4530 - -
Methanol content (% (m/m)) Max. 0.20 EN 14110 Max. 0.20 EN 14110

Water content (mg/kg) Max. 500 D2709 Max. 500 EN ISO 12937

Sulfur (mg/kg)) S15 Max. 15
S500 Max. 500 D5453 Max. 10.0 EN ISO

20846/20884
Sulfated ash (% (m/m)) Max. 0.02 D874 Max. 0.02 EN ISO 3987

Phosphorus content (mg/kg) Max. 10 D4951 Max. 4.0 EN 14107/16294
Free glycerol (% (m/m)) Max. 0.02 D6584 Max. 0.02 EN 14105/EN 14106
Total glycerol (% (m/m)) Max. 0.24 D6548 Max. 0.25 EN 14105

Monoglyceride (% (m/m)) Max. 0.40 D6584 Max. 0.70 EN 14105
Diglyceride (% (m/m)) - - Max. 0.20 EN 14105
Triglyceride (% (m/m)) - - Max. 0.20 EN 14105

Distillation temperature, 90%
recovered (◦C) Max. 360 D1160 - -

Oxidation stability h (at 110 ◦C) Min. 3 EN 15751 Min. 8 EN 14112/15751
Linolenic acid methyl ester (% (m/m)) - - Max. 12.0 EN 14103

Polyunsaturated (≥4 double bonds)
Methyl esters (% (m/m)) - - Max. 1.00 EN 15779

Alkaline metals (Na+ K) (mg/kg) Max. 5.0 EN 14538 Max. 5.0 EN
14108/14109/14538

Alkaline earth metals (Ca +Mg)
(mg/kg) Max. 5.0 EN 14538 Max. 5.0 EN 14538

Total contamination (mg/kg) - - Max. 24 EN 12662

2.11. Properties of Biodiesel from Different Feedstocks

Biodiesel properties are influenced not only by raw materials but also by transesterification and
purity process. Table 10 shows a literature review of biodiesel properties from different feedstocks.
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3. Conclusions

Biodiesel obtained by alcoholysis of fats is a feasible low carbon fuel to replace the conventional
fossil diesel thus helping to mitigate the anthropogenic carbon emissions. First generation biodiesel,
obtained by methanolysis of vegetable oils, presents severe sustainability issues related to the use of
arable lands to produce energy-dedicated crops (oleaginous crops). Biodiesel sustainability issues can
be minimized by using non-edible fats such as animal fats and waste cooking oils. Replacing methanol
by ethanol could also contribute to reducing carbon emissions from biodiesel because ethanol can be
obtained by biomass fermentation, thus being a renewable alcohol.

Biodiesel production processes can be improved by replacing conventional homogeneous
(basic) catalysts with heterogeneous catalysts. Among the huge number of scientific papers on
heterogeneous catalysts for biodiesel production, the excellent performances (catalytic activity) of
calcium-based catalysts stands out but they have never been tested industrially. The lack of data on
the stability of calcium catalysts appears to be a limitation to their industrial testing. Dry-washing
purification of biodiesel, instead of the wet process nowadays in use, can also contribute to biodiesel
sustainability. Biodiesel dry-washing decreases the large volumes of wastewater generated in the
traditional purification method and cuts down the energy required in the biodiesel drying process.
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ASTM American Society for Testing and Materials
CFPP Cold Filter Plugging Point
CIS Commonwealth of Independent States
EIA U.S. Energy Information Administration
ETBE Ethyl tert-butyl ether
FAEE Fatty acid ethyl ester
FAME Fatty acid methyl ester
FFA Free fatty acid
GHG Greenhouse gas
HC Hydrocarbons
ISO European Committee of Standardization
MTBE Methyl tert-butyl ether
NOx Nitrous oxide
PM Particulate matter
SRM Specified Risk Material
TSE Transmissible Spongiform Encephalopathies
UCO Used cooking oil
WAF Waste animal fats
WCO Waste cooking oil
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103. Veljković, V.B.; Banković-Ilić, I.B.; Stamenković, O.S. Purification of crude biodiesel obtained by
heterogeneously-catalyzed transesterification. Renew. Sustain. Energy Rev. 2015, 49, 500–516. [CrossRef]

104. Atadashi, I.M. Purification of crude biodiesel using dry washing and membrane technologies. Alex. Eng. J.
2015, 54, 1265–1272. [CrossRef]

105. Reis, M.H.M.; Cardoso, V.L. Biodiesel production and purification using membrane technology. In Membrane
Technologies for Biorefining; Elsevier: Amsterdam, The Netherlands, 2016; pp. 289–307.

