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José Marı́a Encinar Martı́n and Sergio Nogales-Delgado

Editorial: Biomass Derived Heterogeneous and Homogeneous Catalysts, 2nd Edition
Reprinted from: Catalysts 2023, 13, 339, doi:10.3390/catal14060339 . . . . . . . . . . . . . . . . . . 1

Maryam Hanif, Ijaz Ahmad Bhatti, Khurram Shahzad and Muhammad Asif Hanif

Biodiesel Production from Waste Plant Oil over a Novel Nano-Catalyst of Li-TiO2/Feldspar
Reprinted from: Catalysts 2023, 13, 310, doi:10.3390/catal13020310 . . . . . . . . . . . . . . . . . . 5

Maryam Hanif, Ijaz Ahmad Bhatti, Muhammad Asif Hanif, Umer Rashid, Bryan R. Moser,

Asma Hanif and Fahad A. Alharthi

Nano-Magnetic CaO/Fe2O3/Feldspar Catalysts for the Production of Biodiesel from Waste Oils
Reprinted from: Catalysts 2023, 13, 998, doi:10.3390/catal13060998 . . . . . . . . . . . . . . . . . . 22

Sadaf Khosa, Madeeha Rani, Muhammad Saeed, Syed Danish Ali, Aiyeshah Alhodaib and

Amir Waseem

A Green Nanocatalyst for Fatty Acid Methyl Ester Conversion from Waste Cooking Oil
Reprinted from: Catalysts 2024, 14, 244, doi:10.3390/catal14040244 . . . . . . . . . . . . . . . . . . 36
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Preface

In the near future, catalysts will have a vital role in the sustainable implementation of new

technologies, contributing to enhanced efficiency and a circular economy, among other factors.

This reprint focuses on the use of heterogeneous and homogeneous catalysts in biomass

conversion for multiple purposes such as energy and chemical production. Thus, a wide range of

research is included in this collection, providing interesting and innovative findings about new and

sustainable catalysts for these purposes. We hope this reprint provides a valuable complement to

your research.

José Marı́a Encinar Martı́n and Sergio Nogales Delgado

Editors
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1. Introduction

There are plenty of challenges related to the current energy situation. For instance,
conventional energy sources, mainly derived from petroleum or oil, are continuously
decreasing due to different factors such as population growth, continuous industrialization
(including developing areas), and unsustainable transportation models. On the other hand,
energy dependency due to traditional energy sources is a real menace for those countries or
regions without any alternatives, as geopolitical factors are becoming increasingly present
in international settings, making prices unstable in many sectors, such as energy, raw
materials, etc. [1].

As a consequence, this situation is a global concern, and many of the above-mentioned
problems have sought to be avoided through the use of sustainable alternatives, such as
the implementation of green chemistry or circular economy policies, where biorefineries
can play an important role [2]. In that sense, the production of biofuel and bioproducts that
can present properties compared to equivalent compounds derived from oil can contribute
to the implementation of these facilities. However, there are also some challenges that new
research should address, such as the possible competition between food and land use or
the impacts of biomass processing [3]. In these cases, the valorization of waste could be
interesting, and the use of catalysts could alleviate some of the related problems by making
these processes more efficient and allowing new processes to reduce the environmental
impact of these practices.

Even though these processes are very different (covering a large number of natural
raw materials and wastes, including endless opportunities for their valorization), they
share some common points. For instance, new research focuses on innovative sources, such
as the use of oilseed crop residues [4], lignocellulose [5,6], or microalgae [7], to produce
biofuels and biochemicals in different ways, such as using thermochemical (including,
for instance, hydrothermal gasification [8]), physicochemical, or chemical processes [9].
On the other hand, the conversion of biomass could offer products with very competitive
properties compared to traditional ones (as in the case of alcohols obtained from furfural),
demonstrating their added value [10]. In any case, these processes should present high
atom economy and energy efficiency, which can be achieved via the use of catalysts, mainly
in order to reduce the activation energies of chemical reactions. Thus, homogeneous and
heterogeneous catalysts are used, including enzymes (as in the case of immobilized lipases
for biodiesel production [11,12]). In that sense, new sustainable catalysts are obtained, for
instance, from wastes to produce biochar (a bioproduct by itself with many uses [13]) or
nanocatalysts [14] that could act as catalysts if they are suitably prepared [15] for biofuel
and bioproduct synthesis.

2. An Overview of Published Articles

Considering the above, this Special Issue aims to cover new trends in the use of
catalysts for biofuel and bioproduct generation, addressing the above-mentioned challenges.

Catalysts 2024, 13, 339. https://doi.org/10.3390/catal14060339 https://www.mdpi.com/journal/catalysts1
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As inferred in the Introduction, there is a wide variety of alternatives that can be used
to make biofuel and bioproduct generation competitive and efficient through the use of
catalysts, and this Special Issue only mentions a sample of the possibilities proposed by the
scientific community.

Some studies have focused on the valorization of waste and the introduction of in-
novative catalysts, as in the case of the work carried out by Hanif et al. (Contribution
1), who used different waste plant oils to produce biodiesel through transesterification
using a novel nano-catalyst (Li-TiO2/feldspar). The use of heterogeneous catalysts is a
challenging and interesting approach in this process, which could considerably reduce the
number of post-treatments to purify the final biodiesel. However, lower yields compared
to homogeneous catalysts are usually obtained. In this study, high conversions (above 90%)
were obtained at relatively low temperatures (50–60 ◦C) and typical catalyst concentrations
(2%), requiring high methanol/oil ratios (usually 10:1). The properties of the biodiesel
that was obtained complied, in general, with standard requirements. The same authors
of the previous study (Contribution 2) produced biodiesel from waste oils using novel
nano-magnetic CaO/Fe2O3/feldspar catalyst, the use of which allowed high-yield ranges
(93.6–99.9%) at low temperatures (40 ◦C) for 2 h, with methanol/oil ratios ranging from
5:1 to 10:1. Equally, the use of environmentally-friendly and reusable catalysts is the main
subject of the work carried out by Khosa et al. (Contribution 3), where the synthesis of com-
bined CaO nanocomposite and cellulose nanocrystals was carried out to produce biodiesel
from waste cooking oil, with high conversion levels and the possibility of regeneration of
the catalyst (up to three cycles without any changes in catalytic performance).

In that sense, biodiesel production can present a starting point for a biorefinery con-
cept, for instance, to produce biolubricants. Thus, Nogales et al. (Contribution 4) carried
out a review study centered around the factors that affect catalytic performance during
biolubricant production, and they found that it contributed to high conversions of raw ma-
terials (including residues like waste cooking oil), obtaining a final product with interesting
and versatile properties depending on the operating conditions.

One recurring byproduct obtained in many syntheses covered in this Special Issue
(especially concerning biodiesel production from fatty acids) is glycerol, which can be used
in different reactions to produce energy or a wide range of products. For instance, in the
study carried out by Cornejo et al. (Contribution 5), glycerol was used to produce higher
tert-butyl glycerol esters through acid-catalyzed etherification with tert-butanol, employing
p-toluensulfonic acid as a catalyst.

In the same way, there are other wastes that can be valorized. For instance, Olivares-
Marín et al. (Contribution 6) optimized the hydrothermal carbonization of a waste derived
from the removal of an invasive floating plant (water hyacinth) by adjusting Al and Fe
content during this process. Thus, an interesting porous carbon was obtained, presenting
a feasible alternative for the environmental management of this invasive species. In
the same way, the valorization potential of biomass containing glucose (for instance, in
agricultural or forest residues) via isomerization to fructose and subsequent dehydration
to obtain 5-hydroxymethylfurfural (HMF) was studied by David et al. (Contribution 7).
In this study, an effective catalytic consortium was used with the following operating
conditions: CX4SO3H/NbCl5 (5 wt%/7.5 wt%) using water/NaCl and MIBK (1:3) at
150 ◦C for 17.5 min. The resulting catalyst was successfully reused up to seven times,
keeping the HMF yield constant. Considering HMF as the cornerstone for the synthesis
of biofuels and fine chemicals, Mitra et al. (Contribution 8) used hybrid phosphonates for
5-HTC production from carbohydrates derived from biomass, obtaining yields exceeding
90% through microwave-assisted reactions. Parralejo Alcobendas et al. (Contribution 9)
also offered a study where the role of nanoparticles was important in biogas production
from pepper waste and pig manure, increasing the methane production rate. For energy
exploitation, biogas steam reforming is an important resource that can be used to produce
hydrogen, the catalytic process of which is essential to improve its efficiency. As explained
by Nogales et al. (Contribution 10), there are different key factors that clearly affect catalytic
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steam reforming, like the presence of H2S, coke deposition, or sintering, and the synthesis
of innovative and resistant catalysts is required for this purpose.

To sum up, the studies that are included in this Special Issue are diverse, and they
focus on different aspects like catalyst optimization or the search for new raw materials,
including a wide range of wastes that can be used to valorize them.

3. Conclusions

In conclusion, the studies covered in this Special Issue pointed out some interesting
ideas, like the following:

• The latest research has focused on waste valorization as a means to produce both
energy and high-value products, with interesting properties that can be used to replace
traditional energy sources, such as petrol-based products;

• The use of catalysts has made these different processes more competitive, presenting
an interesting starting point for the implementation of such technologies at an industry
level in a biorefinery context.

• Operating conditions have an important impact on catalytic performance and the
quality parameters of final products.

• New challenges should be addressed, like an increase in the life cycle of catalysts or the
requirement of exergy analyses to obtain a real grasp of the above-mentioned processes.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: A novel Li-impregnated TiO2 catalyst loaded on feldspar mineral (Li-TiO2/feldspar) was
synthesized via a wet impregnation method and was characterized using X-ray diffraction (XRD),
scanning electron microscopy (SEM), and Fourier transform infrared (FTIR) analysis. Using these
techniques, it was possible to confirm the catalyst’s structural organization with a high crystallinity.
This catalyst was used in the transesterification of five waste plant oils of Citrullus colocynthis (bitter
apple), Pongamia pinnata (karanja), Sinapis arvensis (wild mustard), Ricinus communis (castor) and
Carthamus oxyacantha (wild safflower). The catalytic tests were performed at temperatures ranging
from 40 to 80 ◦C, employing a variable methanol/ester molar ratio (5:1, 10:1, 15:1, 20:1 and 25:1) and
different catalyst concentrations (0.5%, 1%, 1.5%, 2% and 2.5%) relative to the total reactants mass.
Conversion of 98.4% of fatty acid methyl esters (FAMEs) was achieved for Pongamia pinnata (karanja).
The main fatty acids present in bitter apple, karanja, wild mustard, castor and wild safflower oils
were linoleic acid (70.71%), oleic acid (51.92%), erucic acid (41.43%), ricinoleic acid (80.54%) and
linoleic acid (75.17%), respectively. Li-TiO2/feldspar produced more than 96% for all the feedstocks.
Fuel properties such as iodine value (AV), cetane number (CN), cloud point (CP), iodine value (IV),
pour point (PP) and density were within the ranges specified in ASTM D6751.

Keywords: Li-TiO2; catalyst; feldspar; biodiesel; wild mustard

1. Introduction

The world’s primary sources of energy are fossil fuels, but due to the limited reservoirs
remaining and the production of huge amounts of greenhouse gases during combustion,
they are non-viable energy sources [1]. The emissions resulting from fossil fuel combustion
adversely affect both the environment and human health [2]. Fossil fuels are continuous
sources of emissions. Biodiesel (BD) is a useful alternative to fossil fuels [3]. BD com-
prises mono-alkyl esters of long-chain fatty acids (FA) [4]. Biodiesel is a renewable and
biodegradable clean-burning fuel with low exhaust emissions.

The increasing interest in BD production is due to its ability to use unlimited feedstocks.
High yield and low production cost are most significant aspects of ideal feedstocks. Usually,
the raw material cost covers ~60–80% of the total production cost of BD [5]. The best
feedstocks for biodiesel production have a low cost, high oil contents and are regionally
available [6]. Different edible oils and microorganisms such as bacteria, microalgae, yeast,
and fungi can be used for biodiesel production [7]. Edible plants as feedstocks for biodiesel
are not good candidates for biodiesel production, as this will result in increased food
prices [8]. The manufacturing cost has increased 70–92% because of the rise in edible oils’
cost, thus stimulating biodiesel manufacturing from non-edible oils [9]. The use of non-
edible oils removes the food verses fuel debate related to biodiesel’s production from edible
oils [10]. Moreover, non-edible oils are more efficient, economical, and environmentally
friendly, and the reduce the deforestation rate, as they are easily available in wastelands

Catalysts 2023, 13, 310. https://doi.org/10.3390/catal13020310 https://www.mdpi.com/journal/catalysts5
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that are not appropriate for food crops. Recently, non-edible oils have been considered
as potential feedstocks for BD production. Pongamia pinnata, usually known as karanja,
is a medium-sized glabrous perennial tree that grows in littoral regions of Australia and
Southeastern Asia. The yield is 8–24 kg of oilseed per tree [11]. Carthamus oxyacantha is a
1.5 m-tall, spiny-leaved annual herb, belonging to the family Asteraceae, generally known
as wild safflower. This species is not eaten by livestock. It also reduces the yield of cereal
crops [12]. It grows on any land and has no production costs prior to harvesting operation.
It is resistant to harsh environmental conditions and dry climates [13]. Citrullus colocynthis
plant oil was discovered as a new option for biodiesel production. Its seeds contain 47% oil.
Sinapis arvensis L. (wild mustard) is a wild plant with high oil yields. It grows in calcareous
soils. Ricinus communis (castor plant) can also be explored as a potential resource for BD
production. Its seeds contain 40–60% oil.

All vegetable oils are very viscous, and their viscosities are 10–20 times higher than
that of diesel fuel [14]. To overcome the challenges associated with vegetable oils, an effec-
tive method is the conversion of these oils into FAME [11]. The most common and widely
accepted method for biodiesel production is transesterification. Transesterification is a reac-
tion between triglyceride from vegetable oils/animal fats and alcohol using a catalyst [15].
Transesterification requires normal conditions and provides the best quality and efficiency
of converted fuel [16]. Biodiesel and glycerol are produced during transesterification [17].
Glycerol, a valuable byproduct of this reaction, is used in various industries [18].

The overall cost of the process will increase and requires a long time for transester-
ification in the absence of a catalyst [1]. Homogenous and heterogeneous catalysis are
conventionally carried out to produce biodiesel. Heterogeneous catalysts are better than
homogeneous catalysts because they are easier to use, experience less contamination of the
product and co-products, their separation from the medium is easier, and they option of
regeneration and reuse [19]. Some drawbacks of these catalysts include the requirement
for a greater quantity and availability of surface area, which results in reduced overall
catalytical activity. Hence, heterogenous nano-catalysts could play a prominent role not
only in producing higher yields of biodiesel, but also a better quality in a shorter reaction
time. TiO2 has gained popularity as a heterogenous catalyst because of its mesoporous
structure, providing it with a larger surface area and several additional properties such as
environmental friendliness, durability and low cost as compared to conventional nanoma-
terials [20]. Lithium doping of TiO2 increases its transesterification ability significantly [19].

The catalytic supports could play an effective role in the production and separation
of catalysts from the reaction mixtures. The primary role of the catalytic support is to
provide stability to small metal catalyst particles [21]. The catalyst supports not only
provide support to catalysts, but are also helpful in increasing their surface area [22]. The
most used catalytic supports are zirconium dioxide, aluminum oxides, alumino silicates,
magnesium oxide, silica gel, and titanium oxide. The use of clay materials has some
advantages as compared to other supports, such as operational simplicity, high selectivity,
low cost, and reusability [23]. Feldspar comprises more than half of the Earth’s crust and is
the most abundant mineral. Feldspar minerals consist of tectosilicates. Tectosilicates are
silicate minerals containing silicon ions linked by shared oxygen ions to form a 3D network.
Hence, feldspar provides a 3D surface area for catalyst anchoring [24]. The current study
is focused on biodiesel synthesis using a novel Li-impregnated TiO2 catalyst loaded on
feldspar minerals.

The current study is focused on biodiesel production from waste plant oils of
Citrullus colocynthis, Pongamia pinnata, Sinapis arvensis, Ricinus communis, and Carthamus oxyacantha,
utilizing a Li-incorporated titanium oxide catalyst supported on feldspar minerals (Li-
TiO2/feldspar). The catalytical support was also prepared from waste or low-cost
materials including clay minerals. Lithium-doped TiO2 supported on feldspar has been
used as a low-cost novel catalyst for the conversion of waste seed oils into biodiesel.
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2. Results and Discussion

2.1. Seed Oil Yield (%)

Oil was extracted from ground seeds of five different nonedible feedstocks such as
Pongamia pinnta (karanja), Sinapis arvensis (wild mustard), Carthamus oxyacantha (wild
safflower), Ricinus communis (castor oil) and Citrullus colocynthis (bitter apple) by means of
the screw press method. The percentage oil yield of the five different plants using 20 kg
of seeds of each feedstock is shown in Table 1. The oil content of the extracted castor
oil, karanja, wild mustard, wild safflower, and bitter apple seeds before the conversion
to biodiesel (crude oil) was 39.2%, 37.05%, 32.5%, 29.55%, and 17.95%, respectively. The
percentage oil yield was calculated using Equation (1).

Yield % =
Weight o f oil

Weight o f seeds
× 100 (1)

Table 1. Percentage oil yield of five different seeds.

Seeds Type
Seed Weight

(kg)
Oil Weight

(kg)
Yield
(%)

Karanja 20 7.41 37.05

Wild mustard 20 6.50 32.5

Wild safflower 20 5.91 29.55

Castor oil 20 7.84 39.2

Bitter apple 20 3.59 17.95

2.2. X-ray Diffraction (XRD) Analysis

Feldspar has a main sample peak of KAlSi3O8 in XRD spectra, as shown in Figure 1a.
Intense sharp diffraction peaks were observed in XRD at a low angle position, 2θ = 26.63◦,
which shows mesopores with a uniform diameter. The diffraction peaks at 2θ of 20.86◦,
36.54◦, 39.49◦, 40.28◦, 42.44◦, 45.78◦, 50.14◦, 54.87◦, 55.318◦, 59.95◦, 60.12◦, 64.06◦, 67.73◦,
68.12◦, 68.3◦ were identified, showing the single phase of a highly ordered structure. The
crystal size was calculated from the Debye–Scherrer equation. The average size of feldspar
crystals was 41.83 nm.

Since the catalyst with 20% Li content provided the highest conversion yield, the XRD
pattern of 20% Li-TiO2 supported on feldspar is shown in Figure 1b. The diffraction peaks
were assigned to the Li2TiO3 phase at 2θ of 20.65◦, 36.38◦, 39.2◦, 54.68◦ and 59.80◦. Li2O
diffraction peaks were not detected for Li-loaded samples, as also noted previously [25].
Feldspar showed intense sharp diffraction peaks at 2θ = 26.65◦, 50◦, 67.96◦. The average
crystallite size of the Li-TiO2/feldspar catalyst was determined as 19 nm by means of the
Scherrer equation, and thus the catalyst exhibited a nanoparticle character. The higher
particle size has a lower surface area.

2.3. Fourier Transform Infrared Specroscop (FTIR) Analysis

The FTIR spectrum of feldspar is shown in Figure 2a. Feldspars are igneous alumi-
nosilicate minerals. The absorption peaks shown by pure feldspar at 775.3, ~776, 693,
1080 cm−1 were due to the stretching vibration of Si–O–Si, the SiO2 bearing bond, the
bending vibrations of silicon-oxygen, and the stretching vibrations of Si–O–Al, respectively.
H–O–H bending vibrations were observed at 2102 cm−1 and 2318 cm−1 [26,27].

The FTIR spectrum of 20% Li-TiO2 supported on feldspar is shown in Figure 2b. The
bands at 1507 cm−1 and 1457 cm−1 are assigned to the specific characteristic of the Li–O–Ti
bond [28]. The small band at the wavelength of 1090 cm−1 can be ascribed to the presence
of aluminosilicates. The peaks at 2322 cm−1, 2342 cm−1 and 2372 cm−1 were due to H–O–H
bending vibration.
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Figure 1. XRD of (a) feldspar (catalyst support) and (b) 20% Li-TiO2/feldspar.

Figure 2. FTIR of (a) feldspar and (b) 20% Li-TiO2/feldspar.
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2.4. Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray Analysis (EDX) Analysis

SEM/EDX for feldspar nanoparticles can be seen in Figure 3. The obtained micro-
graphs of samples were of high crystallinity and non-uniform size. The K-feldspar showed
a mesoporous lamellar structure. Due to its multiplicity and complex interfaces, a crossed-
lamellar structure provides a high surface area [29,30].

(a)

(b)

Figure 3. Cont.
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(c)

(d)

Figure 3. SEM images of (a) feldspar at 200 nm, (b) feldspar at 500 nm, (c) Li-TiO2/feldspar at 200 nm,
(d) Li-TiO2/feldspar at 500 nm.

The SEM/EDX images of Li-TiO2 supported on feldspar are displayed in Figure 3.
SEM image shows the presence of embedded grains without sharp boundaries. The ag-
glomeration of small grains to form large grains can be clearly observed in the images. This
resulted in the appearance of small nano holes on the surface of the composite [31]. The
dark spots represent the porosity in the sample. Porous materials increase the specific sur-
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face area and thus increase the catalytic activity. The EDX spectrum for Li-TiO2 supported
on feldspar was obtained in order to confirm the chemical composition of the sample. The
spectrum depicts (Figure 4) the presence of all of the elements, i.e., O, Si, Ti, Fe and Al,
with weight percentages of 57.75%, 18.77%, 5.68%, 1.22% and 0.75%, respectively. All of the
elements in the sample were detected, except for lithium (Li), due to the inability of the
EDX technique to detect small-Z elements [32].

Figure 4. EDX of 20% Li-TiO2/feldspar.

2.5. Effect of the Li to TiO2 Percentage Weight Ratio

The weight ratio of the Li to TiO2 percentage is shown in Table 2. The results show
that impregnation with 20 wt% Li exhibited the highest conversion under the reaction
conditions of a 5:1 methanol:oil ratio, for a reaction time of 120 min, at 40 ◦C and with a 1%
catalyst concentration.

Table 2. Biodiesel yield (%) using Li-TiO2/feldspar nanocatalysts.