106. European Committee for Standardization. European Standard EN 14214: 2012+A1; European Committee for
Standardization: Brussels, Belgium, 2014; pp. 1–21.

107. U.S. Department of Energy. ASTM Biodiesel Specifications. Available online: https://afdc.energy.gov/fuels/
biodiesel_specifications.html (accessed on 5 November 2018).

108. Sakthivel, R.; Ramesh, K.; Purnachandran, R.; Mohamed Shameer, P. A review on the properties, performance
and emission aspects of the third generation biodiesels. Renew. Sustain. Energy Rev. 2018, 82, 2970–2992.
[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

114



energies

Article

Soybean Oil Transesterification for Biodiesel
Production with Micro-Structured Calcium Oxide
(CaO) from Natural Waste Materials as a
Heterogeneous Catalyst

Samuel Santos 1,*, Luís Nobre 2, João Gomes 1,3 , Jaime Puna 1,3, Rosa Quinta-Ferreira 4 and

João Bordado 1

1 CERENA–Centro de Recursos Naturais e Ambiente, Instituto Superior Técnico, Universidade de Lisboa,
Av. Rovisco Pais, 1, 1049-001 Lisboa, Portugal; jgomes@deq.isel.pt (J.G.); jpuna@deq.isel.pt (J.P.);
jcbordado@tecnico.ulisboa.pt (J.B.)

2 CQE–Centro de Química Estrutural, Instituto Superior Técnico, Universidade de Lisboa Av. Rovisco Pais, 1,
1049-001 Lisboa, Portugal; lcnobre@fc.ul.pt

3 Área Departamental de Engenharia Química, Instituto Superior de Engenharia de Lisboa, Instituto
Politécnico de Lisboa, R, Conselheiro Emídio Navarro, 1, 1959-007 Lisboa, Portugal

4 Faculdade de Ciências e Tecnologias, Universidade de Coimbra, R. Sílvio Lina s/n, 3030-790 Coimbra,
Portugal; rosaqf@eq.uc.pt

* Correspondence: samuelpsantos@tecnico.ulisboa.pt; Tel.: +351-218-417-755

Received: 21 October 2019; Accepted: 6 December 2019; Published: 9 December 2019
��������	
�������

Abstract: In this study, micro-structured calcium oxide obtained from the calcination (850 ◦C for
3 h) of Gallus gallus domesticus (chicken) eggshells was used as a catalyst in the transesterification
of soybean oil. This catalyst was characterized by Scanning Electron Spectroscopy (SEM) methods.
The structure of the obtained CaO showed several agglomerates of white granular solids with a
non-regular and unsymmetrical shape. In terms of calcium oxide catalytic activity, three different
catalyst loadings (1%wt, 3%wt, and 5%wt) were tested for the same reaction conditions, resulting
in transesterification yields of 77.27%wt, 84.53%wt, and 85.83%wt respectively. The results were
compared to the current literature, and whilst they were lower, they were promising, allowing us to
conclude that the tendency of yield improvement for this reaction, when the size range of catalyst
particles is to be reduced to a nano scale, can be verified.

Keywords: biodiesel; calcium oxide; transesterification; eggshell; solid base heterogeneous catalyst;
micro- and nano-structured catalysts

1. Introduction

Currently, due to the continuous growth of the world’s population, there is a high energy demand
in both the industrial and domestic sectors, as well as an increase in public awareness about pollution
and the overuse of fossil fuels. This has led to a rise in interest regarding research on alternative
renewable energy sources [1–3].

Of the most common renewable energy sources for road transportation, i.e., hydrogen, natural
gas, syngas, and biofuel, the latter is the most suitable, environmentally-friendly, and the only one
which is ready to be used in vehicles equipped with internal combustion engines (ICE). Biodiesel (from
the Greek, bio, life + diesel, from Rudolf Diesel) is the world’s most famous biofuel. It is a preferred
alternative for petrodiesel (diesel from petroleum oil) in ICE, due to its benefits, such as its availability,
non-toxicity, and similar cetane-number, as well as the fact that it can be used directly or in blends with
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conventional diesel without any need for revamping and even improves the diesel fuel lubrification
properties [3–5].