Catalyst

Biodiesel Yield
(%)

Karanja
Wild

Mustard
Castor

Wild
Safflower

Bitter
Apple

10% Li/TiO2/feldspar 85.0 ± 0.5 81.0 ± 0.8 76.6 ± 0.2 83.0 ± 0.9 78.2 ± 0.2

20% Li/TiO2/feldspar 86.1 ± 0.8 89.1 ± 0.5 87.4 ± 0.3 89.7 ± 0.3 88.3 ± 0.9

30% Li/TiO2/feldspar 84.4 ± 0.8 83.5 ± 0.8 80.0 ± 0.8 79.1 ± 0.3 80.3 ± 0.7

40% Li/TiO2/feldspar 85.4 ± 0.4 80.2 ± 0.4 84.1 ± 0.6 83.0 ± 0.3 82.4 ± 0.5

2.6. Optimization of Process Parameters

Bitter apple, karanja, wild mustard, castor, and wild safflower oil transesterification
was tested under different reaction conditions to obtain the maximum yield. Since the
20 wt% loading amount of lithium provided the highest production value, all investigations
were further conducted with 20% Li-TiO2/feldspar catalyst.

2.6.1. Effect of Catalyst Concentration

The biodiesel yield depends upon the catalyst concentration. The effect of selected
supported nanocatalysts on methyl ester yield from bitter apple, karanja, wild mustard,
castor, and wild safflower oils is depicted in Tables 3–7. The influence of catalyst amount
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was examined by changing the catalyst amount within a range of 0.5–2.5% (wt. of cata-
lyst/wt. of oil). The other operational conditions were kept constant (temperature (40 ◦C),
time (120 min) and methanol to oil ratio (5:1)) using five different feedstocks.

Table 3. Yield of biodiesel from karanja oil with changes in reaction parameters.

Feedstock
Conc. of

Catalyst (%)
Methanol to

Oil Ratio
Temperature

(◦C)
Reaction

Time (min)
Biodiesel
Yield (%)

Karanja

0.5
1.00
1.5
2.00
2.5

5:1 40 120

84.5 ± 0.8
86.1 ± 0.7
86.0 ± 0.6
89.3 ± 0.5
87.0 ± 0.4

2.00

10:1
15:1
20:1
25:1

40 120

91.7 ± 0.6
88.0 ± 0.4
86.5 ± 0.9
83.7 ± 0.7

2.00 10:1

50
60
70
80

120

98.4 ± 0.9
93.4 ± 0.5
90.0 ± 0.6
87.0 ± 0.8

2.00 10:1 50

30
60
90

150

87.1 ± 0.1
89.3 ± 0.6
90.0 ± 0.7
93.1 ± 0.7

Table 4. Yield of biodiesel from wild mustard oil with changes in reaction parameters.

Feedstock
Conc. of

Catalyst (%)
Methanol to

Oil Ratio
Temperature

(◦C)
Reaction

Time (min)
Biodiesel
Yield (%)

Wild mustard

0.5
1.00
1.5
2.00
2.5

5:1 40 120

86.0 ± 0.5
89.1 ± 0.3
87.1 ± 0.9
85.0 ± 0.5
84.2 ± 0.7

1.00

10:1
15:1
20:1
25:1

40 120

87.1 ± 0.8
85.3 ± 0.4
83.6 ± 0.5
81.5 ± 0.3

1.00 5:1

50
60
70
80

120

94.7 ± 0.8
89.0 ± 0.6
84.0 ± 0.7
80.0 ± 0.4

1.00 5:1 50

30
60
90

150

88.2 ± 0.2
91.2 ± 0.9
96.7 ± 0.7
90.5 ± 0.6

In the presence of 20% Li-TiO2/feldspar, bitter apple, castor, wild mustard, and wild
safflower oil provided the highest yield at 1%. The highest biodiesel yield from bitter apple,
castor, wild mustard, and wild safflower was 88.3 ± 0.4%, 87.4 ± 0.4%, 89.1 ± 0.3% and
89.7 ± 0.3%, respectively.
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Table 5. Yield of biodiesel from wild safflower oil with changes in reaction parameters.

Feedstock
Conc. of
Catalyst

(%)

Methanol to
Oil Ratio

Temperature
(◦C)

Reaction
Time
(min)

Biodiesel
Yield
(%)

Wild safflower

0.5
1.00
1.5
2.00
2.5

5:1 40 120

86.1 ± 0.6
89.7 ± 0.3
87.2 ± 0.4
85.3 ± 0.2
85.0 ± 0.9

1.00

10:1
15:1
20:1
25:1

40 120

88.0 ± 0.7
86.3 ± 0.8
84.5 ± 0.5
82.7 ± 0.7

1.00 5:1

50
60
70
80

120

96.5 ± 0.3
92.5 ± 0.6
90.0 ± 0.8
89.5 ± 0.7

1.00 5:1 50

30
60
90

150

91.4 ± 0.6
94.2 ± 0.7
96.5 ± 0.8
95.0 ± 0.9

Table 6. Yield of biodiesel from bitter apple oil with changes in reaction parameters.

Feedstock
Conc. of

Catalyst (%)
Methanol to

Oil Ratio
Temperature

(◦C)
Reaction

Time (min)
Biodiesel
Yield (%)

Bitter apple

0.5
1.00
1.5
2.00
2.5

5:1 40 120

87.0 ± 0.5
88.3 ± 0.4
86.0 ± 0.7
85.0 ± 0.6
83.9 ± 0.4

1.00

10:1
15:1
20:1
25:1

40 120

89.2 ± 0.7
86.5 ± 0.6
83.4 ± 0.9
80.7 ± 0.8

1.00 10:1

50
60
70
80

120

96.2 ± 0.8
90.0 ± 0.3
87.0 ± 0.5
84.0 ± 0.6

1.00 10:1 50

30
60
90

150

89.2 ± 0.6
91.4 ± 0.7
94.5 ± 0.8
93.6 ± 0.2

However, karanja provided the highest biodiesel yield (89.3 ± 0.5%) at a catalyst
concentration of 2%. The overall results of the effect of catalyst concentration on biodiesel
yield are quite promising and indicate that a certain level of catalyst concentration is
required to obtain the maximum biodiesel yield. The optimized concentration level was
not only dependent upon the type of catalyst/support used, but was also dependent on
the type of oil under investigation. Catalysts at low concentrations could not effectively
drive reactions. At high catalyst concentrations, a viscous emulsion formed in the reaction
mixture, which restricted the effective mass transfer of the reactants onto the active surface
of catalyst, causing diffusion and saturation, thus hindering the interaction. The result is
the overall reduced product yield [33].
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Table 7. Yield of biodiesel from castor oil with changes in reaction parameters.

Feedstock
Conc. of

Catalyst (%)
Methanol to

Oil Ratio
Temperature

(◦C)
Reaction

Time (min)
Biodiesel
Yield (%)

Castor oil

0.5
1.00
1.5
2.00
2.5

5:1 40 120

86.1 ± 0.8
87.4 ± 0.4
85.0 ± 0.6
84.1 ± 0.9
83.4 ± 0.6

1.00

10:1
15:1
20:1
25:1

40 120

88.3 ± 0.8
90.0 ± 0.4
87.7 ± 0.8
85.0 ± 0.6

1.00 15:1

50
60
70
80

120

91.0 ± 0.7
96.1 ± 0.3
89.0 ± 0.4
87.0 ± 0.6

1.00 15:1 60

30
60
90

150

90.5 ± 0.5
93.1 ± 0.7
96.1 ± 0.6
94.5 ± 0.8

2.6.2. Effect of Methanol to Oil Ratio

The effect of methanol to oil ratio was studied at five different levels including 5:1,
10:1, 15:1, 20:1 and 25:1 (methanol:oil) for the 20% Li-TiO2/feldspar catalyst to optimize
biodiesel production from bitter apple, karanja, wild mustard, castor and wild safflower
oils. The methanol/oil molar ratio is one of the most vital factors affecting biodiesel yield.
Although the theoretically required methanol/oil molar ratio is 3:1, it is commonplace
to carry out the transesterification reaction with an extra amount of alcohol to shift the
equilibrium to the fatty acid methyl ester (FAME) side. The optimum molar ratio of alcohol
is very important to reduce the production cost of biodiesel. At a lower alcohol molar ratio,
the conversion of triglycerides into FAME will not be complete. On the other hand, a very
high molar ratio may also decrease biodiesel yield, as methanol can cause emulsification of
the polar hydroxyl groups present in glycerol, which is a byproduct of biodiesel production.
This emulsification process hinders forward reactions and favors backward reactions. As
a result, a decrease in the biodiesel yield is observed. An optimized amount of alcohol (a
slight excess amount) is required to keep the transesterification reaction in the forward
direction, as the transesterification reaction is reversible in nature [34]. The effect of the
methanol to oil ratio on biodiesel production is summarized in Tables 3–7.

The optimum methanol to oil ratio was 10:1 for karanja and bitter apple using 20%
Li/TiO2/feldspar. The highest biodiesel yield obtained from karanja and bitter apple was
91.7 ± 0.6 and 89.2 ± 0.7, respectively, while wild mustard and wild safflower provided
the maximum biodiesel yield (89.1 ± 0.3 and 89.7 ± 0.3%, respectively) at a 5:1 methanol to
oil ratio.

It can be noted from the obtained results that castor oil requires a 15:1 methanol to oil
ratio, which is relatively higher than the other oils used in the current study. The different
methanol to oil ratios optimized for various oils depends upon the viscosity of the oil as
well as the viscosity of the oil/methanol mixture formed after the addition of the catalyst.
Castor oil is already known to have a higher viscosity than many other vegetable oils [35].
Thus, high amounts of methanol are required for the proper conversion of the reactant
to biodiesel [36].

A longer separation time was required for the separation of the biodiesel from the
water layer for a high molar ratio. This is due to the fact that the one hydroxyl group present
in the methanol can work as an emulsifier to increase emulsion. Therefore, increasing the
molar ratio of methanol to oil beyond 5:1 (in the case of wild mustard and wild safflower),
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10:1 (in the case of karanja and bitter apple) and 15:1 (in the case of castor oil) was not
suitable for increasing the biodiesel yield, but it made the recovery of ester difficult and
increased the methanol recovery cost [36]. In addition to the already described viscosity
factor, the variations in the FFA and water contents in the different types of oil also play a
vital role in the optimization of the methanol to oil ratio. The variation in the FFA contents
of some plant oils causes the used catalyst to react differently towards the different oils [37].

2.6.3. Effect of Temperature

Transesterification can be conducted at temperatures from room temperature to a
temperature that is close to methanol’s boiling point. However, transesterification reactions
generally occur at high speed at elevated temperatures with shortened reaction periods.
The importance of the reaction temperature in the transesterification of oils can be clearly
observed from the much-boosted yields obtained in the present study after elevating
reaction temperature. To study the effect of temperature on ester content and the yield of
the transesterification, experiments were conducted at 40–80 ◦C by keeping the volume and
other reaction variables constant. It is clear from the results shown in Tables 3–7 that the
increase in the reaction temperature increases biodiesel yield. The increase in temperature
accelerated the transesterification reaction, not only by decreasing viscosity but also by
increasing mass transfer and initiating the more effective collision between molecules
participating in the chemical reaction [36]. In the present study, karanja, bitter apple, wild
mustard, and wild safflower oils showed the highest biodiesel yield at 50 ◦C, while castor
oil provided the highest biodiesel yield at 60 ◦C. The higher optimized temperature to
produce biodiesel from castor oil can be related to the higher viscosity of castor oil than
other oils. Higher temperature could lead to a decrease in the viscosity of castor oil, making
the reaction between oil and methanol molecules more favorable for the more effective
conversion of triglycerides. The rise in temperature also favors the relative miscibility
of the non-polar oil phase to polar alcoholic media to increase the speed of the chemical
reaction [38]. However, increasing the temperature beyond the optimized temperature
resulted in a decreased biodiesel yield due to the greater possibility of side reactions that
can take place at higher temperatures along with a higher loss of methanol from the reaction
mixture due to greater evaporation [39].

2.6.4. Reaction Time

The transesterification reaction is an equilibrium reaction, and the reaction time is a
crucial variable to obtain the maximum biodiesel yield in an optimized reaction period.
If a too-short reaction time is selected, there will not be complete conversion of reactants
into products and the purification cost will also be higher. On the other hand, if a too-long
reaction time is selected, there will be higher production cost and the product could also
undergo decomposition or side reactions. To determine the optimum reaction time to
produce biodiesel from oils (bitter apple; karanja; wild mustard; castor; and wild safflower
oils), the reactions were performed at different reaction times (30 to 150 min) for the 20%
Li-TiO2/feldspar catalyst. The impact of time on the transesterification reactions performed
on the different oil samples is presented in Tables 3–7.

The bitter apple, karanja, castor, and wild safflower oils provided the maximum
methyl ester yield after 120 min. The highest biodiesel yield for bitter apple, karanja,
castor, and wild safflower oils was 96.2 ± 0.8%, 96.4 ± 0.9%, 96.1 ± 0.3%, and 96.5 ± 0.3%,
respectively, while the wild mustard oil provided the best biodiesel yield of 96.7 ± 0.7%
after 90 min. Transesterification reaction is an equilibrium reaction, and there is always
the possibility of a reverse reaction if reaction times are longer. Longer time periods are
required for oils with higher saturated fatty acid contents [37–48].

2.7. Evaluation of Fuel Quality Parameters

The structural features of each fatty ester present in the fatty acid methyl esters deter-
mine its physicochemical properties such as density, acid value, iodine value, saponification
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value, cold flow properties (cloud and pour points) and ignition quality. The fuel char-
acteristics of the alkyl esters synthesized from bitter apple, karanja, wild mustard, castor
and wild safflower were evaluated according to ASTM (D6751) standard methods and
compared with diesel (Table 8). This standard identifies the parameters that the pure
biodiesel must meet before being used. Density is a very important fuel property because
the precise fuel amount is required for proper combustion. High-density biodiesel could
experience incomplete combustion, while on the other hand, low-density biodiesel fuels are
highly volatile. The densities of biofuels depend on the feedstock’s nature, the biodiesel’s
synthesis method and the structural features of methyl ester [40]. The densities of biodiesel
produced from bitter apple, karanja, wild mustard, castor and safflower oils were 0.85, 0.89,
0.84, 0.87 and 0.86 g/mL, respectively.

Table 8. Fuel properties of FAME produced from various sources.

Fuel Parameters Bitter Apple Karanja
Wild

Mustard
Castor Oil

Wild
Safflower

Diesel ASTM
D975

ASTM D6751 Limits

Density (g/mL) 0.85 0.89 0.84 0.87 0.86 0.85 Not specified

Cloud point (◦C) 1.3 2.0 −2 1.2 0.2 −15–5 −15 to 10

Pour point (◦C) −4.2 −1.6 −4.2 −4.1 −4.0 −35–15 Not specified

Acid value
(mg KOH/g) 0.43 0.17 0.43 0.27 0.41 - 0.50 max

Iodine value
(g I2/100 g) 96.31 85.1 76.77 86.04 78.64 - Not specified

Saponification
value

(mg KOH g−1 oil)
190.92 176.03 185.05 187.01 179.74 - Not specified

Cetene number 53.21 58.15 58.52 56.12 58.97 40–55 47 minimum

An important criterion to determine a biofuel’s quality is the fuel’s low temperature
behavior, as it could solidify in filters and pipelines of the engine and may cause different
problems such as fuel undernourishment and delayed ignition. The cloud point (CP) is the
temperature at which it appears hazy or cloudy. The pour point (PP) is the temperature at
which the lubricating oil ceases to flow [41]. From the obtained results, it was observed that
the cloud and pour points measured for the produced FAME from bitter apple, karanja,
wild mustard, castor and wild safflower oils using the 20% Li-TiO2/feldspar nanocatalyst
lie in the range which was prescribed by the ASTM.

The acid value (AV) is the amount of potassium hydroxide (in milligrams) required
for the neutralization of the organic acids per gram of fat [42]. The AVs of the synthesized
biodiesels from bitter apple, karanja, wild mustard, castor, and wild safflower oils in
the presence of the 20% Li-TiO2/feldspar catalyst were 0.43, 0.17, 0.43, 0.27 and 0.41 mg
KOH g−1, respectively (Table 8). The iodine value (IV) is measured as the amount of
iodine (in grams) that is adsorbed by 100 g of oil or biodiesel [43]. The iodine values of the
biodiesels synthesized from bitter apple, karanja, wild mustard, castor and wild safflower
oils were 96.31, 85.1, 76.77, 86.04, and 78.64 g I2/100 g, respectively.

The conversion of fat/oil/lipid by means of a reaction with aqueous alkali into al-
cohol and soap is called the saponification reaction [42]. The saponification values of the
biodiesels produced from bitter apple, karanja, wild mustard, castor and wild safflower
oils were 190.92, 176.03, 185.05, 187.01 and 179.74, respectively. The cetane number (CN)
reflects the ignition delay period [41]. The cetene numbers of the biodiesels produced from
bitter apple, karanja, wild mustard, castor and wild safflower oils were 53.21, 58.15, 58.52,
56.12, and 58.97, respectively.

2.8. Fatty Acid Profile

A biodiesel is a mixture of long-chain FAs, with the number of C atoms present in
the chain varying from 14 to 22 [44]. The main fatty acids appearing in bitter apple [48],
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karanja [45], wild mustard, castor [47], and wild safflower [46] oils were linoleic acid
(70.71%), oleic acid (51.92%), erucic acid (41.43%), ricinoleic acid (80.54%), and linoleic acid
(75.17%), respectively (Table 9).

Table 9. The chemical composition of used oils.

Sr.No. Fatty Acid Molecular
Formula

Fatty Acid Amount (%)

Karanja Oil
Wild Mustard

Oil
Wild Safflower

Oil
Castor Oil

Bitter Apple
Oil

1 Capric acid C10H20O2 0.11 0.15 0.13 0.12 0.07

2 Lauric acid C12H24O2 0.22 0.12 0.09 0.08 0.06

3 Myristic acid C14H28O2 0.93 0.18 0.16 0.11 0.13

4 Palmitic acid C16H32O2 10.33 3.63 7.73 1.30 8.35

5 Margaric acid C17H34O2 0.09 0.05 0.06 0.07 0.01

6 Linolenic acid C18H30O2 3.15 0.09 0.32 1.57 0.17

7 Linoleic acid C18H32O2 11.03 15.75 75.17 7.65 70.71

8 Oleic acid C18H34O2 51.92 23.11 12.98 5.83 9.96

9 Ricinoleic acid C18H34O3 - - - 80.54 0

10 Stearic acid C18H36O2 4.66 1.15 0.89 1.43 8.29

11 Eicosanoic acid C20H40O2 9.76 12.83 0.11 0.18 0.03

12 Arachidic acid C20H40O2 0.96 0.07 0.76 0.21 0.11

13 Erucic acid C22H42O2 - 41.43 - - 0.17

14 Behenic acid C22H44O2 4.36 0.09 0.43 0.17 0.07

15 Lignoceric acid C24H48O2 2.12 1.12 0.32 0.15 1.13

3. Materials and Methods

3.1. Chemicals and Reagents

Analytical grade methanol (99%), Wijs reagent, ethanol (99.5%), titanium diox-
ide, lithium nitrate, sodium sulphate (anhydrous), hydrochloric acid (37%), potassium
hydroxide, sodium hydroxide (98%), petroleum ether, starch, Wijs solution, sodium thio-
sulphate, phenolphthalein, and potassium iodide were purchased from Sigma-Aldrich
(Lahore, Pakistan).

3.2. Materials and Oil Extraction

Citrullus colocynthis (bitter apple), Pongamia pinnata (karanja), Sinapis arvensis (wild
mustard), Ricinus communis (castor oil) and Carthamus oxyacantha (wild safflower) seeds
were collected after obtaining permission from Head of Department (HOD,) Department
of Chemistry, UAF, Pakistan. The plant materials, including bitter apple, karanja, wild
mustard, castor and wild safflower, were identified by Dr. Mansoor Hameed, UAF, and
the sample voucher specimen numbers were 21-R-001, 21-R-002, 21-R-003, 21-R-004 and
21-R-005, respectively. All of the experimental research and field studies on plants were
conducted in compliance with the standard rules. After the sample collection, seeds were
cleaned to remove all of the foreign particles, such as dirt, chaff, stones, dust, and immature
broken seeds. Seeds were extracted from kernels. Extracted seeds were crushed and ground
with the help of a pestle and mortar. Oil was extracted using an automatic screw press
machine. The screw press machine compressed the seeds between the main screw and
travelling cones for the extraction of oil from the seeds. This machine separated the oil and
non-oily solid (cake). The extracted oil was further purified using a high-speed centrifuge
at 5000 rpm followed by filtration with a vacuum filtration assembly. By using the vacuum
filtration assembly, the oil was filtered off to remove impurities and solid particles.
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3.3. Catalyst Preparation

The Li-incorporated TiO2 nano-catalysts were synthesized via a wet impregnation
process. We took 10 g of TiO2 nanoparticles and dissolved them in 20 mL of distilled water
and heated this solution at room temperature with slow stirring. Subsequently, the desired
concentration of lithium nitrate was added dropwise. Additionally, the resultant slurry
was mixed for 4 h at room temperature using a thermostatic magnetic stirrer and heated
overnight in an oven at 120 ◦C, and the obtained sample was calcined at 600 ◦C in a muffle
furnace for 4 h. Similarly, a series of Li-impregnated TiO2 nanoparticles with different
amounts of Li (10, 20, 30 and 40 wt%) were synthesized.

In order to resolve the problem faced by using a catalyst without a support for the
production of biodiesel, the clay mineral feldspar was used to prepare the supported
catalysts in the present study. The nano-catalysts of Li-TiO2 with different amounts of
Li (10%, 20%, 30%, 40%) were supported on feldspar. For the synthesis of supported
catalysts, 0.5 g of each prepared nanocatalyst and 0.75 g of feldspar support were dissolved
into distilled water to create a uniform paste. The mixture was then dried in an oven at
150 ◦C for half an hour to eliminate the moisture. The prepared supported nano-catalysts
were ground with the help of a pestle and mortar. A nano-sieve was used to separate the
nanoparticles from bigger particles.

3.4. Characterization

X-ray diffraction was performed to determine the nanocatalysts’ structure by using a
Shimadzu model 6000 Power X-ray diffractometer (Shimadzu Corp., Kypoto, Japan). The
obtained diffraction peaks were compared with standard compounds described in the Joint
Committee on Powder Diffraction Standards (JCPDS) databank. The average crystal size of
Li-TiO2/feldspar was determined using the Debye–Scherrer equation.

FTIR (Agilent technologies, Santa Clara, CA, USA) analysis was carried out to iden-
tify the functional groups present in Li-TiO2/feldspar nanocatalysts. The morphological
structure and elemental composition of nanoparticles were determined using SEM (NOVA
NANOSEM-450, Thermo Fisher Scientific, New York, NY, USA) and EDX (Nova 450),
respectively. The fatty acid composition of oils was determined by means of gas chromatog-
raphy equipped with a flame ionization detector.

3.5. Transesterification Process

In the presence of nanocatalysts, biodiesel was produced by means of transesterifica-
tion of bitter apple, karanja, wild mustard, castor, and wild safflower oils using methanol.
Several reversible and successive steps are involved in transesterification. Biodiesel is the
major product of the reaction and floats on top, while the by-product glycerol is present at
the bottom. Different concentrations of lithium (10–40% Li/TiO2)-doped titanium oxide
nanocatalysts supported on feldspar were used for transesterification.

The methanol to oil molar ratio (5:1, 10:1, 15:1, 20:1 and 25:1), catalyst amount (0.5%,
1%, 1.5%, 2% and 2.5%), reaction temperature (40; 50; 60, 70; and 80 ◦C), and reaction
time (30, 60, 90, 120 and 150 min) were optimized during the present study to obtain the
maximum biodiesel yield. After the completion of the reaction, the prepared biodiesel was
centrifuged at 1500 rpm for 20 min for the removal of the remaining nanocatalysts from the
biodiesel. Hot distilled water in an excess amount was used to wash the produced biodiesel
and to remove surplus methanol from the biodiesel. The cleared transparent liquid was
obtained after proper washing of the biodiesel. The biodiesel % yield was calculated by
applying Equation (2).

Process yield (%) =
Pure biodiesel (g)

Oil used (g)
× 100 (2)
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3.6. Quality Parameters of Biodiesel

The biodiesel quality parameters such as density, acid value, pour point (PP), iodine
value (IV), cetane number (CN), saponification value (SV), and cloud point (CP) were
determined using methods and equations given in the literature [6].

4. Conclusions

The aim of the present research was to compare the yield of biodiesel from differ-
ent non-edible oils such as Citrullus colocynthis (bitter apple), Pongamia pinnata (karanja);
Sinapis arvensis (wild mustard), Ricinus communis (castor oil), and Carthamus oxyacantha
(wild safflower) using a novel lithium-impregnated titanium oxide catalyst supported on
feldspar minerals (Li-TiO2/feldspar) and to assess the efficiency of the synthesized nanocat-
alysts under mild reaction conditions. A series of lithium-impregnated titanium oxide
nanocatalysts with different amounts of Li (10%, 20%, 30%, 40%) supported on the clay
mineral feldspar (Li-TiO2/feldspar) were investigated, conducting the transesterification
process for biodiesel production. However, the study showed that 20 wt% of Li showed
the highest activity for FAME formation. The characterization of support-loaded catalysts
was performed using XRD, SEM/EDX and FTIR analysis. The major fatty acids present
in bitter apple, karanja, wild mustard, castor, and wild safflower oils were linoleic acid
(70.71%), oleic acid (51.92%), erucic acid (41.43%), ricinoleic acid (80.54%), and linoleic acid
(75.17%), respectively. One of the aims of the present study was to look for a universal
transesterification catalyst that could effectively convert feedstock oils of quite variable
compositions with good efficiency, and the produced Li-TiO2/feldspar is found to be such
a catalyst.
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Abstract: Production of biodiesel from edible vegetable oils using homogenous catalysts negatively
impacts food availability and cost while generating significant amounts of caustic wastewater during
purification. Thus, there is an urgent need to utilize low-cost, non-food feedstocks for the production
of biodiesel using sustainable heterogeneous catalysis. The objective of this study was to synthesize a
novel supported nano-magnetic catalyst (CaO/Fe2O3/feldspar) for the production of biodiesel (fatty
acid methyl esters) from waste and low-cost plant seed oils, including Sinapis arvensis (wild mustard),
Carthamus oxyacantha (wild safflower) and Pongamia pinnata (karanja). The structure, morphology,
surface area, porosity, crystallinity, and magnetization of the nano-magnetic catalyst was confirmed
using XRD, FESEM/EDX, BET, and VSM. The maximum biodiesel yield (93.6–99.9%) was achieved
at 1.0 or 1.5 wt.% catalyst with methanol-to-oil molar ratios of 5:1 or 10:1 at 40 ◦C for 2 h. The
CaO/Fe2O3/feldspar catalyst retained high activity for four consecutive cycles for conversion of
karanja, wild mustard, and wild safflower oils. The effective separation of the catalyst from biodiesel
was achieved using an external magnet. Various different physico-chemical parameters, such as
pour point, density, cloud point, iodine value, acid value, and cetane number, were also determined
for the optimized fuels and found to be within the ranges specified in ASTM D6751 and EN 14214,
where applicable.

Keywords: biodiesel; nano-magnetic catalyst; feldspar; transesterification; waste oils

1. Introduction

Energy plays a critical role in economic growth and modern society. Moreover, eco-
nomic development greatly depends on the long-term availability, security, and afford-
ability of energy. Over the last 30 years there has been a dramatic increase in world-wide
energy demand due to the emergence of developing economies and continued popula-
tion growth [1]. The ever-increasing use of nonrenewable energy is not sustainable due
to the irregular geographic distribution of resources as well as environmental, climatic,
geopolitical, and economic concerns associated with their continued use [2]. In addition,
the combustion of fossil fuels releases greenhouse gases that renders nonrenewable energy
unsustainable and environmentally damaging [3].
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Biodiesel represents a renewable, sustainable, and environmentally friendly alternative
to petroleum diesel for combustion in compression-ignition (diesel) engines. Biodiesel
is composed of fatty acid methyl (or ethyl) esters prepared from plant oils, waste lipids,
used cooking oils, or other triglycerides and is typically prepared by alkaline-catalyzed
transesterification. Biodiesel is a clean burning fuel with low exhaust emissions, high
biodegradability, and minimal heteroatom residues. Biodiesel is an important alternative
energy source because of its safe and renewable nature. Biodiesel has significantly reduced
emissions of sulfates, particulate matter, unburnt hydrocarbons, and polycyclic aromatic
hydrocarbons relative to petroleum diesel. In addition, net CO2 emissions are not increased
through the combustion of biodiesel because greenhouse gases are recycled as CO2 by
plants during photosynthesis [4]. Biodiesel is more environmentally friendly because it
significantly reduces net CO2 emissions versus petroleum diesel and is biodegradable and
non-toxic [5].

In the biodiesel industry, the choice of raw material is extremely vital, as 80% of the
cost to prepare biodiesel is associated with feedstock cost [6]. Edible feedstocks compete
with food uses, deplete freshwater supplies, and crucially require large areas of fertile
land [7]. In addition, production costs have increased 70–92% due to escalate in the cost
of edible oils. These factors have stimulated interest in biodiesel production from non-
edible oils [8]. Lately, low-cost waste oils have been under consideration as a potential
feedstock alternative for BD production. In the current study, biodiesel was produced from
waste/low-cost plant seed oils, including Carthamus oxyacantha (wild safflower), Sinapis
arvensis (wild mustard) and Pongamia pinnata (karanja).

Predominantly, homogeneous catalysts are normally used for the industrial production
of biodiesel due to their high catalytic activities and low cost. However, these catalysts can-
not be reused, and the removal of dissolved homogeneous catalysts is tedious. Additionally,
numerous processing steps are necessary, such as neutralization, washing, and dehydra-
tion. Thus, the major disadvantages of homogeneous catalysis are wastewater generation,
extensive post-processing, and incompatibility with low-quality, low-cost feedstocks [9].

Heterogeneous catalysts have important advantages over homogeneous catalysts
because they catalyze important chemical reactions associated with green chemistry that
are environmentally friendly and economically favorable [10]. However, they often require
high reaction temperatures and pressures, and catalytic performance is generally lower
than homogeneous catalysts. Furthermore, coking, leaching, poisoning, and sintering may
result in the deactivation of heterogeneous catalysts over time.

Nanomaterials have served as ideal supports for the preparation of solid acid catalysts
because they possess large surface areas and can minimize mass transfer resistance [11].
Unfortunately, for small-size solid catalysts, their recovery and reutilization through the
commonly used filtration or centrifugation approaches is difficult, especially with high-
viscosity reaction systems (generally soybean oil has high viscosity). In such cases, a
large amount of catalyst is lost during separation. Magnetic heterogeneous nano-catalysts
are of interest because they have a higher surface area, which imparts greater catalytic
activity relative to lower-surface-area solid catalysts. In addition, magnetic catalysts can be
easily separated from reaction mixtures without the generation of large amounts of caustic
wastewater [12,13].

Various common ferromagnetic materials, such as Fe3O4 and γ-Fe2O3, can be used as
magnetic catalysts or catalyst supports. After modification and functionalization, they not
only retain their magnetic properties but can also be quickly and easily separated when
an external magnetic field is applied. Ferrites have considerable porosity, good chemical
properties, high contact area, and high thermal stability, culminating in a more effective
catalyst for the production of biodiesel [11]. Agglomeration in magnetite synthesis is very
difficult to avoid, because of its magnetism. Thus, the selection of a suitable catalytic
support has been of immense interest. Typically, a solid support with a high surface
area is used to attach catalysts. Supports prevent the sintering and agglomeration of
small catalyst particles, revealing additional surface area [14]. Most catalytic supports are
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zirconium dioxide, aluminum oxides, alumino silicates, magnesium oxide, silica gel, and
titanium oxide [15]. Clay materials, compared to other supports, have the advantages of
high quantity, low-priced, environmental compatibility, high selectivity, reusability, and
operational simplicity [16].

The primary objective of this study was the synthesis of the novel supported nano-
magnetic catalyst CaO/Fe2O3/Feldspar to produce biodiesel from waste/low-cost plant
seed oils, including Carthamus oxyacantha (wild safflower), Sinapis arvensis (wild mustard)
and Pongamia pinnata (karanja). The novel catalytic support which is low-cost feldspar
(a clay mineral) was also prepared and characterized. Other objectives included the opti-
mization of the transesterification reaction and characterization of the resulting biodiesel
and catalytic materials.

2. Results and Discussion

2.1. Characterization of CaO/Fe2O3 and CaO/Fe2O3/feldspar Nano-Magnetic Catalyst
2.1.1. XRD Analysis

The XRD patterns of the nano-magnetic catalyst CaO/Fe2O3/feldspar and CaO/Fe2O3
are depicted in Figure 1. The results indicated that the CaO/Fe2O3/feldspar has several
peaks at different angles, which indicated a crystalline structure. The prominent peaks
were observed at 2θ = 30◦, 32.34◦, 35.55◦, 37.36◦, 43.5◦, 53.61◦, 63.15◦, and 64.27◦, which
was attributed to the crystalline phases of (220), (111), (311), (200), (422), (511), (440), and
(311), respectively (ICSD File No. 00-006-0711 and 00-032-0168) [17] [Maryam et al. 2021].
These indicated that Fe2O3 and CaO were present in the structure of the catalyst [16]. The
intense sharp diffraction peaks within 2θ = 25–30◦ and the specifically intense peak at 27.4◦
suggested the presence of feldspar [18], which possessed a uniform structure and pore di-
ameter. The narrow peaks showed the single phase of a highly ordered structure, which was
indicated in the FESEM analysis as well (Figure 2). The crystal size of CaO/Fe2O3/feldspar
nanoparticles calculated from the Scherrer equation was 45.73 nm.

Figure 1. XRD analysis of CaO/Fe2O3 and CaO/Fe2O3/feldspar.
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Figure 2. FESEM images of (a) CaO/Fe2O3, (b) CaO/Fe2O3/feldspar and (c) EDX analysis of
CaO/Fe2O3/feldspar.

2.1.2. FESEM and EDX Analysis

Figure 2a,b depict different surface roughness, particle sizes, and arrangement of
particles, which is very important for the conversion of oil into biodiesel. Figure 2a shows
the agglomeration and coral-like shape, whereas the CaO-Fe2O3 composite attached to the
surface of feldspar (Figure 2b) indicates a morphology of well-arranged small platelets
laced with pores. The surface morphology by SEM thus confirmed the successful synthesis
of the CaO-Fe2O3 nano-catalyst supported on the feldspar, which was also indicated by
the EDX analysis. A close inspection of the spectra revealed an exact wt.% of O (43.46%),
Na (0.99%), Al (2.18%), Si (6.69%), K (1.34%), Ca (8.66%), and Fe (36.68%) elements in
the CaO/Fe2O3/feldspar catalyst, as presented in Table 1. Based on the EDX analysis,
the CaO-Fe2O3 was rich in Fe with a 59.82 wt.% composition. The large amount of O
(37.12 wt.%) and Ca (3.06 wt.%) indicated that the CaO/Fe2O3 was pure. The results
confirmed that the CaO-Fe2O3 was efficiently supported on the feldspar matrix without
distorting the elemental ratio. The quantitative data derived from the EDX analysis for the
CaO/Fe2O3/feldspar is presented in Figure 2c.
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Table 1. EDX analysis of CaO/Fe2O3 and CaO/Fe2O3/feldspar.

Catalyst
Element (wt.%)

O Na Al Si K Ca Fe Total

CaO/Fe2O3 37.12 - - - - 3.06 59.82 100
CaO/Fe2O3/feldspar 43.46 0.99 2.18 6.69 1.34 8.66 36.68 100

2.1.3. Porosity and Surface Area Analysis

Results indicating the surface area, pore volume, and average pore size of the
CaO/Fe2O3 and CaO/Fe2O3/feldspar are presented in Table 2. The CaO/Fe2O3 dis-
played a surface area of 68.680 m2/g, pore volume of 0.189 cm3/g, and average pore size of
7.670 nm. After the synthesis of the CaO/Fe2O3/feldspar, the surface area was 19.523 m2/g
with a pore volume of 0.060 cm3/g and an average pore size of 7.911 nm. After the doping
of feldspar, the surface area and pore volume of the CaO/Fe2O3/feldspar catalyst were
higher than those of K-feldspar [17]. When the CaO/Fe2O3 was doped with feldspar, the
surface area was reduced due to a blockage of pores by feldspar. Figure 3 illustrates the
nitrogen adsorption–desorption isotherms of the CaO/Fe2O3 and CaO/Fe2O3/feldspar.
The N2 adsorption–desorption isotherms exhibited a typical type IV adsorption–desorption
isotherm of CaO/Fe2O3/feldspar [19]. The mesoporous pore size of the CaO/Fe2O3 and
CaO/Fe2O3/feldspar were consistent, as shown in Figure 3.

Table 2. Surface property analysis of CaO/Fe2O3 and CaO/Fe2O3/feldspar.

Catalyst Surface Area (m2/g) Pore Volume (cm3/g) Average Pore Size (nm)

CaO/Fe2O3 68.680 0.189 7.670
CaO/Fe2O3/feldspar 19.523 0.060 7.911

Figure 3. N2 adsorption–desorption isotherms of CaO/Fe2O3 and CaO/Fe2O3 /feldspar.

2.1.4. VSM Analysis

The magnetic properties of the CaO/Fe2O3/feldspar catalyst were determined using
VSM, as presented in Figure 4. The VSM results revealed that the M-H loop of the pro-
duced nano-magnetic catalysts had a magnetization of 22.15 emu/g. The VSM curve for
the CaO/Fe2O3/feldspar in the absence of hysteresis curves is representative of normal
super-paramagnetic behavior at room temperature. These results confirmed that the iron-
containing feldspar catalysts can be easily separated from the reaction mixture by using an
external magnet.
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Figure 4. VSM analysis of CaO/Fe2O3/feldspar.

2.2. Optimization of Transesterification Reaction Process Parameters

The impact of two important operational reaction parameters i.e., catalyst concentra-
tion and methanol-to-oil molar ratio on the biodiesel yield of non-edible oils (wild safflower,
wild mustard and karanja) in the presence of the CaO/Fe2O3/feldspar nano-magnetic
catalyst is summarized in Table 3. The other reaction parameters were fixed at: a reaction
temperature of 40 ◦C and a reaction time of 2 h. For karanja and wild mustard, the optimal
catalyst concentration was 1.0%, which produced a maximum ester content of 89.1 ± 0.8%
and 93.6 ± 0.3%, respectively. For wild safflower, a CaO/Fe2O3/feldspar concentration
of 1.5% was adequate to complete the conversion of triglycerides into methyl esters. The
utmost yield of biodiesel was obtained from wild safflower was 99.3 ± 0.7 at 1.5% cata-
lyst concentration. Wild mustard and wild safflower oils gave highest biodiesel yields of
93.6 ± 0.3 and 99.3 ± 0.7, respectively, at a 5:1 methanol-to-oil molar ratio. Karanja oil
conferred the highest biodiesel yield of 99.9 ± 0.9% at a 10:1 methanol-to-oil molar ratio.
Certain levels of catalyst and methanol were required to obtain the maximum BD yield.
The optimized catalyst concentration amount not only depended upon the category of
catalyst used but was also dependent on the type of the feedstock oil under investigation.
In addition, low catalyst levels were not sufficient to give a high conversion to methyl
esters. However, increasing the catalyst concentration or the methanol-to-oil molar ratio
ahead of the optimized levels resulted in decreased yields of biodiesel due to the formation
of a viscous emulsion in the reaction mixture [20].

2.3. Proposed Mechanism of CaO/Fe2O3/Feldspar Catalyst for Transesterification

The initial step in the transformation of fatty oil into biodiesel involves the removal
of a proton from methanol by the basic catalyst, resulting in the formation of a methoxide
anion and a catalyst that has been protonated as shown in Figure 5. The methoxide anion
then performs a nucleophilic attack on the carbonyl group of the triglyceride, leading to
the formation of a tetrahedral intermediate. This intermediate subsequently produces a
methyl ester and the corresponding anion of the diglyceride. The catalyst is restored in situ
through proton abstraction from the catalyst by the diglyceride anion. Following the same
mechanism, diglycerides and monoglycerides are consecutively converted into biodiesel
and glycerol.
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Table 3. Optimization reaction parameters for karanja, wild mustard, and wild safflower seed oils
using CaO/Fe2O3/feldspar nano-magnetic catalyst.

Feedstock Catalyst Conc. (%) Methanol-to-Oil Ratio Biodiesel Yield (%)

Karanja

0.5 5:1 85.0 ± 0.5
1 5:1 89.1 ± 0.8

1.5 5:1 87.5 ± 0.7
2 5:1 86.0 ± 0.6

2.5 5:1 85.6 ± 0.5
1 10:1 99.9 ± 0.9
1 15:1 88.1 ± 0.7
1 20:1 85.6 ± 0.8
1 25:1 83.7 ± 0.5

Wild mustard

0.5 5:1 85.0 ± 0.7
1 5:1 93.6 ± 0.3

1.5 5:1 84.7 ± 0.9
2 5:1 82.9 ± 0.5

2.5 5:1 81.8 ± 0.8
1 10:1 85.4 ± 0.6
1 15:1 83.2 ± 0.3
1 20:1 80.5 ± 0.9
1 25:1 79.8 ± 0.4

Wild safflower

0.5 5:1 85.0 ± 0.5
1 5:1 85.9 ± 0.7

1.5 5:1 99.3 ± 0.7
2 5:1 86.5 ± 0.5

2.5 5:1 85.0 ± 0.6
1.5 10:1 86.0 ± 0.3
1.5 15:1 84.5 ± 0.9
1.5 20:1 82.3 ± 0.8
1.5 25:1 80.4 ± 0.6

 
Figure 5. The proposed mechanism of CaO/Fe2O3/feldspar catalyst for transesterification of karanja,
wild mustard, and safflower seed oil to biodiesel.

2.4. Comparison of Catalytic Activity with Published Literature Reported on Magnetic Catalysts

Table 4 summarizes results obtained from previous studies on the utilization of mag-
netic catalysts for the production of biodiesel. For example, Hazmi et al. [21] obtained a
high FAME yield of 98.60% when applying a methanol-to-oil molar ratio of 12:1, although a
higher reaction temperature of 75 ◦C and higher amount of catalyst loading (4 wt.%) were
utilized in comparison to the current work. In another study, Ibrahim et al. [22] reported
that an 18:1 methanol-to-oil molar ratio with 3 wt.% catalyst loading gave a FAME yield
of 98.30%. Xie et al. [23] observed a 99.20% conversion rate; however, this was at a high
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methanol-to-oil molar ratio and reaction time of 8 h compared to the present study (2 h).
Krishnan et al. [24] obtained a FAME yield of 87.32% with a catalyst loading of 10 wt.%,
which was very high in comparison to the present study. Ali et al. [25] also achieved a
higher esters yield but the reaction conditions were higher than our study (Table 4). Overall,
the FAME yield is primarily impacted by the methanol-to-oil ratio and catalyst loading.
Previous studies also noted a typical increase in biodiesel production when the reaction
time and temperature were increased [21,23].

Table 4. Comparison study of different magnetic catalysts for biodiesel production.