In terms of industrial application for biodiesel production, homogeneous catalysts, such as NaOH
and KOH, are usually preferred, but their removal is rather complex and sometimes polluting, bringing
extra costs to the final product [6–8]. Considering heterogeneous catalysts for the transesterification
reaction, calcium oxide (CaO) is a widely-used catalyst due to being cheap, non-corrosive, economically
benign, and easy to handle, in addition to having a high basicity compared to homogeneous base
catalysts [2]. It can be obtained from natural sources through the calcination of waste egg and oyster
shells (~95% CaCO3) at 850 ◦C for 3 h, exhibiting high activity for the transesterification of soybean oil
due to its superior basic strength [9,10].

On the other hand, heterogeneous catalysts are, for the time being, somewhat time consuming,
still inefficient, and still present problems related to mass transfer limitations. One solution regarding
this problem might be the use of micro- or nano-structured catalysts, as new heterogeneous
catalysts [1,11–14]. Using these based CaO catalysts, it would be possible to overcome some of
these issues, as they present a higher surface area and catalytic activity, thus allowing a significant
improvement in the transesterification efficiency to be achieved, resulting in faster reactions, i.e., shorter
reaction times, low reaction temperatures, and lower catalyst loadings.

Nanocatalysts have recently become the focus of recent research. Reddy et al. (2006) [15] showed
that a nanocrystalline CaO was an efficient catalyst for producing biodiesel with high yields at room
temperature using soybean oil and poultry fat as raw materials. Hu et al. (2011) [16] developed a
nanomagnetic solid base catalyst, KF/CaO-Fe3O4, based on a magnetic Fe3O4 core. In a reaction carried
out at 65 ◦C with a methanol/oil molar ratio of 12:1 and a catalyst concentration of 4% weight related to
oil, the biodiesel yield exceeded 95% at 3 h of reaction time. Wen et al. (2010) [17] concluded that the
solid base catalysts KF/CaO can be used for biodiesel production with a yield of more than 96%. Kaur
et al. (2011) [18] prepared a 1.75 Li-CaO (1.75% weight lithium impregnated CaO) catalyst, which,
in the optimized conditions for the transesterification of Karanja and Jatropha oils, could achieve over
a 99% conversion of oils to fatty acid methyl esters (FAME).

In the present work, the use of CaO from natural sources, in this case, chicken eggshells, which
were then grinded, as a catalyst in the transesterification of soybean oil was studied. The obtained
particles from the calcination of the calcium carbonate present in the shells were converted into calcium
oxide and then analyzed by Scanning Electron Microscopy (SEM) to assess their structure and particle
size. This is an intermediate study regarding the use of nano-structured heterogeneous catalysts for the
improved obtention of biodiesel. The results for the soybean oil transesterification will be, in the future,
used as a benchmark for a comparison with nanocrystalline CaO catalysts that are currently being
studied and prepared by this research team using the Supercritical Anti-Solvent (SAS) method [19–23].
This technique consists of solubilizing CaO into conventional liquid solvents. These solvents are then
saturated by supercritical CO2, resulting in the controlled precipitation of nanocrystalline CaO by the
anti-solvent effect [24,25]. Therefore, it will be possible to optimize the nanoparticle size by tuning the
operational conditions.

2. Materials and Methods

2.1. Materials

Soybean oil was purchased from a local supermarket in Lisbon, Portugal. Methanol was used in
the form of laboratory grade (MeOH; >99% pure). Gallus gallus domesticus (chicken) eggshells were
collected from several households.
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2.2. Preparation of the CaO Catalyst

The eggshells were washed several times with boiling water and then left to dry overnight at
100 ◦C. After that, the shells were grinded and the obtained solids were sieved into a fine powder using
a 30 Mesh (<500 μm) strainer.

For benchmark tests, the calcination was performed for 3 h at 850 ◦C, with a heating rate of
5 ◦C/min. The calcium carbonate present in these shells was converted into calcium oxide (CaO),
as shown in the equation below:

CaCO3(s)
850 ◦C→ CaO(s) + CO2(g). (1)

The obtained calcium oxide was then used as a solid base heterogeneous catalyst for the soybean
oil transesterification reaction.