Types of Catalyst Experimental Reaction Conditions Esters Yield (%) References

RHC/K2O-20%/Fe-5% Methanol-to-oil ratio = 12:1, temp. = 75 ◦C, time = 4 h,
catalyst loading = 4 wt.% 98.60 [21]

CaO-Fe2O3/AC Methanol-to-oil ratio = 18:1, temp. = 65 ◦C, time = 3 h,
catalyst loading = 3 wt.% 98.30 [22]

Fe3O4/MCM-41 composites Methanol-to-oil ratio = 25:1, time = 8 h, catalyst loading = 3 wt.% 99.20 [23]

EFB supported magnetic
solid acid catalyst Catalyst loading = 10 wt.% 87.32 [24]

Magnetically recyclable CuFe2O4
Methanol-to-oil ratio = 18:1, temp. = 60 ◦C, time = 0.5 h,

catalyst loading = 3 wt.% 90.24 [25]

CaO/Fe2O3/feldspar

Methanol-to-oil ratio = 10:1, catalyst loading = 1 wt.%
(karanja oil)

Methanol-to-oil ratio = 5:1, catalyst loading = 1 wt.%
(wild mustard oil)

Methanol-to-oil ratio = 5:1, catalyst loading = 1.5 wt.%
(safflower oil)

99.9

93.6

99.3

Present study

2.5. CaO/Fe2O3/Feldspar Catalyst Reusability for Karanja, Wild Mustard, and Safflower Seed Oil

A catalytic test was carried out to assess the reusability of the CaO/Fe2O3/feldspar
for repeated use without further treatment. The optimized set of conditions for each oil
was chosen because it led to better performance in catalytic activity and comparison using
the same catalyst. The reaction was performed five times and the respective ester yields
were measured, as depicted in Figure 6.
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Figure 6. The reusability performance of CaO/Fe2O3/feldspar catalyst for karanja, wild mustard,
and safflower seed oil.
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The results indicated that after the fourth run of karanja, wild mustard, and safflower
seed oils, ester yields of 76%, 73.2%, and 77.2% were obtained, respectively. It was found
that the biodiesel yield was maintained at more than 80% when the catalyst was used
consecutively four times. Thus, it can be concluded that the CaO/Fe2O3/feldspar catalyst
does not merely show preferable catalytic performance throughout the transesterification
reaction but is also highly suitable for repeated use for the studied oils. The results showed
that the CaO/Fe2O3/feldspar catalyst has potential for industrial applications due to its
effective reusability, absence of wastewater production, and easy removability from the
reaction mixture using an external magnet.

2.6. Physicochemical Properties

The physicochemical properties of karanja, wild mustard, and wild safflower seed oil
biodiesels using the optimized reaction conditions is summarized in Table 5. Biodiesel with
a high density can contribute to the combustion issues while a low-density fuel could be
substantially explosive. The American biodiesel standard, ASTM D6751, does not define a
density limit [26]. The specified range of density of EN 14214:2003, the European biodiesel
standard, lies between 0.86–0.90 g/mL. The densities of all the biodiesel samples were
within the range specified in EN 14214 for karanja, wild mustard, and wild safflower.
The acid value (AV) indicates the amount of free fatty acids present in biodiesel, with
higher numbers indicating a higher acid content [27]. According to American (ASTM)
and European (EU) standard requirements, the limit allowed level of AV in pure biodiesel
is 0.50 mg KOH g–1 [28]. The AVs of the biodiesel fuels prepared from karanja, wild
mustard, and wild safflower seed oils were 0.15, 0.46, and 0.15 mg KOH g−1, respectively.
The conversion of triglycerides by reaction with aqueous alkali into glycerol and soap is
called the saponification reaction. The saponification value (SV) is the indication of the
amount of saponifiable units per unit weight of oil. A low SV indicates a higher proportion
of high-molecular-weight fatty acids in the fat/oil or vice versa [28]. The saponification
values of karanja, wild mustard, and wild safflower oil biodiesels were 180.04, 175.04,
and 196.58 mg KOH g–1 oil, respectively. The comparatively low SV for the wild mustard
biodiesel was attributed to its high content of higher-molecular-weight erucic acid (Table 5).
The iodine value (IV) is a measure of the degree of unsaturation in a fat or oil and is an
important indicator of oxidative stability, as oxidative stability is dependent on the number
and type of double bonds present in biodiesel. According to EN14214, a maximum IV of
120 g I2/100 g is specified [29]. ASTM D6751 does not specify limits for IV. The IVs of the
biodiesel produced from karanja, wild mustard, and wild safflower seed oils were 82.05,
86.65, and 69.44 g I2/100 g, respectively. The low temperature operability of biodiesel is
measured by CP and PP, which give an indication of when biodiesel will solidify and clog
fuel filters and lines as ambient temperatures decrease. As seen in Table 5, the CPs and PPs
of biodiesel produced from karanja, wild mustard, and wild safflower oils were in the range
of 0.8–4.0 ◦C and −3.9, –1.1 ◦C, respectively. The cetane number (CN) is a dimensionless
parameter that indicates ignition delay and fuel quality. Fuels with a higher CN auto ignite
in shorter times after injection to the combustion chamber. Biodiesel CN increases with
degree of saturation and chain length of fatty acids. The minimum specifications for CN
in ASTM D6751 and EN 14214 are 47 and 51, respectively [30]. The CNs of karanja, wild
mustard, and wild safflower seed oil biodiesels were 58.05, 57.98, and 58.44, respectively.

2.7. Fatty Acid Profile

The major fatty acids identified in karanja [31], wild mustard [32], and wild saf-
flower [33] seed oils were oleic acid (51.92%), erucic acid (41.43%), and linoleic acid (75.17%),
respectively, as shown in Table 6. Other fatty acids of significance included linoleic (11.03%)
and palmitic (10.33%) acids in karanja oil, oleic (23.11%), linoleic (15.75%), and eicosanoic
(12.83%) acids in wild mustard oil, and oleic acid (12.98%) in wild safflower oil. Lastly, all
three oils contained low levels (≤3.15%) of trienoic linolenic acid as well as shorter chain
capric (≤0.15%), lauric (≤0.22%), and myristic (≤0.93%) acids. IV can be calculated from
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the fatty acid profile following the American Oil Chemists’ Society’s official method Cd
1c-85. The calculated IV of karanja, wild mustard, and wild safflower oil biodiesels were
78.9, 81.0, and 141.5 g I2/100 g, respectively. The higher value for safflower oil biodiesel
was attributed to its high content of linoleic acid (75.17%) relative to the other methyl ester
samples. Biodiesel fuels with higher levels of polyunsaturated fatty acid methyl esters will
exhibit higher IV, as IV is a measure of total unsaturation within the sample.

Table 5. Comparison of fuel properties of biodiesel prepared from karanja, wild mustard, and wild
safflower with ASTM D6751.

Fuel Parameters Karanja Wild Mustard Wild Safflower ASTM D6751 Limits

Density (g/mL) 0.85 0.86 0.88 Not specified
Cloud point (◦C) 4.0 2.1 0.8 Report
Pour point (◦C) −1.1 −1.6 −3.9 Not specified

Acid value (mg KOH/g) 0.15 0.46 0.15 0.50 max
Iodine value (g I2/100 g) 82.5 86.65 69.44 Not specified

Saponification value (mg KOH g–1 oil) 180.04 175.04 196.58 Not specified
Cetene number 58.05 57.98 58.44 47 minimum

Table 6. Fatty acid composition of karanja, wild mustard, and wild safflower seed oils.

Fatty Acid Molecular Formula
Fatty Acid Amount (%)

Karanja Oil Wild Mustard Oil Wild Safflower Oil

Capric acid C10H20O2 0.11 0.15 0.13
Lauric acid C12H24O2 0.22 0.12 0.09

Myristic acid C14H28O2 0.93 0.18 0.16
Palmitic acid C16H32O2 10.33 3.63 7.73
Linolenic acid C18H30O2 3.15 0.09 0.32
Linoleic acid C18H32O2 11.03 15.75 75.17

Oleic acid C18H34O2 51.92 23.11 12.98
Stearic acid C18H36O2 4.66 1.15 0.89

Eicosanoic acid C20H40O2 9.76 12.83 0.11
Erucic acid C22H42O2 - 41.43 -

3. Materials and Methods

3.1. Materials and Chemical Reagent

P. pinnata (karanja), S. arvensis (wild mustard), and C. oxyacantha (wild safflower)
seeds were collected from wild areas of Pakistan. Oil was extracted from the ground
seeds (20 kg) using a VOSOCO automatic screw press machine. The extracted oil was
filtered using a vacuum filtration assembly to remove residual solids. The acid values
of karanja oil (3.75 mg KOH/g), wild mustard oil (2.30 mg KOH/g), and safflower seed
oil (1.95 mg KOH/g) were determined before the transesterification reaction. Feldspar
(clay mineral) was taken from the northern area of Pakistan. All chemicals used were of
analytical grade and came from Sigma Aldrich.

3.2. Preparation of Supported Nano-Magnetic Catalyst

Calcium nitrate (0.05 g) was dissolved into 100 mL of deionized water, after which
3.5 g of ferric oxide was added. This solution was agitated for 10 min at 1500 rpm, followed
by ultrasonication for 15 min to achieve a well-dispersed suspension. Then, a 2M solution
of sodium hydroxide was added dropwise under constant stirring at 1500 rpm until a pH
of 12 was reached. The suspension was then stirred overnight at 1500 rpm. The precipitates
were washed with deionized water until a pH of 7 was obtained. The solid was then dried
overnight in an oven at 80 ◦C. The product was then ground into a fine powder by a mortar
and pestle. Finally, the powder underwent calcination at 550 ◦C for 1 h in a furnace. A total
of 23.5 g of catalyst was produced from 25 g of starting material [34,35].
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Initially, 0.5 g of CaO/Fe2O3 and 0.75 g of feldspar as a support were dissolved in
distilled water via precipitation. The material was stirred for one hour at room temperature,
filtered, washed three times with distilled water, and then dried for 0.5 h at 150 ◦C. The
resulting powder underwent calcination at 550 ◦C for 1 h in a furnace. The supported
nano-magnetic catalyst (CaO/Fe2O3/feldspar) was then ground using a mortar and pestle.
Finally, nano-sieving was used to collect the nano-sized particles.

3.3. Characterization of Catalyst and Esters

X-ray diffraction (XRD) was used to obtain information regarding the structure, crys-
talline phase change, and degree of crystallinity of the magnetic feldspar catalyst. The struc-
tures of nano-catalysts were studied using a Rigaku SmartLab powder x-ray diffractometer
(XRD, 40 kV, 30 mA, Rigaku Corporation, Tokyo, Japan) of Hypix-400 monochromatic
CuKα (λ = 1.5406 Å), which radiated in the range of 5◦ to 60◦. The crystalline phases of the
CaO/Fe2O3 and CaO/Fe2O3/feldspar were determined.

The structural properties of nanoparticles were characterized using FESEM (JFC-1600,
JEOL, Tokyo, Japan), while the elemental analysis for major elements in the samples were
determined using an EDX spectrometer model EX-230BU from JEOL (Tokyo, Japan) with
an emission current of 15.00 kV and 8.00 mm WD.

The total surface areas of the samples were measured using the Brunauer–Emmett–
Teller (BET) method. The BET analyses were conducted using a Thermo–Finnigan Sorp-
matic 1990 series (Thermo Finnigan LLC, San Jose, CA, USA) by using nitrogen adsorption–
desorption analysis.

The magnetic properties of the nano-magnetic catalyst (CaO/Fe2O3/feldspar) were
determined using a Lakeshore 7404 Series VSM instrument (Lake Shore Cryotronics, West-
erville, OH, USA). During the test, the sample was placed on a rod in an external magnetic
field and vibrated via connection with a vibrator. Furthermore, the magnetization as a func-
tion of the applied magnetic field (M–H loop) was measured. The electromotive induction
method was used to quantify the induced electromotive force generated by flux changes.

The fatty acid compositions of the oils were determined by gas chromatography
equipped with a flame ionization detector (GC-FID) utilizing an Agilent 7890A equipped
with a capillary column (BPX-70, 60 m × 0.25 mm × 0.25 μm, Trajan Scientific, Victoria,
Australia). The H2 carrier gas was fixed at a flow rate of 40 mL/min and the temperature
program was set to increase from 100 to 250 ◦C at 10 ◦C/min. Peaks were identified by
comparison to reference standards.

3.4. Transesterification and Physiochemical Properties Evaluation

The extracted oil (50 g) was added to a 250 mL conical flask. Then, the waste oils,
methanol and CaO/Fe2O3/feldspar nano-magnetic catalyst were each transesterified at
60 ◦C for 2 h on a temperature-controlled hotplate fitted with a magnetic stirrer. Af-
ter the reaction, the magnetic catalyst was separated using an external magnet. The
CaO/Fe2O3/feldspar catalyst and glycerol created during the transesterification reaction
were separated from the biodiesel phase using separatory funnel. The biodiesel phase was
washed with excess hot (75–80 ◦C) distilled water. The percentage biodiesel yield was
calculated using Equation (1) [35].

Biodiesel yield (%) =
Weight o f biodiesel (g)

Weight o f Oil (g)
× 100 (1)

The effect of different reaction parameters, such as the catalyst amount (0.5%, 1%,
1.5%, 2% and 2.5%) and methanol-to-oil molar ratio (5:1, 10:1, 15:1, 20:1 and 25:1), were
optimized to give the highest yield of fatty acid methyl esters.

The physiochemical parameters of the resulting biodiesel, such as density, cloud
point, (CP), pour point (PP), acid value (AV), cetane number (CN), iodine value (IV) and
saponification value (SV), were measured according to the methods and instrumentation
described previously [30].
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3.5. CaO/Fe2O3/Feldspar Catalyst Reusability Test

The reusability experiments of the CaO/Fe2O3/feldspar catalyst in repeated transes-
terification reaction cycles were conducted for karanja, wild mustard, and wild safflower
oils. The CaO/Fe2O3/feldspar catalyst was used under optimum reaction conditions
without undergoing a regeneration process. After each run, the spent catalyst was washed
using hexane then by methanol and dried at 100 ◦C for 6 h before further experiments. The
produced biodiesel was analyzed by GC for fatty acid conversion of each oil.

3.6. Statistical Analysis

Each sample was analyzed in triplicate and data presented as mean ± SD.

4. Conclusions

The transesterification of waste and low-cost oils was investigated using a novel
CaO/Fe2O3/feldspar catalyst. The morphology (FESEM), phase and crystallize size (XRD),
surface area (BET), and magnetic properties (VSM) were measured. It was found that
magnetic separation not only facilitated separation but also avoided material loss and
increased fatty acid methyl ester yields. The highest biodiesel yield for karanja, wild mustard,
and wild safflower oils were 99.9 ± 0.9, 93.6 ± 0.3, and 99.3 ± 0.7%, respectively. These yields
were obtained after optimization of the catalyst concentration and methanol-to-oil molar
ratio. For the karanja and wild mustard oils, the optimal catalyst concentration was 1.0%,
whereas 1.5% was the optimum amount for wild safflower oil. The wild mustard and wild
safflower oils gave a maximum biodiesel yields at a 5:1 methanol-to-oil molar ratio. Karanja
gave the highest yield at a 10:1 methanol-to-oil molar ratio. The reusability study depicted
that the CaO/Fe2O3/feldspar catalyst is capable of good reusability (>70%) for karanja,
wild mustard, and safflower seed oils. The resulting fuel properties of the optimized methyl
esters indicated their acceptability for use as biodiesel fuels in compression-ignition engines.
This information is valuable in biodiesel production from inexpensive feedstocks with high
acid value. Overall, the present study clearly offered a cheap and environmentally beneficial
technique for efficient catalysts synthesis and its efficient application for biodiesel production
with higher yield. In the current investigation, it demonstrated that CaO/Fe2O3/feldspar
nano-magnetic catalysts can be used as a low-cost and naturally safe material for producing
biodiesel as compared to traditionally employed homogeneous catalysts.
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Abstract: This study used a novel combination of cellulose nanocrystals (CNCs) and calcium oxide
(CaO) nanocomposite (CaO/CNCs) for the production of biodiesel from waste cooking oil. The
filter paper was used as a raw cellulose source to produce the CNCs from the acid hydrolysis
of cellulose with sulfuric acid. The as-synthesized CaO/CNC nanocomposite is recyclable and
environmentally friendly and was characterized using Fourier transform infrared spectroscopy,
energy dispersive X-ray, scanning electron microscopy, and X-ray diffraction. The optimum process
parameters investigated are a 20:1 methanol-to-oil molar ratio, 3-weight percent catalyst concentration,
60 ◦C temperature, and 90 min of reaction time. Under the optimum conditions, a biodiesel yield
of 84% was obtained. The CaO/CNC nanocomposite achieved five times reusability, indicating its
effectiveness and reusability in the transesterification reaction. The synthesized biodiesel chemical
composition was examined using FTIR, GCMS, 1H-NMR, and 13C-NMR, and its properties, including
specific gravity, color, flash point, cloud point, pour point, viscosity, sulfur content, sediments, water
content, total acid number, cetane number, and corrosion test, were ascertained using ASTM standard
practices. The outcomes were determined to fulfill global biodiesel standards (ASTM 951, 6751).
Five successive transesterification processes were used to test the regeneration of the catalyst; the
first three showed no distinct change, while the fifth cycle showed a reduction of up to 79%. The
innovative composite CaO/CNC and used cooking oil are stable, affordable, and extremely successful
for long-term biodiesel generation.

Keywords: biofuel; cellulose nanocrystals; CaO nanoparticles; environmental sustainability;
transesterification; waste cooking oil

1. Introduction

Generally, renewable energy serves an important role in dealing with climate change
and energy security challenges at the local, national, and worldwide levels. Most pros-
perous countries have made substantial strides toward reducing their reliance on fossil
fuels through the excessive use of alternate and renewable energy sources. Despite these
tremendous efforts, there is still an intense preference for energy derived from fossil fuels.
However, despite the rapid development of technology, the transportation sector has con-
sistently seen an increase in demand for oil [1]. Fossil fuels comprise 85% of the world’s
energy sources in today’s world and are predicted to remain so throughout the foreseeable
future as well [1]. It was pointed out that climate change has the greatest effect on the
production of biomass, being a renewable energy source [2]. To solve these issues, suitable
replacements for environmentally friendly fuels must be developed and put into practice.
To replace fossil fuels like oil, coal, and diesel oil, appropriate, clean, and renewable energy
sources have been the subject of much research, both in the past and present [2,3].

Fatty acid methyl esters (FAMEs), another name for biodiesel, are typically made by
catalytically transesterifying vegetable or animal fats with methanol. Esterification and
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transesterification are the primary processes used in the manufacturing of biodiesel [4].
Researchers have centered on problems including (1) inexpensive raw materials, (2) reusable
catalysts, and (3) effective reactors to carry out transesterification reactions to accomplish
sustainable goals in the production of biodiesel [5–7]. In addition to that, the conversion of
biomass to biofuels and life cycle assessment is also one of the most important aspects for
policy decisions as biofuels should be based on evidence that biofuels are produced in a
sustainable manner [8]. Thus, to produce biodiesel, it must be feasible to recognize widely
accessible and unused feedstocks. Animal fats, used cooking oil, and non-edible seed oils
have all expanded their availability as both environmentally and economically acceptable
feedstocks for the generation of biofuels in recent years [3,9–12]. Among the many energy
sources, biodiesel is biodegradable, sustainable, and non-toxic [5,13,14]. Both edible and
nonedible vegetable oils as well as animal fats are possible sources of biodiesel feedstock.
Yet, edible oils are not favored for the synthesis of biodiesel because of their high price,
limited stock, and probable general consequences [15]. The general cost of manufacturing
has decreased as a result of the widespread use of waste cooking oil (WCO) as a feedstock
for biodiesel production. Moreover, using WCO as a feedstock can aid in addressing issues
with environmental degradation [16].

Calcium oxide (CaO) is inexpensive and is one of several potential catalytic compo-
sitions; however, it is very relevant because of its high basicity, low toxicity, accessibility,
and affordability. Numerous studies have shown that CaO alone leaves calcium ions in
methanol if left in contact for a long time; therefore, CaO composite formation is rec-
ommended to avoid the use of decalcifying agents at an additional cost to ensure high
purity in the end products [17,18]. However, the use of pristine CaO is limited by its long
reaction time, and much interest has been shown in modifying pristine CaO to enhance
reaction rates and basic active sites [19–21]. The emergence of cellulose nanocrystals (CNCs)
as a novel class of nanomaterials can be attributed to their renewable, environmentally
harmless, naturally occurring, biodegradable, and biocompatible properties [22]. Further-
more, CNCs have a large number of hydroxyl groups on their surface; and the surface
sulfate ester groups in CNCs are produced by hydrolysis with sulfuric acid, which helps to
stabilize metal nanoparticles (mNPs). Because of their exceptional qualities, researchers
have focused a lot of attention on the use of CNCs in the production of mNP catalysts,
which act as excellent support for heterogeneous catalysts [23]. Using waste material as a
source for catalyst synthesis with active metal modification can thus be viewed as a viable
strategy for producing cost-effective product biodiesel. For example, one study reported
composites of CaO utilizing solid coconut waste as oil and eggshells as a CaO catalyst
supported with polyvinyl alcohol (PVA) in a packed bed reactor. The biodiesel yield of 95%
was obtained at a reaction temperature of 61 ◦C and reaction time of 3 h with a catalyst
loading (CaO/PVA) of 2.29 wt.% [21]. In a similar study, a PVA-supported CaO/CNC/PVA
catalyst was synthesized and utilized for biodiesel production from WCO in a packed bed
reactor. Chicken bone and coconut residue were used as sources for CaO and CNC, and the
supported catalyst (0.5 wt.%) was able to yield 98.40% biodiesel at 65 ◦C with a sufficiently
large reaction time of 4 h [24]. Similarly, CaO (calcined from eggshells) supported on silica,
which is obtained from treated waste glassware and further modified by impregnating
cerium oxide to increase activity, acts as a bifunctional catalyst for the conversion of beef
fat to biodiesel [20].

In this research, a calcium oxide and cellulose nanocrystal (CaO/CNC) nanocompos-
ite was synthesized through the hydrothermal method without using support material.
The cellulose source used was filter paper as a reference for CNC (cellulose nanocrystal)
synthesis through acid hydrolysis; however, it can be replaced in the future by sustainable
cellulose sources coming from wastes or residual biomass. The CaO/CNC nanocomposite,
being a heterogeneous catalyst, offers a lack of sensitivity to free fatty acids, is non-corrosive
in nature, and can be regenerated, reused, and separated easily from the product. Common
laboratory filter paper, which is commercially available as a source of CNCs, is combined
with CaO nanoparticles and employed as catalysts to assess their catalytic performance
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in the transesterification process for biodiesel production. The CaO/CNC catalyst un-
derwent thorough characterization via techniques, i.e., SEM, EDX, XRD, and FTIR. The
nanocomposite was utilized to produce biodiesel from waste cooking oil.