2.3. Catalyst Characterization

Scanning Electron Microscopy images were obtained (JEOL 7100F with an Oxford light elements
Energy-dispersive spectroscopy (EDS) detector and Electron backscatter diffraction (EBSD) detector) in
order to characterize the produced calcium oxide’s morphology and particle size.

Dynamic light scattering graphics were also obtained (Microtrac NANO-flex 180◦ DLS size) to
characterize the calcium oxide’s particle size distribution.

2.4. Soybean Oil Transesterification

The transesterification of soybean oil was performed using the CaO resulting from the eggshell
calcination and further grinding as the catalyst.

The transesterification reaction took place in a 25 mL flask. In total, 5 g of soybean oil was weighted
and heated in a water bath to achieve the reaction temperature of methanol reflux (65 ◦C). Then,
2.24 g of methanol was weighted and placed inside the reaction flask. The amount of methanol used
corresponded to a methanol/oil molar ratio of 12:1. These conditions resulted from work previously
developed within this research group on the transesterification of triglycerides using calcium-rich
heterogeneous catalysts and the optimization studies then performed [26–29].

Three different catalyst loadings were tested: 1%, 3%, and 5% (w/w, oil basis). The catalysts were
added to the methanol, and the mixture was stirred at a high velocity rate. When the methanol reflux
temperature was reached, the soybean oil was slowly added to the previous mixture.

Tests with different reaction times were also performed, ranging from one to five hours. Then, the
mixture was filtered and placed inside a separation funnel to allow separation of the FAME phase
from the glycerol phase.

The yield of the transesterification reaction was calculated using the following equation:

Biodiesel yield (%) =
Measured weight of FAME

Theoretical weight of FAME
× 100. (2)

The theoretical weight of FAME was calculated using the stoichiometry of the transesterification
reaction, as shown in Figure 1.
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Figure 1. The transesterification of triglycerides and the three steps followed to obtain fatty acid methyl
esters (FAME) [4].

3. Results

3.1. Characterization of the Catalyst

3.1.1. SEM Analysis

SEM micrographs of the CaO obtained from the calcination of Gallus gallus domesticus (chicken)
eggshells were used to identify the morphology of the resulting white powder, as shown in Figure 2.

 

Figure 2. Scanning Electron Spectroscopy (SEM) microstructures of the CaO obtained from the
calcination of eggshells. Eggshells were washed and left to dry overnight at 100 ◦C, crushed by mortar,
and calcined at 850 ◦C for 3 h. Magnification and bars: (a) 500×, 10 μm; (b) 5000×, 1 μm; (c) 10,000×,
1 μm; (d) 30,000×, 100 nm.
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3.1.2. Dynamic Light Scattering (DLS) Analysis

The characterization of calcium oxide obtained from the calcination of chicken eggshells was also
performed by analyzing the size distribution for the particles. Dynamic light scattering allowed us to
assess the size distribution range, which is shown in Figure 3.

Figure 3. Dynamic light scattering analysis of calcium oxide obtained from eggshells, showing the size
range of calcium oxide particles.

3.2. Catalytic Activity

The catalytic activity of the obtained CaO was tested in a bench scale setup at methanol’s reflux
temperature. The purpose of this experimental work was to assess the optimal reaction conditions
for the transesterification of the soybean oil, more specifically, considering the reaction time and
catalyst loading. The catalyst loading of 5% and the molar ratio of methanol/oil were previously
tested within this research group [26–29]. This was considered a good starting point regarding the
evaluation of using calcined eggshells as a heterogeneous catalyst for the transesterification of soybean
oil. Additionally, an excess of methanol was necessary, in order to guarantee that the equilibrium
shifted towards the products, due to the fact that the transesterification of fatty acids is a reversible
reaction, as shown in Figure 3 [5,30].

As shown in Figure 4, for the same molar ratio of methanol/oil (12:1), a catalyst loading of 5%
presents the best result in terms of the fatty acid conversion yield, reaching a maximum of 85.83%
conversion in only three hours of reaction.
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Figure 4. Effect of the reaction time on the FAME yield for three different catalyst loadings.