2. Results and Discussion

2.1. Catalyst Characterizations
2.1.1. X-ray Diffraction

The X-ray diffraction patterns of CaO, CNC, and CaO/CNC composites were exam-
ined. In close agreement with reference card no JCPDS 00-02-1088 (Joint Committee on
Powder Diffraction Standards) using the software X’Pert HighScore®, version 2.1.1, the
XRD pattern of CaO revealed distinctive peaks at 2θ values of 32.34◦, 37◦, 54.23◦, and 63.47◦,
which, respectively, correspond to lattice planes (111), (200), (220), and (311) (Figure 1a,d).

Figure 1. XRD patterns of (a) CaO, (b) CNC/CaO, and (c) CNC and (d) the standard reference pattern
of CaO (JCPDS 00-02-1088).

In the case of CNCs, the XRD examination revealed two broad diffraction peaks at
15.1–17.5 and 22.7, which, as previously reported [25], correspond to the crystal planes
(101), (101), and (002) of cellulose type I. (Figure 1c). Similar peaks to those of CaO and
CNC were visible in the CaO/CNC composite; however, some peak intensities decreased
as the composite formed (Figure 1b). The XRD pattern corroborated the calculated average
crystalline size of 42 nm, which indicates the successful synthesis of the composite.

2.1.2. FTIR

The vibrational bands contained in CaO nanoparticles, CNC, and the CaO/CNC com-
posite in the region of 4000–400 cm−1 were examined using the FTIR technique (Figure 2).
The peak in the range of 500–450 cm−1, due to the M–O bond present in CaO nanoparticles,
as reported earlier, and the peak at 874 and 1418 cm−1 corresponding to the C–O bond,
suggesting the carbonation of calcium oxide, were both seen in the spectra of CaO [26,27].
Peaks in CNC include the following: –OH stretch (3600–3200 cm−1), C–H stretch of cel-
lulose polysaccharides (2910 cm−1), –OH bending vibration (1640 cm−1), CH2 bending
(1430 cm−1), and 1372 cm−1 (CH3 bending), and –CO stretching (1060). Each of the positive
detected peaks is in conformity with the published literature [28]. The peaks at 874 and
1418 cm−1 in the composite CaO/CNC FTIR spectrum are caused by CaO nanoparticles,
which are not present in the CNC spectra. The peak of calcium oxide’s carbonation co-
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incided with the CH3 and CH2 bending vibrations in CaO/CNC, which are in the range
of 1450–1300 cm−1. These all provide confirmation that the CaO/CNC composite was
successfully formed.

Figure 2. FT-IR spectra of CaO, CNCs, and composite CaO/CNC.

2.1.3. SEM and EDX

Scanning Electron Microscopy (SEM) and EDX for elemental analysis were used to
examine the surface morphology of the produced materials including CaO, CNC, and
CaO/CNC, as shown in Figure 3. Because of their polarity and electrostatic attraction,
CaO nanoparticles have a smooth, regular, and flower-like appearance in their micro-
graphs (Figure 3a,b). The CNC micrographs exhibit agglomeration and spherical particles
(Figure 3c,d). Because of the presence of CaO and CNC, the composite displays porous
nanoflakes and agglomerated particles of various sizes (Figure 3e,f). CaO, CNC, and
CaO/CNC composite elements underwent EDX investigation. The purity of CaO NPs and
the existence of C and O in cellulose are both confirmed by the presence of Ca and O in
CaO nanoparticles. The presence of Ca, O, and C in the EDX spectrum effectively verifies
the production of the composite CaO/CNC (Figure 4).
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Figure 3. SEM images of (a,b) CaO, (c,d) CNCs, and (e,f) composite CaO/CNC at different
resolutions.
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Figure 4. Scanning electron microscopy and energy dispersive X-ray spectroscopy of (a) CaO and the
(b) CaO/CNC composite.

2.2. Effective Parameters of WCO Conversion to Biodiesel

To determine the impact of different effective parameters on the biodiesel yield of the
used canola cooking oil, experiments were carried out three times. Temperature (50–100 ◦C),
oil-to-methanol ratios (1:5–1:25), reaction time (30–150 min), and catalyst loading (1–5%)
were the variables. The data were graphed to examine the effects of the various parameters
on biodiesel yield.

2.2.1. Impact of Reaction Temperature

Temperature is an important factor in determining the conversion of triglycerides into
biodiesel and affects the rate of the transesterification reaction. In Figure 5a, the impact of
temperature on the catalyst’s effectiveness is shown at temperatures varying between 40
and 80 ◦C with a MeOH: oil of 20:1, CaO/CNC amount of 3 wt.%, and the time of 120 min
on biodiesel yield during the transesterification reaction of used fry cooking oil, which
was investigated under reflux circumstances. The reaction temperature has a substantial
impact on the biodiesel yield, as shown in Figure 5a. The initial biodiesel output was just
53% at 40 ◦C and 75% at 50 ◦C, but it grew further with just a 20 ◦C temperature rise and
peaked at 84% at 60 ◦C. The biodiesel yield was lower at low temperatures because the oil
viscosity was not reduced enough to allow for molecular collisions and a faster reaction
rate. Hence, raising the reaction temperature is necessary for producing the maximum
amount of biodiesel. A rise in temperature can accelerate the reaction rate and increase
molecular collisions, which can reduce the activation energy [29]. Higher temperatures
up to 80 ◦C are also used for WCO conversion to FAME [30]. The fatty acids acting as a
nucleophile and the increased interaction between the catalyst and protons caused by the
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alcohol and mixed oxide catalyst with the alkyl group of triglycerides facilitated a higher
conversion of oils to biodiesel at the reaction site. However, the biodiesel yield dropped to
75% at temperatures above 70 ◦C, possibly as a result of fast methanol evaporation. This
pattern is consistent with our earlier observations [4,11,21]. Hence, 60 ◦C was determined
to be the ideal temperature for subsequent tests in this inquiry.

 

Figure 5. Effects of various transesterification reaction parameters on biodiesel yields: (a) reaction
temperature, (b) reaction time, (c) catalyst loadings, and (d) methanol-to-oil molar ratio.

2.2.2. Impact of Reaction Time

The effect of transesterification reaction time on the synthesis of biodiesel from used
cooking oil was investigated in this study. The 20:1 methanol-to-oil ratio, 3-weight percent
catalyst loading, and reaction temperature of 60 ◦C were all held constant while the reaction
period was changed from 30 to 150 min. The results showed that the production of biodiesel
was only 63% after 30 min of reaction time (Figure 5b). The biodiesel output, however,
rose as the reaction time was extended and peaked at 90 min and 84% yield. This shows
that the reaction required additional time for the reactants to interact with each other
and the catalyst, giving rise to higher biodiesel yield, which did not reach equilibrium
after one hour. According to the present study, 90 min is the ideal amount of time for the
transesterification reaction to occur. Several studies have also demonstrated that reaction
time significantly affects biodiesel yield. For example, the highest biodiesel yield of 95%
was attained when coconut waste oil was used as the feedstock for biodiesel synthesis
by in situ transesterification using polymer-supported CaO/PVA of 2.29 wt.% and a time
duration of 180 min [21]. According to earlier studies, the output of biodiesel increased as
the reaction time was increased from 1 to 4 h [9,21,31]. In previous studies on the conversion
of biodiesel, large reaction times were also reported ranging from 5 to 10 h [10,30,32,33].
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2.2.3. Impact of Catalyst Loading

For transesterification processes, the involvement of the catalyst dose is crucial to
produce biodiesel with a sufficient yield and quality. This study assessed the impact of
catalyst loadings (1–5 wt.%) on the biodiesel yield from used cooking oil. As shown in
Figure 5c, when the methanol-to-oil ratio was held at 20:1 and the reaction temperature was
maintained at 60 ◦C for 90 min, the results showed that the lowest catalyst concentration
(1%) only produced 55% biodiesel, but increasing the catalyst loading (3 wt.%) resulted
in an increase in the yield by up to 84%. It was claimed earlier that at a lower catalyst
concentration (ca. 0.5%), the active sites necessary to successfully convert triglycerides into
biodiesel might not be present. It was discovered that using a 3 wt.% catalyst was best
for producing biodiesel because of a higher number of available active sites [10]. Previous
studies conducted by [31] showed that a catalyst amount of 5 wt.% could be used to convert
marine fish waste oil to biodiesel. The maximum biodiesel yield of 86.5 wt.% was obtained
with a methanol-to-oil molar ratio of 25:1 and a reaction time of 107 min [31]. Previously
reported studies show the use of a large amount of catalyst loading, for example, a ZrO2-
supported heterogeneous catalyst of 12 wt.% showed a microwave-assisted conversion of
soybean oil into biodiesel yield of up to 92.75% [34]. In another study, calcined salmon fish
bone waste was used as a catalyst support for biodiesel production using sunflower oil.
A catalyst loading of 10 wt.% was used for 3 h to obtain a biodiesel yield of 99.13% [35].
A pyrolytic rice straw ash supported with CaO (25–35 wt.%) using a catalyst loading of
4.87 wt.% and 175 min of reaction time resulted in a biodiesel yield of 96.49% [36]. It should
be noted that these amounts are considerably higher than the optimal 3 wt.% catalyst
loading obtained in this research. After careful consideration, we determined that the
optimal conditions for further investigation were a catalyst concentration of 3 wt.% and a
MeOH: oil ratio of 20:1.

2.2.4. Impact of the Methanol-to-Oil Ratio

The methanol-to-oil molar ratio also affects the transesterification of used cooking
oil into biodiesel using a CaO/CNC catalyst. Various methanol-to-oil ratios of 5:1, 10:1,
20:1, and 25:1 were used. We maintained a univariate approach throughout the procedure,
including a catalyst loading of 3 wt.%, a reaction temperature of 60 ◦C, and a reaction
time of 90 min. A higher methanol-to-oil ratio was used earlier in many studies, for
example, a maximum biodiesel yield of 86.5 wt.% was obtained with a methanol-to-oil
molar ratio of 25:1 and reaction time of 107 min [31]. Excess methanol, however, enhances
the transesterification procedure on the product side, leading to a full conversion of the
reactants (used cooking oil) into products (FAMEs). Figure 5d shows the effects of various
methanol-to-oil molar ratios on biodiesel production. Biodiesel yields climbed from 44%
to a maximum of 84% as the methanol-to-oil ratio rose from 5:1 to 20:1. This is because
higher methanol-to-oil ratios make the reactants more soluble, which raises the likelihood
that methanol will attack the carbonyl/carboxylic acid functional groups in fatty acids and
triglycerides through a nucleophilic attack. However, when the MeOH: oil ratio was raised
to 20:1 and 25:1, the biodiesel yield remained the same. As a result, for further research, we
determined that the optimal ratio is MeOH-to-oil at 20:1.

2.3. Biodiesel Characterization
2.3.1. FTIR Analysis

The identification of chemical bonds and functional groups in oil and biodiesel is
carried out using this excellent method of analysis. Peaks are attained in the 400 to
4000 cm−1 range. The chemical structures of the FTIR spectra of the waste cooking oil and
waste cooking oil biodiesel results are similar (Figure 6). However, small differences are
observed in the intensities and frequencies of the absorption bands [4,9]. The presence
of fatty acid methyl esters is responsible for the following peaks in waste cooking oil:
3006.9 cm−1 (sp2 C–H stretch), 2921.7 cm−1 (sp3 C–H stretch), 1377.1 cm−1 (CH3 bending),
1463.7 cm−1 (CH2 bending), 1098.6 cm−1 (C–C stretch), and 1743.6 cm−1 (C=O stretch).
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With some small variations, similar peaks were seen in the produced biodiesel. It is notable
that the methyl ester deformation peak, which appears at 1435.5 cm−1 in the spectrum
of biodiesel, is absent from the oil spectrum, which is the methyl ester group with its
deformation vibration. In addition, the biodiesel spectrum’s fingerprint area peak at
1157.8 cm−1 was divided into two peaks at 1170.3 and 1195.7 cm−1. The averaging of the
energy over the triple ester group of the triglycerides is gone, which strongly supported the
manufacture of biodiesel. These vibrational bands show that the heterogeneous catalytic
transesterification event, which turns oil into biodiesel, has taken place.

Figure 6. FTIR spectra of waste cooking oil (a) and biodiesel from waste cooking oil (b).

2.3.2. Nuclear Magnetic Resonance Analysis
1H NMR was employed to determine the molecular composition of biodiesel, which

is also used to demonstrate that methyl ester was produced during the transesterification
procedure. The Figure 7a depicts the biodiesel 1H NMR spectrum and its associated signals.
The signal that appeared at 0.89 ppm is attributed to terminal methyl protons (C–CH3),
at 1.32–1.95 ppm to methylene groups (α–CH2, β–CH2), which suggested the existence
of hydrogen atoms on the third carbon in an aliphatic fatty chain, and at 2.27 ppm to
methylene protons (C–CH3). The signal at 0.87 ppm is attributed to terminal methyl
protons, while the peak of olefinic hydrogen (–CH=CH–) appears at 5.37 ppm, signifying
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the double bond integrated for two hydrogen atoms for each double bond group. The
spectra peak at 2.32 ppm is for allylic hydrogen (–CH2), which has two hydrogen atoms
per non-conjugated group. The appearance of a peculiar single peak at 3.6 ppm, which
is attributed to methoxy protons (–OCH3), is evidence of the production of methyl esters.
Figure 7b illustrates the 13C NMR spectra, demonstrating distinctive signals at 31.91 ppm
and 174.25 ppm that are related to (–CH2) n and (–COO–), respectively. The unsaturated
position in biodiesel (CH=CH) methyl ester was detected at 129.7 ppm for outer non-
conjugated carbon. The conversion of oil into biodiesel was also confirmed by employing
the following formula, as reported elsewhere [13,37,38]:

C = 100 × 2A (Me)
3A (CH2)

The above equation, where C, A (Me), and A (CH2) are the percentage conversion,
integration values of methoxy protons, and alpha methylene proton, respectively, was used
to calculate the biodiesel yield from waste cooking oil. The conversion of WCO to biodiesel
was obtained as 82.8% by using the above formula, which is quite close to the practically
obtained yield of 84%.

 

Figure 7. NMR spectra of (a) 1H and (b) 13C for biodiesel produced from waste cooking oil.
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2.3.3. GC-MS Analysis

The produced biodiesel from the waste cooking oil chemical composition was analyzed
further by GC-MS (Figure 8). The analysis of the biodiesel samples using library software
(NO. NIST02) allowed for the identification of various FAMEs (fatty acid methyl esters).
The mass spectra of docosanoic methyl ester (C22:0 m/z 354) appeared at a retention time
of 15,611 min and octadecanoic acid methyl ester (C18:0 m/z 298) at a 12,177 min retention
time, which is saturated fatty acid methyl ester. The mass spectrum shows important
fragment ions characteristic of monosaturated fatty acid methyl esters such as tetracosenoic
acid methyl ester (C25:0, m/z 382) and other saturated fatty acid methyl esters including
eicosanoic acid methyl ester (C21:0, m/z 326), hexadecanoic methyl ester (C17:0, m/z 270),
and methyl tetradecanoate (C15:0, m/z 242). Moreover, other monounsaturated fatty acid
methyl esters were also observed, such as 10-octadecenoic acid methyl ester (C10:1) and
11-eicosenic acid methyl ester (C21:1) at m/z 324 and m/z 296. Furthermore, the current
peaks exhibited saturated and unsaturated McLafferty rearrangements (m/z = 74 and 29).
The fatty acid methyl ester profile is the key factor in determining feedstock’s suitability in
synthesizing biodiesel. However, it should be noted that the presence of a higher degree
of unsaturated fatty acids can limit the suitability of (FAMEs) fatty acid methyl esters as
fuel because of issues such as peroxidation and polymerization. Peroxidation occurs at an
accelerated rate in combustion engines at higher temperatures, which can lead to engine
clogging. As a result, feedstocks with a higher proportion of polyunsaturated fatty acids
are not ideal for biodiesel production. Conversely, monounsaturated acids have a lower
affinity for oxygen, minimizing the risk of peroxidation [39,40].

Figure 8. Cont.
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Figure 8. GC-MS chromatograms. (a) Total ion chromatogram of biodiesel, (b), Library match of
peak at 12,177 min (octadecanoic acid methyl ester (C18:0)), and (c) Library match of peak at 15,611
(docosanoic methyl ester (C22:0)).
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2.4. Comparison of Biodiesel Fuel Properties with International Standards

As recommended by ASTM, the fuel qualities of the synthesized biodiesel were
evaluated. The test findings are consistent with international standards, including those
indicated in Table 1 such as ASTM-951, 6751, Chinese international standards (GB/T
20828), and European Union standards (EU-14214). To establish the coherence of the
synthesized biodiesel’s properties with slight alterations, it was compared with earlier
research. Higher acid numbers result in engine damage and poorer engine efficiency, and
there is a correlation between the acid number and the level of free fatty acids (FFAs) in the
fuel. Nonetheless, the synthetic biodiesel is within the permitted range for international
standards with an acid value of 0.31 mg KOH/g. High-density fuels can contribute to
engine viscosity issues and have an impact on atomization during combustion. For FAMEs,
the density should be between 860 and 900 kg/m3, as mandated by American (ASTM) and
European (EU) requirements, which is somewhat higher than that of petro-diesel density
(827.2 kg/m3) [41,42]. This research discovered that the produced biodiesel’s density
was 0.8312 kg/m3, which is within the bounds established by international regulations
(Table 1). This shows that switching to biodiesel as a diesel fuel substitute will not have
any negative consequences on the engine or the environment. We also examined kinematic
viscosity, a fundamental property of biodiesel that is impacted by fuel spray, mix formation,
and combustion. It is crucial to keep the kinematic viscosity as low as possible because
high viscosity can cause deposits to build up and poor combustion in the engine. It was
discovered that the kinematic viscosity of the biodiesel made from used cooking oil was
5.88 centistokes (cSt) (Table 1), which is slightly higher than the values discovered in
prior research utilizing seed oils from the rubber raphnus L. and jatropha (5.65, 5.65, and
4.36 cSt, respectively) [10]. The biodiesel used in the current experiment has a flash point of
77 ◦C, which is within the permissible range for fuels with flash points higher than 66 ◦C,
as defined by American (ASTM), Chinese (PRC), and European Standards (EU). That is,
however, still below the targeted cap. The term “flash point” describes the temperature at
which fuel begins to vaporize and catch fire when exposed to a spark [10].

Table 1. Comparison of fuel properties of the waste cooking oil biodiesel with international biodiesel
standards and biodiesel from other studies.

Parameters Unit Test Method
Typical Values

of Diesel
(Market)

Observed
Values

Specific gravity
(15.6 ◦C) No unit ASTMD1298 <0.860 0.904

Color No unit ASTMD1500 Min. 3 4

Flash point ◦C ASTM D93 Min. 54 77

Cloud point ◦C ASTMD2500 Max. 9 −3

Pour point ◦C ASTM D97 Max. 9 −5

Viscosity (kinematic at
50 ◦C) cSt or mm2/s ASTM D445 Max. 12 5.88

Sulfur wt.% ASTMD4294 Max. 1.8 0.0001

Sediments wt.% ASTM D473 Max. 0.05 0.014

Water content wt.% ASTM D95 Max. 0.25 0.046

Total acid number mg KOH/gm ASTM D664 Max. 0.5 0.31

Cetane number No unit ASTM D976 Min. 35 29

Copper strip (3 h
corrosion at 100 ◦C) No unit ASTM D130 Max. 1 1a
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2.5. Reusability of Catalyst

The reusability of the CaO/CNC catalyst’s efficacy was assessed to evaluate the
stability of nanocomposite in the transesterification of biodiesel production under optimal
reaction conditions. The optimized transesterification reaction conditions, which included
a 3-weight percent catalyst loading, a 20:1 methanol-to-oil ratio, a reaction temperature
of 60 ◦C, and a 90-min reaction period, were employed to test the catalytic activity of the
recycled catalyst. Up to five times reusability was possible for the catalyst after it was
removed from the reaction mixture. The separation and cleaning procedure reduced the
catalyst activity of the regenerated catalyst. After each process, the used catalyst was
collected using filter paper, cleaned with methanol to remove any contaminants, and then
utilized in tests on catalyst leaching. The catalyst activity in the following five reactions
was assessed after the catalyst surface had completely dried at 100 ◦C for at least three
hours. It was noted that throughout the three recycling procedures, the biodiesel yields fell
somewhat from 84% to 82%. The biodiesel efficiency declined because of the leaching effect
of active species in the reaction mixture after frequent use. In addition, CaO nanoparticles
contained in the reaction can be solubilized in the glycerol attained by way of a by-product,
i.e., calcium diglyceroxide species, which is the active phase in biodiesel manufacture [43].
The deactivation of catalytic active sites resulted in a further decline in biodiesel yields after
each run, which explained why they reached 79% in the fifth cycle (Figure 9). However, the
potentiality of the prepared nanocatalyst to be reused in biodiesel production can reduce the
raw material cost of the overall production [44]. In a similar study [21], the yield of biodiesel
was reduced from 94.55% to 67.07% after five cycles, and the pattern in terms of catalyst
reusability was similar to the current study, where the yield of biodiesel was decreased
slightly at the early cycle. The comparison between the CaO/CNC composite and pristine
CaO was made using the same reaction conditions (Figure 9), and it was observed that
the composite shows a better reaction rate and stability compared with pristine CaO. The
reaction kinetics of pristine CaO is quite slow and takes time, which limits its suitability to
be used as a catalyst. For this reason, researchers used modifications/doping or composite
formation to enhance the reaction rates of CaO [20]. For example, Tang et al. modified
CaO by treating it with bromooctane and obtained a lower reaction time of 3 h (99.2%
conversion) compared with CaO (35.4% conversion) [19].

Figure 9. Recycling of CaO/CNC nanocomposite and CaO during transesterification reactions.
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3. Materials and Methodology

3.1. Materials

The chemicals, which were used at analytical grade, came from Sigma Aldrich. These
included sodium hydroxide (NaOH), calcium nitrate hexahydrate (Ca(NO3)2·6H2O), hy-
drochloric acid (HCl), methanol (CH3OH), sulfuric acid (H2SO4), ethanol (C2H5OH), anhy-
drous magnesium sulfate (MgSO4), and filter paper (No 41). Vegetable oil, canola waste
cooking oil (WCO), was obtained from a nearby local restaurant.

3.2. Cellulose Nanocrystal Synthesis (CNC)

The world’s most prevalent and renewable biopolymer is cellulose, which is derived
from renewable resources like biomass [45]. Nanocrystalline cellulose (CNC) has a strong
crystalline structure, is densely packed, inexpensive, and lightweight, and has distinct
morphologies with nanoscale dimensions [46]. Acid hydrolysis was carried out under
regulated conditions to separate the CNCs, ensuring that only the amorphous segments
of the cellulose were acted on and the crystalline segments were left unaltered. Sulfuric
acid and hydrochloric acid are the most often used acids for the acid hydrolysis of cellulose
because of their considerable strength, which is necessary to hydrolyze the glycosidic link
present in cellulose [47]. In fact, exposing cellulose fibers to acid hydrolysis can produce
defect-free, rod-like crystalline residues [47]. The structure of cellulose is supramolecular,
and acid hydrolysis causes a certain degree of cellulose structure breakage, resulting
in lower molecular weight constituents and molecular weight distribution with smaller
molecular fractions [48,49]. CNC was fabricated using acid hydrolysis of filter paper
No 41, which is a cheap and easily available source of cellulose, requiring less effort and
purification steps than other raw sources of cellulose. A homogenous suspension of 2 g of
filter paper was prepared by cutting, pulverizing, and dissolving it in a 62% H2SO4 acid
solution. The mixture was then placed in a water bath at 45 ◦C and continuously stirred
for an hour. The addition of adequate DI water stopped hydrolysis (20-fold), and then
the acid was neutralized to stop the hydrolysis process. The excess water was removed,
and sediments were collected using centrifuging at 8000× g rpm for 15 min. Thereafter,
the suspension was cleaned several times with deionized water (DI) water. The total solid
content of CNC was determined by drying at 100 ◦C for 1 h.

3.3. CaO/CNC Nanocomposite

In the current experiment, pure calcium oxide (CaO) nanoparticles were produced by
the direct precipitation method, which is one of the most useful, budget-effective, easy, and
traditional methods, following the steps reported previously with some modifications [50].
Ca(NO3)2·6HO2 was properly weighed out and dissolved in (100 mL) distilled water at
60 ◦C under constant stirring for 1 h using a hotplate magnetic stirrer. A solution of NaOH
(1 M) prepared in distilled water was added dropwise into the Ca(NO3)2·6H2O solution
(40 mL). The reaction process was carried out for 2 h at a temperature of 60 ◦C and pH = 10,
which resulted in white-colored precipitates. These precipitates were filtered and washed
with ethanol and distilled water. The end product of this chemical reaction was a precursor
of CaO, that is, Ca(OH)2, and dried in an oven for 6 h at 60 ◦C, which was finally calcinated
at 900 ◦C for 5 h.

CaO/CNC nanocomposites were synthesized by the hydrothermal method. Sepa-
rately, 1 g of CNC and 1 g of calcium oxide nanoparticles were added to 40 mL of 96%
ethanol, which was then sonicated for 30 min separately to attain good dispersion. The
solutions were slowly combined and sonicated for five minutes and then transferred to an
autoclave Teflon for 12 h at 120 ◦C. The resulting product was centrifuged, dried at 60 ◦C
overnight, and used for transesterification reaction.

3.4. Free Fatty Acid Content (FFA) Determination of WCO

It is essential to know the FFA content of the oil sample before transesterification. The
acid–base titration method was used to determine the level of FFA in the used cooking oil.
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Two grams of WCO was added in a 250 mL titration flask, and 100 mL of solution was
prepared by adding ethanol–diethyl ether (1:1 v/v) by using a few drops of phenolphthalein
added in the sample solution as an indicator and titrated with standardized potassium
hydroxide 0.025 M solution. Using the following equation, the FFA content of the used
cooking oil was determined [51]:

%FFA =
V (mL) C × M × 100

1000 × m (gram)

where V is the volume of oil/solvent solution, C is the concentration of KOH in molarity,
M is the molecular weight of oleic acid (most commonly used fatty acid), and m is the mass
of oil used. A free fatty acid content of 3.5% was found in the waste cooking oil.

3.5. Process of Biodiesel Production

The presence of FFAs in biodiesel reduces its commercial value. As per international
biodiesel standards, an acid number of less than 0.5% (mg KOH/g) is recommended.
Therefore, after determining the acid value and FFA content of the WCO, acid esterification
via pre-treatment was conducted to reduce its FFA content. In this study, the pre-treatment
was performed using the conventional oil bath method. A three-necked round-bottom flask
was utilized for the pre-treatment process. A reflux condenser was connected to the top
neck of the flask to reduce the evaporative loss of alcohol, while the left neck was connected
to a thermometer to measure the temperature. The right neck was closed with a stopper
to reduce the evaporative loss of alcohol [52]. This was accomplished by an esterification
process using cooking oil that was first filtered using a filter strainer to remove impurities.
The methanol and oil were then mixed in a 2:1 molar ratio with 5 wt.% of HCl and 60 mL
of WCO added. This mixture was then stirred for one hour at 60 ◦C on a reflux condenser.
Distilled water was then added (50–100 mL) and repeatedly rinsed to remove unreacted
acid and any other side products. The remaining oil phase was treated with MgSO4 for
30 min until all the water in the oil was dried.

After the esterification of FFAs in the waste cooking oil was reduced to less than 0.5%,
the CaO/CNC catalyst was used to produce biodiesel from esterified waste cooking oil. The
transesterification reaction was performed using 30 mL of esterified oil for 90 min at 60 ◦C
with a methanol-to-oil molar ratio of 20:1 and 3% CaO/CNC catalyst. Biodiesel and glycerol
were produced during the transesterification reaction. Excess methanol was evaporated
using a rotary evaporator, and the glycerol and biodiesel layers were separated using a
separating funnel. The yield of biodiesel was estimated using the following equation, as
per previously reported studies [11,13,30]:

Percentage yield =
Grams o f Biodiesel Produced

Grams o f Oil Used
× 100

3.6. Instrumentation

Powder X-ray diffraction (PXRD) is a crucial technique for identifying the crystalline
phases present in materials and for determining the structural properties. PXRD patterns
of CaO, CNCs, and CaO/CNCs composite were obtained using a powder diffractometer
(Model X’Pert powder X-ray diffractometer from PANalytical) equipped with a Cu-Kα

radiation detector with a wavelength of 0.154 nm and a scanning rate of 2◦/min in the 2θ
range of 10–70◦. The Scherrer equation, which relates the average crystallite size (D) to the
diffraction width (β), was used to determine the crystallite size based on the broadening of
the relevant X-ray spectral peaks. The Scherrer equation and the full-width half maximum
(FWHM) of the sharpest peak were used to determine the crystallite sizes.

D = K·λ/(β·cos θ)

where D = Diameter of crystallite;
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K = Shape factor, having a value of 0.9;
λ = Wavelength of the incident X-ray, having a value of 1.542 Å;
β = Full-width half maxima of the corresponding diffraction peak;
θ = Bragg’s angle.

Functional groups and the bond formation of materials were studied by FT-IR (BRUKER-
TENSOR-27) in the range of 4000 cm−1 to 400 cm−1 with a of resolution rate 1 cm−1

and 15 scans. Scanning electron microscopic study by NOVA Nano exposed the surface
morphology (shape and size) and elemental analysis via energy-dispersive X-ray spec-
troscopy (EDX).

4. Conclusions

In this study, an efficient heterogeneous catalyst CaO/CNC nanocomposite is used
for the transesterification of waste cooking oil. Filter paper is used as a cheap source for
the development of CNCs, which typically possesses a high surface area and porosity. The
filter paper can be replaced in the future with a cheap source of lignocellulosic biomass
available abundantly for CNC preparation. The CaO/CNC nanocomposite possesses more
active sites, which enhance the efficiency of the transesterification. The hydrothermally
synthesized CaO/CNC composite is employed as a catalyst to synthesize biodiesel through
transesterification, which is confirmed by different characterizations including XRD, SEM,
and EDX. The impact of different operating conditions on the production of biodiesel
was investigated thoroughly, such as a molar ratio of methanol-to-oil of 20:1, catalyst
concentration (3 wt.%), temperature (60 ◦C), and time (90 min). Under these optimum
conditions, a biodiesel yield of 84% was obtained. The CaO/CNC catalyst can be recycled
up to five times without significantly lowering conversion efficiency and shows good
stability compared with pristine CaO. To confirm the successful transesterification process,
various analytical techniques such as 1H-NMR, 13C-NMR, GC-MS, and FT-IR spectroscopy
were employed. The physicochemical characteristics evaluated in this study unequivocally
demonstrate that waste cooking oil has the potential to serve as a valuable non-edible feed-
stock for the biodiesel industry. Its economic feasibility, local availability, environmental
friendliness, and adaptability to diverse environmental conditions make it a promising
candidate for sustainable biodiesel production. The properties of the biodiesel, such as
cetane number, kinematic viscosity, flash point, copper strip corrosion, and water content,
align with international standards. These biodiesel properties also meet the standards
set by China, the European Union, and the United States. Consequently, biodiesel can be
considered a compelling substitute for petroleum diesel. This research offered a cheap and
environmentally beneficial technique for synthesizing biodiesel with high yield.
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Abstract: The use of biolubricants as an alternative to petroleum-based products has played an
important role in the last decade. Due to the encouragement of global policies, which mainly support
green chemistry and circular economy, there has been an increasing interest in bio-based products,
including biolubricants, from scientific and industrial points of view. Their raw materials, production,
and characteristics might vary, as biolubricants present different applications for a wide range of
practical uses, making this field a continuously changing subject of study by researchers. The aim
of this work was to study biolubricant production from vegetable oil crops from a bio-refinery
perspective, paying attention to the main raw materials used, the corresponding production methods
(with a special focus on double transesterification), the role of catalysts and some techno-economic
studies. Thus, the main factors affecting quality parameters such as viscosity or oxidative stability
have been covered, including catalyst addition, reaction temperature, or the use of raw materials,
reagents, or additives were also analyzed. In conclusion, the search for suitable raw materials, the
use of heterogeneous catalysts to improve the effectiveness and efficiency of the process, and the
optimization of chemical conditions seem to be the most interesting research lines according to
the literature.

Keywords: fatty acids; fatty acid methyl esters; transesterification; epoxidation; catalyst; viscosity;
oxidation stability; acidity; biorefinery; sustainability; circular economy

1. Introduction

1.1. Global Energy and Materials Scenario: The Role of Biolubricants

Due to the global concern about environmental and sustainable subjects, the promotion
of new concepts such as circular economy, green chemistry, or sustainability has become
popular in recent years. Indeed, global agencies and organizations, as well as national
or local governments (along with society’s environmental awareness), have encouraged
these kinds of practices, as in the case of Europe, has established a long-term goal to
develop a competitive, resource-efficient, and low carbon economy by 2050, pointing out
the important role of biomass in future bioeconomy policies [1].

On the other hand, the 2030 Horizon and Sustainable Development Goals (SDG)
established by the United Nations (UN) are a reference for the launch of specific national or
regional guidelines regarding sustainability, green practices, and circular economy, among
others [2].

In this context, the role of bioproducts as a replacement for petroleum products can be
strategic, fostering economic and sustainable growth of developing countries or regions
(as well as developed countries whose green policies have changed their strategies in
the medium and long term). For instance, the implementation of technologies devoted
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to biofuel production has been widely studied in the literature, including biodiesel or
bioethanol, among others.

Regarding bioproducts, the specific case included in this review, that is, biolubricants,
has been considered an interesting research field, as explained later. Biolubricants could act
as the replacement for mineral lubricants, implying many advantages and challenges. This
way, biolubricants are more biodegradable, presenting higher flash and combustion points
compared to traditional lubricants. Also, biolubricant production usually presents a high
atom efficiency. These properties imply a product with a reduced environmental impact, as
well as increased safety during storage or transport. On the other hand, these biolubricants
may also have disadvantages, like short oxidative stability values, which could worsen
viscosity or acidity during storage, with subsequent problems for its direct use in machines,
engines, or gears.

In general, apart from the abovementioned advantages, and depending on the raw ma-
terial used and the kind of production, biolubricants could comply with some Sustainable
Development Goals, like the ones included in Figure 1:

 

Figure 1. Main Sustainable Development Goals related to biolubricant production [2,3].

Therefore, as can be seen in this figure, biolubricant production, which can be con-
sidered in a biorefinery context, could comply directly with many of the Sustainable
Development Goals (SDGs) established by the UN. For instance, as explained in the follow-
ing sections, biolubricant production can present intermediate products, such as fatty acid
methyl esters, which could contribute to affordable and clean energy.

Regarding decent work and economic growth, the use of bio-based products obtained
from typical raw materials in a certain area can contribute to the energy and material
independence of this region, developing sustainable economic growth. Indeed, local crops
and the subsequent vegetable oils could be an interesting starting point for a biorefinery
based on biodiesel and biolubricant production (usually through double transesterifica-
tion), promoting sustainable industries, innovation, and responsible production of many
components such as biodiesel, glycerol, biolubricants, methanol recovery, etc.

Finally, and since natural raw materials are used in a sustainable way, obtaining a
biodegradable product, biolubricant production could help to improve climate action,
protecting life on land and below water (as, for instance, a biolubricant spill would not be
as harmful as its petrol-based equivalent). Furthermore, other SDGs could be positively in-
fluenced (such as “No poverty”, “Good health and well-being”, or “Reduced inequalities”),
but in an indirect way.

These SDGs point out another interesting point that supports sustainable strategies,
possibly being the real and definitive starting point for the implementation of these policies
all over the world. Unfortunately (or not, if green policies are finally taken by national and
international agencies at this point, after learning the hard way), the energy and material
dependence of most countries (especially concerning natural gas or oil), along with the sub-
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sequent and unstable changes on many raw material prices (including oil and, as observed
after the war between Russia and Ukraine, vegetable oils such as corn oil) has implied
an unstable period where economic crisis (pressed by this energy instability) became the
general tone, affecting almost every corner of the globe in a direct or indirect manner.

However, this is just a simple example of how international relations and wars in
recent history influenced aspects such as energy, food, or transport [4,5]. This way, concepts
such as renewable energy, circular economy, or green chemistry are nowadays as linked to
geopolitics as ever (although this issue is not new), apart from the obvious economic and
industrial concepts, in order to reduce the negative effect of international stress [6–9].

As observed in Figure 2, two significant trends are observed that point out the negative
effects of energy and material dependency. First, according to Figure 2a, it is clear that
oil price evolution has been a roller coaster since 2005, with increases of 100% in a few
years, followed by abrupt decreases of over 50%. With this uncertainty related to oil prices,
it is difficult for countries (especially developing ones) to carry out a correct industrial
development plan, among other economic issues, with negative consequences for industries
and, accordingly, citizens.

Another paradigmatic example is the Russo-Ukrainian war, whose consequences
regarding fuel prices are included in Figure 2b. Considering that the Russian invasion of
Ukraine took place in February 2022, its consequences were noticeable almost instanta-
neously, with a considerable increase in FAME (120%), gasoline (90%), and diesel (92%)
prices compared to average prices in 2018–2019. As expected, these unstable prices (includ-
ing some metals like gold or nickel) implied a global economic crisis, affecting developing
countries to a greater extent [10]. Consequently, this event could be the “last straw” to
definitively change the public and institutional support towards a green transition [11].

Another event to take into consideration was the COVID-19 pandemic, whose effect
was also noticeable (apart from the obvious impact on health and economic issues) in
energy consumption all over the world, especially in cities (where the different stringency
responses taken by governments to mitigate the spread of COVID-19 had an influence
on the reduction in urban energy consumption) [12], energy market (whose effect was
persistent for an extended period) [13–15] or renewable energy, with an increasing interest
in subjects such as green policies or clean energy investments (to revitalize the economy
after the pandemic) in such a stable stage like the post-pandemic era.

Equally, energy efficiency research related to renewable energy has gained impor-
tance in recent years in order to compete with previous energy sources and promote the
sustainable development of green processes [16,17]. As a result, many countries, such
as those included in G20, have encouraged green policies through fiscal stimulus as a
consequence of the coronavirus crisis [18]. Considering that similar events could take place
in the medium to long term, it is no wonder that this trend can be enhanced in the future.

Figure 2. Cont.
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Figure 2. Different trends pointing out the negative effect of energy dependency: (a) Average annual
OPEC crude oil price from 1975 to 2022; (b) Comparison of average wholesale motor fuel prices
(FAME, gasoline, and diesel) in Europe in 2018/19 and May 2022 as a result of the Russia-Ukraine
war, expressed in U.S. dollars per metric ton of oil equivalent. Sources: [19,20].

Consequently, green policies have become as important as ever, influencing or even
changing the current international status when it comes to geopolitics during the energy
transition [7,21,22].

Thus, energy and material independence (especially in developing countries, but also
at a global level) is necessary, and the use of concepts such as green chemistry or circular
economy could contribute to the sustainable development of industrial activities. In this
case, as explained in further sections in this review work, the role of some raw materials
such as vegetable oils (along with some wastes) could be vital, as they can contribute
to the production of very interesting goods, serving as an energy source (for instance,
through biodiesel production) or providing important products such as biolubricants (the
perfect replacement for lubricants obtained from petroleum industry). But is the use of
biolubricants really a great opportunity to contribute to the abovementioned purposes? It
will depend on market opportunities and production efficiency, as will be discussed in the
following sections.

1.2. Industrial Activity, Lubricant Demand, and the Subsequent Opportunity for Biolubricants

There is no doubt that industrial activity has been constantly increasing since the
industrial revolution took place. Indeed, there are plenty of indicators that support this
trend, not only in world powers such as China or the United States but also in other
developing countries, especially in Africa. Africa’s economic awakening is interesting in
many ways, but as far as this work is concerned, there are three key points that should be
considered, like the following:

• Its economic growth and industrial development are becoming more and more notice-
able, with the subsequent risks if environmental measures are not suitably taken.

• There is a great opportunity for sustainable development according to the SDGs, with
the subsequent decrease in economic dependence on traditional trade relations with
some countries, especially in the case of former colonial powers.

• For this purpose, many sustainable processes can contribute to the industrial network
of developing countries.

The role of vegetable oils could be crucial, as there are many oilseed crops (especially
safflower, cardoon, or rapeseed) that can be easily adapted to extreme climate conditions
and poor soils worldwide, which could encourage developing countries to implement
or foster oilseed crops in non-arable areas, with the subsequent benefits related to the
production of fuels and other bio-based products such as biolubricants. Indeed, the real im-
plementation of biolubricant production will depend on the real demand for these products.

59



Catalysts 2023, 13, 1299

In that sense, there is a steady industrial development, which usually implies the use
of industrial machinery and the subsequent demand for lubricants. Thus, considering the
above, the role of biolubricants could be an interesting starting point for the implementation
of sustainable processes, green chemistry, or circular economy. This fact can be supported
by the demand for biolubricants, as shown in Figure 3. As observed, there was a steady
increase in the global demand for biolubricants, forecasting for 2023 a demand of 37.4 mil-
lion metric tons, that is, over an 8% increase compared to 2010. Consequently, biolubricant
production presents a promising future, although it is still in an emerging stage.

 

Figure 3. Global demand evolution for biolubricants in the last decade (source: [3]).

In parallel, lubricant production and demand can be broken down by region, as
observed in Figure 4. It should be noted that the majority of lubricant demand (Figure 4a)
and production (Figure 4b), exceeding 75%, is mainly concentrated in three regions that are,
Asia-Pacific, Europe, and North America. On the contrary, lubricant production in Africa
can be considered negligible for the time being. In that sense, the role of biolubricants can
be doubly promising:

• On the one hand, considering the abovementioned concerns from international agen-
cies and countries, the replacement for lubricants presents great potential in developed
countries in Asia, Europe, and North America.

• On the other hand, considering the case of Africa, the use of biolubricants can meet
the demands of developing countries, where the production of vegetable oils adapted
to extreme climate conditions (such as cardoon or safflower) could contribute to an
increase in industrial activity in a sustainable way, making these regions less dependent
on energy or imported materials (like lubricants).

Thus, it is clear that there is great potential for biolubricant production based on
vegetable oils. Even though there are some concerns related to energy crops (mainly based
on oilseed species, both for edible and non-edible purposes) and their environmental
impact or food competition, the sustainable use of poor soils, as well as the concept of crop
rotation that could enhance soil alleviation have been widely studied as a sustainable way
to take advantage of non-arable areas.
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Figure 4. Lubricant demand (a) and production (b) shares by region in 2018 [23].

In that sense, some crops such as cardoon, rapeseed, or safflower [24–26] would be
suitable for sustainable oil production, as they can be easily adapted to extreme climate
conditions and poor soils that are not usually arable (which could be an advantage for
developing areas where these conditions are usual) and present a long and deep tap root
which can be used in rotation crops to recover superficial soils where typical crops such as
corn, lettuce or garlic are used. Also, these crops are normally resistant to many plagues. In
conclusion, if suitably managed, soils for oil production can be sustainable and would not
imply any environmental concern.

Apart from that, there are some wastes related to the use of vegetable oils, especially
after cooking and the subsequent frying oil generation, that should be properly managed to
avoid environmental problems, especially related to soil and water pollution, where these
wastes are especially pollutant. Thus, as commented in the following section, there is a real
concern about frying oil management, which could be efficiently managed by its use as a
biodiesel and biolubricant source. Equally, the use of these wastes to obtain biodiesel and
biolubricants could also contribute to lower soil exploitation, implying a more sustainable
production of biolubricants.

1.3. Waste Cooking Oil: A Real Challenge with Endless Opportunities (Such as
Biolubricant Production)

Frying oils (FO), or waste cooking oils (WCO), which can be considered as used
vegetable oils (UVO), is a waste that is increasingly generated in food and industrial
sectors worldwide, which could imply a serious environmental problem if it is not suitably
managed. Thus, about 200 million tons per year are produced, with 4 million tons in Europe
(which constitutes around 2%, whereas the US, with 55%, and China, with 25%, are the
majority of WCO generators) [27]. In any case, it should be noted that, in essence, WCO
composition is relatively similar to the original vegetable oils used, presenting degradation
compounds depending on many different factors such as frying cycles, temperatures
used, etc., which could imply a relatively similar use of this waste compared to vegetable
oils devoted, for instance, to biodiesel or biolubricant production (possibly adding some
pre-treatments to remove solid residues or adjust pH).