For the other two catalyst loadings, although the obtained yields are not as high as for the
5% loading, the results for the catalyst loading of 3% exhibit conversion yields in the same range.
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A maximum of 84.53% was obtained, for this loading, when the reaction had been running for
two hours.

As for the lowest catalyst loading (1%), the highest achievable yield was 77.27%. It is expected
that the micronization of this catalyst into nano-structured CaO will result in an increase of its activity,
meaning that, possibly, lower amounts will be needed to obtain at least similar FAME yields. In fact,
it is expected that FAME yields could be even higher.

4. Discussion

4.1. SEM Analysis

The morphology of the CaO obtained from the calcination of chicken eggshells showed
well-developed and defined particles. The structure of the obtained CaO showed several agglomerates
of white granular solids, which displayed a non-regular and unsymmetrical shape.

Comparing the obtained morphology with several other studies, it was possible to notice that the
observed structure was quite similar. All the micrographs exhibited white non-regular solids where
the only noticeable divergence between the various micrographs was the general particle size [31–36].

By analyzing the SEM micrographs for the obtained CaO, it is possible to assume a general
particle size smaller than one micron (<1 μm), which, for CaO obtained from calcined eggshells, is the
most common size range. Although the particles are smaller than 1 μm, they are not yet in the nano
particle range. According to IUPAC (International Union of Pure and Applied Chemistry) the particle’s
dimensions have to be within the 1–100 nm range in order to be classified as nano [37].

It is expected that, with the implementation of the SAS micronization technique in the future,
the CaO particles will become considerably smaller (<100 nm), presenting a regular and symmetrical
shape, and thus become nanoparticles.

4.2. DLS Analysis

The size of the obtained CaO particles appears to be distributed within a small region of the
nanometric scale.

By analyzing the DLS graphic, it is possible to confirm that that the obtained CaO particle size
distribution lies in the narrow gap between 450 and 600 nm, so is indeed smaller than one micron
(<1 μm), as mentioned before.

Moreover, it is expected that with the implementation of the SAS technique, CaO nanoparticles
with a more homogeneous particle size distribution will be obtained.

4.3. Catalytic Activity

Figure 4 shows the effect of the reaction time on the FAME yields for the three studied catalyst
loadings (1%, 3%, and 5%). When comparing this data with that reported from different studies using
CaO waste materials as heterogeneous catalysts (Table 1), it is possible to notice that, for different fatty
acid feedstocks, in similar reaction conditions, analogous types of catalysts, and catalytic treatments,
the obtained results in this study show that, in terms of the transesterification yield, there is still room
for improvement using this catalyst. The low yield values could be due to the existence of internal
mass transfer limitations, which are related to the hindrance of triglyceride molecules in the CaO
micropores and hence, the catalytic activity of the CaO particles is somewhat low. If the size of the CaO
particles was reduced to nanoscale material, its surface area would be higher than before, allowing
for a lessening of the effect of internal mass transfer limitations, resulting in higher catalytic activity,
higher transesterification yields, and shorter reaction times.

Therefore, with the use of nanocatalysts that are currently being prepared, the obtained yields
will increase and be in the same size range as that described by Wei et al. (2009).
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5. Conclusions

CaO waste materials have the potential to be used as micro-structured (and possibly
nano-structured) solid base catalysts in the transesterification of triglycerides for the production
of biodiesel.

In terms of results for catalyst characterization, SEM micrographs showed agglomerates of
granular solids with a non-regular shape, which is common for CaO originating from eggshells.

DLS analysis exhibited particle size distributions in the range of 450 to 600 nm, which means
that the obtained solid did not reach a nanoscale. Therefore, there is a need for the application of a
micronization technique, such as the Supercritical Anti-Solvent (SAS) method, to achieve particle size
distributions below 100 nm (nanoscale).

Regarding the catalyst’s activity, it showed somewhat lower transesterification yields when
compared with existent literature. These results will be used as a benchmark in the near future, when
the transesterification reaction of soybean oil into biodiesel using CaO nanostructured catalysts will be
performed and the effect of particle size reduction on the reaction kinetics will be studied. Nevertheless,
this study, as an intermediate work, clearly confirms the tendency of yield improvement when the size
range of catalyst particles is to be reduced to the nano scale.
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