Fortunately, there are plenty of ways to valorize this waste in order to obtain valuable
products such as biofuels (like biodiesel), to produce energy, animal feeds, ecological
solvents, composites materials, non-aqueous gas sorbent devices or, as in the case of the
main subject of this review, biolubricants. For that purpose, new recycling processes have
been developed, and the most traditional ones have been optimized to make the use of
WCO a valuable chemical block (feasible and efficient), whereas other studies compared the
environmental impact of multiple valorization options of waste cooking oil, showing low
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environmental impact and promising results for achieving circular economy goals [28–30].
Regarding biodiesel production (which is mainly carried out through a common chemical
synthesis called transesterification, as will be explained in the following sections), it has
proved the suitability of FO to be re-used in green chemistry or circular economy, whose
market is expected to generate up to 8.88 billion dollars in 2026 [31].

As a result, WCO management is a matter that has attracted the attention of researchers.
In that sense, our previous works have pointed out the possibility of using waste cooking
oil as an interesting source for biodiesel and biolubricant production, with similar results to
those obtained for equivalent vegetable oils such as corn, rapeseed, or safflower. Indeed, the
only disadvantage of these productions was the short oxidative stability of final products,
a challenge shared by the rest of the vegetable oils included in our experiences [32–34].
Apart from that, there are many examples of biolubricant production from WCO, offering
interesting alternatives for the management of this waste [35]. Other authors have produced
biolubricants from WCO through epoxidation, obtaining interesting products with high
viscosity index values that could complement the standard ISO vegetable-grade lubricants
in the market [36]. Moreover, from the same waste, some authors have synthesized an
octylated branched biolubricant through hydrolysis, esterification, epoxidation, and a final
reaction with octanoic acid, obtaining a product with better properties compared to mineral-
based lubricants (for instance, improving friction coefficient and viscosity index) [37].
Furthermore, some experiences have assessed the possible implementation of double
transesterification of WCO with methanol and trimethylolpropane to obtain biolubricants
in a vertical pulsed column, carrying out an energy optimization through the surface
response of the main operating parameters. As a result, an optimal reaction yield of around
83% was obtained, obtaining an interesting biolubricant with improved properties such as
VI, flash point, and pour point [38].

But this interest has also been extended to global society and institutions, with the clear
example of Europe, where there is a specific legislative framework about the management
and the subsequent employment of this waste for the abovementioned industries, from
disposal-collection to reconversion [28,31]. Thus, in the case of the United Kingdom, used
cooking oil was the most resourceful feedstock for biofuel production, with 54% in 2020 [39].
But not only in Europe, there is a concern about WCO management. For instance, in 2021,
there were more than 98% of biodiesel manufacturers in Japan whose main raw material
was waste cooking oil, proving that the use of this waste is already a reality. Moreover, a
high percentage of WCO comes from households (37.7%), proving the power of individuals
to contribute to a change towards green and sustainable policies. That is, global change
comes from local action [40].

Considering these facts, WCO “has earned the right” to be considered as valuable
as any other vegetable oil for biolubricant production, being included throughout the
discussion and reasoning of this work and playing a decisive role, as will be discussed later.

1.4. Scientific Interest in Biolubricants

In light of this evidence, it is quite clear that there is a real interest in the specific topic
we are going to explain in this review work. In such a way, and according to Figure 5, there
was a continuous interest in research about biolubricants, which implied an increasing
number of published articles about this subject. Thus, especially from 2010, there was a
considerable increase, reaching about 80 published articles per year about biolubricant
production, application, or characterization. Among these publications, the use of vegetable
oils through transesterification seemed to be popular, whereas epoxidation processes to
obtain biolubricants were less researched.

As explained throughout this review, the higher interest in double transesterification
could be due to the special characteristics of this chemical route, which could perfectly
fit with the biorefinery concept, where biodegradable products and low quantities of
wastes are obtained. In that sense, many studies about specific techno-economic aspects of
biorefineries, as well as several patents about these subjects, have been developed (which
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will be further explored in the following sections), proving the increasing interest in double
transesterification both at scientific and industrial level.

 
Figure 5. Current research trends on biolubricant (source: [41]). According to the following search cri-
teria: “biolubricants”; “biolubricant” AND “vegetable oil”; “biolubricant” AND “transesterification”;
“biolubricant” AND “epoxidation”. Articles included research and review articles.

If published articles are broken down by country, the results obtained are included
in Figure 6. As observed in this figure, Malaysia contributed the majority of articles
about biolubricants based on vegetable oils (52), followed by India (46) and Spain (22).
Interestingly enough, the two most important world players in research articles (the United
States and China) were the fifth and seventh countries regarding article publication in this
field, which is a relatively low position for such developed countries when it comes to
research. This could be due to the fact that the former are countries with a long farming
tradition, where some specific vegetable oils such as safflower or rapeseed, which are
highly used as raw material for biodiesel or biolubricant production, are easily adapted to
their climate. In other words, these oils are especially suitable for biolubricant production,
and that is the reason why the research related to the main subject of this review is highly
remarkable in the abovementioned countries at the expense of China or the United States.

Regarding the most cited articles about this subject (according to the search criterion
“biolubricants” AND “vegetable” AND “oil”), the results are included in Table 1. These
articles mainly dealt with the use of green chemical routes to obtain biolubricants, present-
ing their most representative characteristics (pointing out the sustainability of the process
and their biodegradability) and focusing on tribological tests. In general, and even though
there is room for improvement according to these works, the suitability of biolubricants
has been proven, exploring the possibility of their production at the industrial level in a
biorefinery context.

It should be noted the heterogeneous disciplines of the journals where these articles
were published (from agriculture to tribology), which points out the interdisciplinary
nature of the research teams that have carried out these research works. Also, these articles
were recently published (many of them in the last 6 years), which proves the recent and
great interest in this subject by the scientific community. Additionally, these recent works
were highly cited (with almost 100 citations for one of the most recent articles, published in
2020, and up to 300 citations for the most popular work), proving the increasing interest in
this subject by the scientific community.
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Figure 6. Articles about biolubricants based on vegetable oils by country [41]. According to the
following search criterion: “biolubricant” AND “vegetable” AND “oil”. Research and review articles
were included.

Table 1. Top cited articles, and top cited authors dealing with scientific articles about biolubricants
based on vegetable oils (source: [41]).

Article Title Authors Source Year Citations Reference

The prospects of biolubricants as
alternatives in automotive applications Mobarak et al.

Renewable and
Sustainable Energy

Reviews
2014 304 [42]

Development of biolubricants from
vegetable oils via chemical modification McNutt et al. Journal of Industrial and

Engineering Chemistry 2016 218 [43]

Manufacturing of environment-friendly
biolubricants from vegetable oils Heikal et al. Egyptian Journal

of Petroleum 2017 171 [44]

Lubrication-enhanced mechanisms of
titanium alloy grinding using

lecithin biolubricant
Jia et al. Tribology International 2022 148 [45]

Tribological behavior of biolubricant base
stocks and additives Chan et al.

Renewable and
Sustainable Energy

Reviews
2018 135 [46]

A review of biolubricants in drilling
fluids: Recent research, performance,

and applications
Kania et al. Journal of Petroleum

Science and Engineering 2015 129 [47]

Chemically modifying vegetable oils to
prepare green lubricants Karmakar et al. Lubricants 2017 125 [48]

The physicochemical and tribological
properties of oleic acid-based

triester biolubricants
Salih et al. Industrial Crops

and Products 2011 122 [49]

Green synthesis of biolubricant base
stock from canola oil Madankar et al. Industrial Crops

and Products 2013 100 [50]

An overview of the biolubricant
production process: Challenges and

future perspectives
Cecilia et al. Processes 2020 98 [51]
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Table 1. Cont.

Article Title Authors Source Year Citations Reference

Author Name Published Articles about
this Subject Documents in Total h-Index

Salimon, J. 11 207 35
Salih, N. 9 115 27
Yunus, R. 7 247 44
Yousif, E. 6 275 37

Freire, D. M. G. 6 284 52
Delgado, M. A. 6 50 22

Nogales-Delgado, S. 5 50 16
Habert, A. C. 5 63 20
Encinar, J. M. 5 80 36

Cavalcante, C. L. 5 164 41

Concerning the top publishing authors on this subject (also included in Table 1), it
should be noted that their specific work about this research area was relatively short
compared to their total published articles, pointing out that their careers are equally
focused on other subjects and establishing, again, that researchers interested in this field
come from multiple fields, focusing on biolubricant production from vegetable oils due to
their scientific context and the great interest of this issue.

Also, it should be pointed out the great prestige and creativity of these top publishing
authors, whose total publications (from 50 to 287 published works) and h-index (up to
52, which implies 52 papers with at least 52 citations each) are high, reflecting a great
experience in research.

Regarding the subject area or field where these articles are focused on (according to
the scientific journal where they were published), Figure 7 shows the distribution of the
articles considered for this review:

Figure 7. Main subject areas of the articles published about biolubricants obtained from vegetable
oils [41]. According to the following search criterion: “biolubricant” AND “vegetable” AND “oil”.
Research and review articles were included.
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As observed, most articles were focused on subject areas like engineering, chemistry,
chemical engineering, agricultural and biological sciences, energy and materials, and
environmental science. In that sense, the chemical routes for biolubricant production, as
well as its industrial use and possible implementation in biorefineries (where products
like biodiesel and glycerol can be used as fuels for different purposes), could explain
the suitability of this research field for the abovementioned subject areas. As a result,
biolubricants from vegetable oils offer a wide range of possibilities in research, implying the
research work of multidisciplinary teams, with the subsequent synergy and enhancement
of scientific production in this field.

Finally, concerning the role of catalysts during biolubricant production (which is
essential to make the process efficient and competitive compared to traditional lubricant
production), the evolution of published articles about this subject is included in Figure 8. As
observed, the interest in catalytic conversion for biolubricant production arose in 2010, with
a considerable increase in published works from then on. This could point out the fact that
improvements in efficiency during this process are required, especially when the possible
implementation at an industrial scale is considered. In that sense, the search for new
catalysts (especially heterogeneous ones, in order to make the purification of biolubricant
easier) could explain the increasing interest in this point. In addition, as observed in future
sections, studies about techno-economic assessments and patents seem to show a special
interest in the development of catalysts and the consequences on biolubricant production,
especially when it comes to quality improvement of the final product and efficiency increase
of the whole process mainly in a biorefinery context.

Figure 8. Articles published about catalytic biolubricant production (source: [41]). According
to the following search criterion: “biolubricant” AND “catalysis”. Research and review articles
were included.

1.5. Aim of This Review

Considering the above, the aim of this review work was to carry out a state-of-the-
art analysis of biolubricants based on vegetable oils, paying attention to the most recent
developments in the following fields:

• Current use of vegetable oils in biolubricant production, especially concerning the
possibilities related to the valorization of frying oil.

• Main biolubricant synthesis routes, paying special attention to transesterification
processes, offer real potential for the implementation of biolubricant production in
biorefineries based on vegetable oils.
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• Use of catalysts, both homogeneous and heterogeneous, to make biolubricant produc-
tion more competitive compared to the equivalent and traditional lubricant production.

• The main factors affecting quality during biolubricant production, with a special focus
on viscosity and oxidative stability, are parameters that are vital to determining the
use and service life of biolubricants. This way, the role of chemical conditions, as well
as catalyst addition or additives such as antioxidants, will be especially enhanced.

For this purpose, a comparison of the most cited and interesting research works related
to this field will be carried out in this review, trying to draw conclusions in this regard.

1.6. Scope and Bibliometric Analysis

To carry out this review, Scopus was investigated for all entries in the literature on
the topics of biolubricant (including keywords such as vegetable oil, transesterification,
epoxidation, and catalysts) for the last 20 years, with special attention to the last 5-year
period (2018–2023), where there has been a considerable increase in published papers
about this subject. The search, which was made from January to August 2023, returned
1560 results, from which up to 253 articles were considered for their inclusion in this work,
including information about 152 published works (mainly research works and, to a lesser
extent, proceeding papers and patents) in the final paper.

2. Biolubricants Based on Vegetable Oils: Main Sources and Characteristics

2.1. Biolubricants: Definition and Raw Materials

Biolubricants are a kind of lubricant based on plants (mainly from vegetable oils such
as palm, safflower, or rapeseed oils), which makes them biodegradable and environmentally
friendly. They mainly act as anti-friction media. Thus, the main purposes of this kind of
product, as in the case of petroleum-based lubricants, are wear reduction by decreasing
friction coefficient between two contacting surfaces, rust and oxidation prevention, and
sealing effect against dirt, dust, or water [42,52].

In that sense, it is interesting to point out the versatility of biolubricants, as they
can present different states of matter (solid, liquid, or semi-solid) obtained from different
sources (from natural to synthetic oils), which make them suitable for multiple purposes
such as automotive (engine or gearbox oils, transmission or brake fluids, etc.) or industrial
oils (machine, hydraulic or compressor oils, for instance).

These products usually present some advantages compared to traditional lubricants
based on petrol, like the following [52]:

• They are more sustainable and biodegradable, as raw materials are natural compared
to oil. Also, there are no by-products with difficult management, as they can be used
for other purposes or re-used in the same biolubricant production, as explained in
further sections.

• Biolubricants usually have higher lubricity and viscosity index values (clearly exceed-
ing 140–150, compared to the low values found for lubricants, at 90–100), which is
important as it means that their viscosity is less dependent on temperature.

• They present, in general, higher flash and combustion points, which is a positive issue
when it comes to safety during storage and shipping.

However, they also present some disadvantages or challenges, like the following:

• Due to the presence of saturated fatty acids, biolubricants might present a poor
performance at low temperatures, which limits their worldwide marketability.

• Hydrolysis can take place in contact with moisture, increasing the possibility of
corrosion in facilities by increasing free fatty acid levels.

• They usually have a short oxidative stability, which could imply a change in their
properties during storage or oxidation, which is undesirable.

As mentioned above, there are plenty of oilseed crops that are easily adapted to
extreme climate and soil conditions, and that can be suitable for biolubricant production,
as the subsequent vegetable oil can be a perfect raw material for this purpose. These
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vegetable oils, along with the use of waste cooking oil, usually present homogeneous
characteristics, although their fatty acid composition can present a considerable influence
on the properties of these raw materials and, consequently, on the final biolubricant. Indeed,
as many previous studies have pointed out, the role of fatty acids in some properties of
biolubricants (for instance, viscosity or oxidative stability) is essential, as the presence of
some functional groups such as hydroxyl groups (as in the case of ricinoleic acid) or even
double bonds can alter these properties, as observed in Figure 9.

Figure 9. Molecular structure of some fatty acids: (a) palmitic acid, (b) oleic acid, (c) linoleic acid,
(d) linolenic acid.

According to this figure, it can be observed how fatty acids basically differ from each
other according to their molecular chain length and the presence of double bonds (which
will be essential to understand the oxidative stability of biolubricants obtained through
double transesterification). This way, a thorough knowledge of vegetable oils and their
corresponding fatty acid composition is essential to assess, at least approximately, the main
properties of the future biolubricant. It should be noted that the oil content in vegetable
seeds might vary, according to the literature, from 20–36% for moringa to 45–70% for olive,
with some representative crops such as rapeseed and palm presenting around 38–46% and
30–60%, respectively [42]. This fact should be considered in the final biolubricant yield as
well as the agronomic performance of these crops.

Table 2 shows some examples of the main vegetable oils and their corresponding fatty
acid composition, which will be an essential tool to understand some reasonings in this
review work. As observed, some oils present a homogeneous fatty acid profile, whereas
other crops (especially genetically modified) have a wide range of specific fatty acids, as in
the case of safflower, whose oleic acid content can vary from less than 30% to up to 70%. In
that sense, it is not a matter of “names” or “species”, but a matter of fatty acid composition,
as the fatty acid profile of some safflower oils could perfectly fit with the fatty acid profile
of other vegetable oils like rapeseed.
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Table 2. Potential raw materials for biolubricant production and their fatty acid composition (in-
dicated in numerical symbol C:D, where C is the number of carbon atoms and D is the number of
double bonds in their molecular structure). n.d. = not determined.

Vegetable Oil 16:0 16:1 18:0 18:1 18:2 18:3 Others References

Castor 0.5–1.3 n.d. 0.5–1.2 4–5 2–8.4 0.4–1 83–88 [48,51,53–56]
Coconut 8–11 n.d. 1–3 5–8 0–1 n.d. 57–71 [48,51]

Corn 10.3–13 0.3 2–3 25–31 54–60 1 n.d. [47,48,51]
Jatropha 13–16 n.d. 5–10.5 24–45 32–63 0.3–0.7 0.8–1.4 [48,51,57–59]

Olive 11.5–13.7 1.8 2.5 71–74 9.5–10 1.5 n.d. [48,51,58]
Palm 37–47.9 0.4 3–8 37–45 1.9–10 0.3–0.5 1 [48,51,58,60]

Rapeseed 4–5 0.1–0.2 1–2 56–69.8 20–26 6.2–10 9.1 [48,51,54,61]
Safflower 5–7 0.08 1–4 10–21 73–79 n.d. n.d. [48,51,62]
Soybean 9.3–12 0.2–1.7 3–4.7 21–27.3 48.5–56.3 5.6–8 2.3 [48,51,56–58]

Sunflower 4.9–7 0.1–0.3 1.9–5 18.7–68 21–68.6 0.1–1.9 2.2 [48,51,55,57,63,64]
WCO 6.6–36.8 0.21–1.9 3–18.4 17.9–37.5 11.8–72.1 0.02–2.02 3.3 [33,57,65,66]

Thus, some interesting points can be inferred from this table:

• In general, palmitic, oleic, and linoleic acids are the majority of fatty acids found
in most vegetable oils, which points out their vital role in some properties in the
final biolubricant, as explained in further sections. In that sense, the presence of
double bonds in their molecular structure (see Figure 9), which can be conserved
in the molecular structure of the final biolubricant (especially in the case of double
transesterification of fatty acids), could determine its oxidative stability. Thus, the
knowledge of the ratio of some fatty acids (such as oleic/linoleic ratio) is usually
interesting to understand oxidative stability in biodiesel or biolubricants.

• Nevertheless, there are some specific oils, such as castor oil, whose main fatty acid
presents some special properties, as in the case of ricinoleic acid, with a hydroxyl group
that can influence the properties of the final biolubricant regarding viscosity (as it
promotes intermolecular interactions like hydrogen bonds, implying an increase in vis-
cosity). In any case, there are other oils that present high quantities of other fatty acids,
such as lauric and myristic acid in the case of coconut oil or icosenoic acid for rapeseed,
which could imply changes in the properties of the corresponding biolubricants.

• The use of GM crops, as in the case of safflower, might vary the properties of the
corresponding oil, with a considerable increase in oleic acid (exceeding 80%), improv-
ing some properties such as oxidative stability in the final biolubricant obtained [67].
Other studies point out the same aspect related to soybean oil, with a wide range of
fatty acid contents depending on the gene technology used or the selection of soybean
mutants [68]. Consequently, it is more interesting to consider FA profiles instead of
kinds of vegetable oils, as it would give us a more exact idea about the raw material.

• The nature of WCO (and its subsequent fatty acid composition) might vary depending
on the eating habits of the area where the research study was carried out. That is the
reason why there was a wide range of oleic and linoleic acids in this table. In general,
the main oils used for cooking are rapeseed, sunflower, soy, and olive oil, which can
vary in the diet of some regions or areas. In any case, the fatty acid composition of
this waste is relatively equivalent to the rest of vegetable oils, which supports the idea
that its use as biodiesel and biolubricant source is feasible if a proper pre-treatment is
carried out.

2.2. Main Characteristics of Biolubricants

It is clear that a biolubricant should present a series of characteristics that are essential
for its use in lubrication processes. In that sense, there are plenty of requirements that
should be accomplished to be a real alternative for lubricants [47,69]. In this review, we will
focus on three main parameters such as viscosity, viscosity index, and oxidative stability.
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• Viscosity: This is an essential parameter for a biolubricant, as it will determine its use
for specific purposes. Thus, the resistance to the flow of a specific fluid (normally
expressed in cSt) will influence many factors, such as the film thickness between the
surfaces in contact or its permanence during lubrication (the higher the viscosity is,
the thicker the film will be). Viscosity is influenced by factors such as temperature or
pressure. It can be measured by dynamic or kinematic methods (by using Cannon-
Fenske or Ostwald viscosimeters) at a specific temperature (normally 40 or 100 ◦C,
which will be useful to determine VI) [70].

• Viscosity index (VI): This index indicates the changes in viscosity with temperature.
Thus, a high viscosity index will imply a lower decrease in viscosity when temperature
increases, which is a desirable effect as changes in temperature would not present a
considerable influence on biolubricants [71,72]. High VI values will be obtained when
the molecular structure of the final biolubricant is longer, and it will decrease with
branching. That is the reason why the selection of a chemical route or specific reagents
(like complex alcohols in double transesterification) will be vital to determine this
parameter. It is calculated by measuring viscosity at 40 and 100 ◦C.

• Oxidative stability (OS): This parameter is related to the stability of biolubricants
during oxidation processes, including storage. It is expressed in hours and determined
through the induction point (IP) according to the Rancimat method [73,74]. This way,
free radical generation (mainly due to the presence of double bonds in biolubricants)
could start a chain reaction, where the propagation of free radicals could end up
generating undesirable products such as free fatty acids (FFA) or polymers, among
other decomposition compounds. The former could be related to the increase in
acidity, which is an undesirable effect, especially when it comes to the maintenance
of equipment and facilities. The latter is especially related to an increase in viscosity,
as the polymerization of esters generates more complex molecules, which could
imply an increase in molecular interactions such as Van der Waals or hydrogen bonds
and, therefore, a higher resistance to the flow of biolubricants (that is, an increase
in viscosity).

• Other parameters: in our opinion, the abovementioned properties are the most im-
portant ones to define the performance of a biolubricant, but there is a wide range of
characteristics that should be considered, like pour point (the lowest temperature at
which a biolubricant pours or flows, which is desirable to be as low as possible to be
useful in cold climates), lubricity (that is, the reduction of friction between two surfaces
in contact when the biolubricant is used), flash and combustion points (usually higher
compared to traditional lubricants, which is a great advantage when it comes to safety
during storage or shipping), hydrolytic stability (resistance of esters to hydrolyze, that
is, to degrade in contact with water at high temperature) or biodegradability (which is
considerably higher compared to petrol-based lubricants), among others.

Apart from the abovementioned properties, there are many other aspects that should
be considered for the marketability of a biolubricant. For instance, acidity should be
taken into account, as recently explained, whereas there are other parameters included in
standards that should be considered. The changes in these parameters will be determined
by different factors (such as raw materials used, the kind of chemical route selected for
biolubricant production, or the chemical conditions that are chosen, including temperature,
reaction time, reagents, etc.), as explained in further sections.

Thus, molecular factors such as functional groups and polarity (usually increase
viscosity and tribofilm adhesion), numbers of branching (with a decrease in pour point and
an improvement in oxidative stability), degree of unsaturation (with lower thermal and
oxidative stabilities), or carbon chain length (improving viscosity and VI but with lower
oxidative stability values) will determine the properties of a biolubricant, which are directly
influenced by the abovementioned factors [46]
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By way of example, Table 3 shows the most important characteristics of biolubricants
mainly obtained through double transesterification (with methanol and the complex alcohol
commented on in this table) from different sources.

Table 3. Some characteristics of biolubricants are obtained through double transesterification.

Biolubricant Viscosity 1, cSt VI Pour Point, ◦C Flash Point, ◦C IP, h References

Rapeseed-based
2-ethyl-1-hexyl-esters 7.97 n.d. 2 n.d. 196 <6 [33]

Seed-based 2-ethyl-1-hexyl-esters 7.47 n.d. n.d. 195 >3 [33]

WCO-based 2-ethyl-1-hexyl-ester 7.40 n.d. n.d. 193 >3 [33,66]

WCO-based 2-ethyl-1-hexyl-ester 34.91 122 −1 216 n.d. [66]

Mustard seed oil-based
2-ethyl-1-hexyl ester 8.6 n.d. n.d. n.d. n.d. [75]

Cardoon-based NPGE 18.85 184 n.d. n.d. <3 [76]

WCO-based
NPGE 44.9 457 −1 238 n.d. [66]

Palm-based PEE 68.4 188 −20 302 n.d. [77]

High-oleic safflower-based PEE 77.7 155 n.d. 260 2.86 [67]

WCO-based PEE 68.5 144 n.d. 253 2.07 [34]

Palm-based TMPE 49.7 188 −1 n.d. n.d. [78]

High-oleic safflower-based TMPE 73.39 103 n.d. 216 6.7 [67]

High-oleic safflower-based TMPE 89.11 131 n.d. 220 >7 [79]

Rapeseed-based TMPE 75.5 128 n.d. 210 4.9 [80]

Jatropha-based TMPE 51.89 140 −3 n.d. n.d. [44]

Palm-based TMPE 38.25 171 5 240 n.d. [44]

Sesame-based TMPE 35.55 193 −21 196 n.d. [81]

WCO-based
TMPE 30 179 n.d. n.d. n.d. [82]

Palm kernel-based isoamyl ester 3-6 149 n.d. n.d. 0.3 [83]
1 at 40 ◦C. 2 not determined.

As inferred from this table, several factors should be pointed out, like the following:

• Viscosity values are mainly influenced by the alcohol used in the second transesterifica-
tion, as it is the determining factor for the final molecular structure of the biolubricant.
There are some exceptions where the raw material plays an important role, as in the case
of castor oil, whose majority compound (ricinoleic acid) promotes a considerable in-
crease in viscosity by itself. Thus, biolubricants obtained with complex alcohols usually
present an increasing viscosity in that order: 2-ethyl-1-hexanol < NPG < TMP < PE.

• Another important factor is the conversion of the process. Thus, low conversions will
imply a mixture with biodiesel (with a viscosity range between 3 and 6, in most cases).
That is the reason why the role of catalysts is so important in order to obtain high
conversion rates at mild reaction conditions.

• As previously explained, some properties of biolubricants are quite interesting, like
high VI and flash points, which encourage the production of these compounds, as
explained in the following section.

3. Biolubricant Production

As abovementioned in this review, there are different ways to produce biolubricants
through specific chemical routes that will be explained in the following subsections. It
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should be noted that there are advantages and disadvantages for each route, mainly related
to the properties of the final product or the technical/energy requirements.

3.1. Different Chemical Routes for Biolubricant Production

Among the main chemical routes to obtain biolubricants, there are some of them that
have been widely studied, such as epoxidation, estolide formation, hydrolysis, hydrogena-
tion (partial or complete), or transesterification/esterification [84].

• Epoxidation: This chemical route is carried out by using hydrogen peroxide proxy
acids like formic or acetic acids, and the final product is a peracid that epoxidates
double bonds included in fatty acids. This way, unsaturations are removed, which can
increase the oxidative stability of biolubricants obtained by this chemical route.

• Estolide formation: These compounds are usually produced by using strong acids
(sulphuric acid, methanesulfonic acid, or perchloric acids) as catalysts to activate
alkene groups to produce estolides. Thus, they are generated by the bonding of a
fatty acid’s carboxylic acid functionality to an unsaturation of another fatty acid at
relatively low temperatures (around 100 ◦C). This way, estolides usually have better
cold flow properties and longer oxidative stability values compared to the original
vegetable oil [43].

• Hydrolysis: It consists of the splitting of triglyceride molecules into fatty acids by
using steam or water, implying an endothermic reaction. Some catalysts, such as metal
oxides (ZnO), can be used to increase conversion and yield. Also, subcritical water
is another interesting way to achieve hydrolysis of vegetable oils without catalyst
addition [85].

• Hydrogenation: It normally implies the total or partial reaction with molecular hy-
drogen, taking place in an exothermic process. Partial hydrogenation can improve
the oxidative and thermal stability of original vegetable oils or biolubricants, whereas
other properties can be unaltered (such as low-temperature performance, viscosity, and
VI, among others). It is usually carried out at relatively low temperatures (150–210 ◦C)
and high pressures (21–35 bar), using some catalysts such as Ni, Pa, and Pt.

• Transesterification: This is the process generally used for biodiesel production from
vegetable oils, removing glycerol from the triglyceride molecular structure. More
details will be given later in this section.

To sum up, some of the advantages and disadvantages related to the most popular
chemical routes to produce biolubricants are included in Table 4. As observed, every chemi-
cal route has its advantages and challenges, and in the case of double transesterification, the
main problem is related to the possible low oxidative stability of the final product obtained
if the raw material presents some specific characteristics like a fatty acid profile with a high
percentage of linoleic or linolenic acids (at the expense of oleic or palmitic acids).

In any case, as explained in detail in further sections, these challenges can be easily
overcome by the addition of low amounts of antioxidants, among other alternatives, and
the possibility of implementing a biorefinery through double transesterification could offset
these inconveniences in the long run, as the atom efficiency of these two processes is high,
obtaining products that are highly biodegradable (such as fatty acid methyl esters and
fatty acid esters). Moreover, other intermediate products obtained in the second transes-
terification, such as methanol, can be reused in the first transesterification, contributing to
the abovementioned atom efficiency. Finally, according to Figure 5, where the publication
trends were included, transesterification plays an important and increasing role in the
scientific community, contributing to more published articles compared, for instance, with
epoxidation. Regarding WCO, this double transesterification would be a suitable way to
valorize this waste, as many valuable products are obtained, whose price will mainly de-
pend on the raw material used. Thus, WCO, if collected properly, would be much cheaper
than other raw materials studied in the literature (for instance, rapeseed oil), improving the
abovementioned economic studies [80]. That is the reason why we will be focused on this
chemical route in this review work.

72



Catalysts 2023, 13, 1299

Table 4. Main chemical routes for biolubricant production, including advantages and disadvan-
tages [51,84].

Chemical Route Details Advantages Disadvantages

Epoxidation
Double-bound removal and
introduction of an epoxide

functional group
Higher OS and lubricity Viscosity, VO, and PP are

usually low

Estolide formation
Estolide generation through
different ways, reacting two

acidic molecules

Low-temperature reaction,
higher OS and lubricity, and

better performance at
low temperatures

Expensive

Esterification and
Transesterification

Use of alcohols to transform fatty
acids into fatty acid esters

High VI and flash point,
improvement of

low-temperature properties

High reaction temperatures.
OS depends on the fatty acid
profile of the raw material.

Hydrogenation Reaction with
molecular hydrogen

Better OS and
lower unsaturation Possible side reactions

Paying attention to the double transesterification process, Figures 10 and 11 present
each transesterification route. Regarding the first transesterification, fatty acids react with
methanol (or ethanol, but the former is preferred due to economic costs) to obtain fatty acid
methyl esters and glycerol. It should be noted that the fatty acid composition might vary,
with R1, R2, and R3 representing the aliphatic chain of certain fatty acids such as palmitic,
oleic, or linoleic acids. Thus, the presence of these chains might vary for each fatty acid
depending on the nature of the original vegetable oil.

 

Figure 10. First, transesterification from fatty acids with methanol to obtain FAMEs as an intermediate
step for biolubricant production.
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Figure 11. Example of the second transesterification from FAMEs to obtain biolubricants. The alcohol
used was neopentyl glycol (2,2-Dimethyl-1,3-propanediol).

Regarding the second transesterification (Figure 11), it is similar to the abovementioned
first stage, with the difference of using a more complex alcohol like those observed in
Figure 12, which is widely used in the literature [86]. Thus, the final biolubricant is
obtained, and methanol is released, which could be reused for the first transesterification
process depending on the circumstances of this second transesterification and the recovery
technique selected.

 
Figure 12. Molecular structure of main superior or complex alcohols used for biolubricant production
during the second transesterification of fatty acid methyl esters: (a) neopentyl glycol; (b) trimethylol-
propane; (c) pentaerythritol.

For this second transesterification, in order to promote the biolubricant generation,
the use of a vacuum (that is, low working pressures) is recommended to remove methanol
and shift the equilibrium towards product generation. However, as observed in Figure 12,
some complex alcohols used for this purpose present low boiling points or a tendency to
sublimation due to the spherical shape of their molecular structure. In that sense, the use of
vacuum seems not to be suitable for NG, whereas TMP and PE seem to offer good results
when working pressures below 300 mmHg are used.

In any case, the use of the alcohols included in Figure 12 (among others, as there is
a wide range of products that can be used in this double transesterification) allow the
production of biolubricants with endless opportunities, as it will be observed in further sec-
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tions where the properties of biolubricants depending on the kind of alcohol (among other
factors like conversion or the use of different raw materials) will be discussed, especially
regarding viscosity and the subsequent use for industrial purposes of the biolubricant.

During the second transesterification, the complex alcohol must be dissolved in the
reaction medium, that is, FAMEs, and due to dispersion phenomena and mixing, the
reaction usually starts with a low reaction rate at the beginning. Once mixing is complete,
the reaction rate will be increased, requiring the reaction a specific time to be carried out.
If the reaction time is extended, it can proceed backward (that is, products can react to
generate the reagents). That is the reason why factors such as temperature, reaction time,
vacuum, etc., are essential to be optimized. Otherwise, low yields and efficiency can be
found during the process.

As observed in Figures 10 and 11, these consecutive chemical routes can be perfectly
coupled in a biorefinery context, obtaining several interesting products and reusing some
intermediate by-products, as explained in the following section.

3.2. Double Transesterification as an Interesting Proposal for a Biorefinery Based on Vegetable Oils

As explained in the previous section, double transesterification presents a higher
complexity compared to other simpler chemical routes. Nevertheless, apart from fatty acid
esters that can be used as biolubricants, many different products are obtained during the
whole process, which can be used for different purposes (see Figure 13):

• Fatty acid methyl esters: As a result of the first transesterification, FAMEs are ob-
tained, which can be used as fuels in Diesel engines, being the perfect replacement
for traditional fuels used for that purpose. In that sense, compared to the UNE-EN
14,214 standard [87], many of its requirements are clearly complied with by biodiesel,
especially concerning key aspects such as viscosity or cold filter plugging point (CFPP),
which are essential for the correct performance in a Diesel engine. However, in many
cases, and due to the same factors affecting biolubricants, the oxidative stability of
FAMEs is not high enough [88,89] (not reaching 8 h, which is the lower limit of the
European standard, for instance), requiring the use of alternatives such as antioxidant
addition (mainly TBHQ, PG or BHA) or genetically modified (GM) crops, among
others [63,90,91]. In any case, it is a very important product obtained in this process,
which can increase the valorization of the whole biorefinery [92].

• Glycerol: It has been one of the most abundant and versatile by-products obtained
during biodiesel production. Comparing the similarities of biodiesel and biolubri-
cant production (indeed, FAME production is the initial stage for further biolubricant
synthesis), it is no wonder that glycerol could play an important role in this case.
Depending on the degree of purity of glycerol, it can be used in different ways, such
as an energy source (through dry or steam reforming) or the precursor of interesting
products like acrolein, propanediols, or carboxylic acids, along with other products
with a great interest in the pharmaceutical industry) obtained from routes such as
hydrogenation, oxidation, or esterification [93–96]. If the recent trend in biodiesel
generation, along with the possible incorporation of biolubricant production through
double transesterification, glycerol production is expected to increase, with the subse-
quent opportunity for its valorization through the abovementioned chemical routes.
This way, a feasible technology applied to glycerol could be synthesis gas generation
(a mixture of hydrogen and carbon monoxide at different ratios), which could produce
green fuels as glycerol is generally obtained from raw materials [97].

• Methanol: One of the byproducts generated during the second transesterification to
produce biolubricants is equally interesting, as it can be reused in the first transester-
ification process, where it is one of the reagents used. Thus, the concept of circular
economy is really connected to this process, which could make a biorefinery based
on vegetable oils more efficient. However, some factors should be taken into account
during this process, like the possibility of using a vacuum for a high biolubricant
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production yield, which could make the recovery of methanol more difficult or less
economically feasible.

 

Figure 13. Biorefinery proposal according to the possibilities of oilseed crops. Dashed lines indicate
the reusability of some products, whereas red boxes indicate the final use of each product taking part
in this process. In blue are the main steps for each product.

Consequently, double transesterification could be a suitable solution for the implemen-
tation of a biorefinery from oilseed crops (or vegetable oils, VO), where plenty of products
(apart from the abovementioned ones) can be valorized. In that sense, this process presents
some similarities compared to other biorefineries, like the following [98]:

• Natural raw materials or wastes obtained in agricultural practices or food industries
are normally used.

• Different products that are normally biodegradable are generated, as the raw mate-
rials are naturally obtained. The chemical transformations do not normally imply
considerable changes in the molecular structure of the subsequent products (biodiesel
and biolubricants), which makes these products (in case of spillage) easily assimilable
by microorganisms.

• These products can be directly used for energy production or further synthesis, or
they can be upgraded to different degrees. Thus, the versatility of this technology is a
strong point to compete with traditional refineries.

• Some of the byproducts generated can be directly (or indirectly through purifica-
tion processes) reused in the same process, which is one of the key points of the
circular economy.

• With regard to these points, a biorefinery with these characteristics would perfectly
fit the concept of green chemistry and circular economy, which is highly regarded by
governments and society in general.

These particularities are essential to understand the role of biolubricants in sustain-
ability and green policies, as it contributes to a circular economy production, with a high
atom efficiency as most products can be directly used or reused in the process, with a
considerable decrease in evolved products (or pollutants) to the environment. In that sense,
some works have pointed out the potential of soy for its implementation in a biorefinery
context, whereas food waste valorization (where WCO could be included) has also been
assessed in previous studies [99–102]. It should be noted the possibility of implementation
of this technology in previous biodiesel industries, as double transesterification could
share equivalent processes and facilities that could be suitable for the industrial growth of
traditional biodiesel plants, as previously considered by other authors [103].

One of the essential points of this review is the use of a catalyst to improve the efficiency
of biolubricant production (in a biorefinery context) to compete with the equivalent and
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traditional processes to obtain lubricants. In that sense, high conversion of the two main
reactions taking place in Figure 13 (that is, the first and second transesterification) at low
reaction temperatures and times are required, which can be achieved by the use of catalysts.
It should be noted, even though this is not the main purpose of this review, that catalysts are
also present in other chemical routes included in this biorefinery, as in the case of pyrolysis,
combustion, and gasification of agricultural waste or steam reforming of glycerol. In these
cases, heterogeneous catalysts are generally used, with popular catalysts such as nickel
catalysts supported on alumina with different promoters to increase their useful life and
performance [104,105]. In the following section, a thorough study of this subject will be
carried out, as catalysts play an essential role in the improvement of competitiveness of
this technology compared to refineries based on petrol.

4. The Use of Catalysts in Biolubricant Production

As in any technology, production, or process, there are some aspects that should be
considered to make them economically effective and efficient. In the case of green chemistry
routes or circular economy procedures, effectiveness is especially important, as this will
be the determining factor to make these processes competitive compared to previous or
traditional technologies (for instance, based on petrol). That is the reason why economic
and life-cycle assessments are so important in these cases. Consequently, every detail
counts to make the process more efficient, and the role of catalysts in that sense is essential.

Biolubricant production through transesterification could take place in supercritical
conditions, but the use of catalysts is generally accepted for this purpose. Thus, catalysts
can contribute to a decrease in activation energy, which in turn could afford a decrease in
chemical reaction conditions related to energy costs, mainly having to do with temperature.
Regarding the main catalysts used in transesterification, there are three kinds of catalysts:
homogeneous, heterogeneous, and biochemical (mainly lipases).

• Concerning homogeneous catalysts, they are usually classified as acidic and alkaline
catalysts, which are normally more effective and provide faster reaction rates. Some
examples of acidic catalysts are hydrochloric, sulfonic, sulfuric acids, etc., whereas
examples of alkaline catalysts are sodium and potassium hydroxide and methoxide,
among others. In the case of the latter, low moisture and FFA content in biodiesel
is recommended to avoid a decrease in yield or side reactions. Figure 14 shows the
main mechanism taking place when basic homogeneous catalysts are used. This way,
the role of the catalyst was to generate the corresponding alkoxide (from neopentyl
glycol, for instance) to carry out a nucleophilic substitution in the carboxyl group,
with the final generation of the biolubricant and the release of methoxide and, subse-
quently, methanol.

• As far as heterogeneous catalysts are concerned, there are also acid and base catalysis,
such as metal complexes, metal oxides, zeolites, membranes, or resins [106]. In
this case, mass transfer phenomena, along with some important properties of the
heterogeneous catalyst (such as porosimetry or reusability), should be taken into
account in industrial design.

• Regarding lipases, their natural function is the hydrolysis of oils and fats to produce
glycerol and free fatty acids, being one of the most resourceful enzymes in biocatalysis,
as they are present in all organisms and their variety can offer different characteristics.
Lipases can be used for different purposes and chemical routes, such as esterification,
transesterification, acidolysis, or amidations, among others, being stable in different
solvents, such as aqueous, organic, or ionic [107–109]. In that sense, as explained in
previous studies, transesterification with methanol to produce biodiesel has been suc-
cessfully carried out, offering satisfactory results [64,110,111]. This way, considering
the equivalence between this chemical route and double transesterification to pro-
duce biolubricants, its possible use for this purpose seems to be feasible, as explained
later on.
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Figure 14. Mechanism of homogeneous basic catalysis for the second transesterification (FAME
conversion to biolubricants).

This way, many research works carried out comparative studies with different kinds
of catalysts or catalyst doses, proving the suitability of their use in biolubricant production
and obtaining high production yields, as observed in Table 5 (homogeneous catalysis) and
6 (heterogeneous catalysis) for the case of double transesterification. As observed, different
kinds of catalysts have been used for biolubricant production, but chemical reactions with
heterogenous catalysts usually require longer reaction times and higher catalyst concentra-
tions, not reaching, in some cases, high conversions compared to homogeneous catalysts.
As previously explained, these catalysts were used for a wide range of raw materials, in-
cluding WCO, which was successfully used in homogeneous and heterogeneous catalysis,
proving the utility of this waste to be used to produce biolubricants.

One of the main issues related to the use of catalysts during biolubricant production is
the subsequent purification process. It should be taken into account that, depending on the
kind of catalyst (homogeneous or heterogeneous), this process could be drastically different:

• Regarding homogeneous catalysts, their removal from the final biolubricant might be
complicated, as they are easily dissolved in the final product, increasing their level in
some metal elements that could contribute to the acceleration of some degradation
phenomena that can take place during storage (for instance, Na and K content due to
catalyst addition could contribute to auto-oxidation acceleration). Thus, if a typical
biodiesel purification (through successive washing steps) is considered an equivalent
process to be carried out in this case, it should be noted that hydrolysis could take
place, which is an undesirable effect. In that sense, some alternatives could be chosen,
like the avoidance of catalyst removal by adding some additives to increase the
oxidative stability of biolubricants or the use of more expensive alternatives, such as
ion exchange columns.

• In the case of heterogeneous catalysts (see Table 6), the separation process is quite
simple, mainly through filtration after biolubricant production. In that sense, porous
catalysts could be an interesting starting point, as their interaction with raw materials
is higher [60,112,113]. However, the use of these catalysts is usually related to some
inconveniences, such as lower effectiveness compared to homogeneous catalysts or
the low current reusability of these products, which presents considerable room for
improvement in biodiesel and biolubricant synthesis.
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Table 5. Studies related to catalytic conversion of vegetable oils to obtain biolubricants through
double transesterification (using homogeneous catalysts).

Raw Material
and Catalyst

Chemical Conditions 1 Conversion, % Reference

Rapeseed, corn, and sunflower mixture,
and WCO with titanium isopropoxide

Transesterification with 2-ethyl-1-hexanol at 160
◦C, 1.5% catalyst, and 1:1 molar ratio for 60 min >96.5 [33]

Palm oil with H2SO4

Esterification of palm oil fatty acids with NPG at
138 ◦C, 1.12% catalyst, and 1:2.26 molar ratio for

4.79 h
87.6 [114]

Elaeis guineensis kernel oil with H2SO4
Transesterification with di-TMP at 150 ◦C, 1.7%

catalyst, and 1.6:1 molar ratio for 4.6 h 79 [115]

Methyl oleate with K2CO3
Transesterification with TMP at 120 ◦C, 1.5%

catalyst, and 4:1 molar ratio for 240 min 95.6 [116]

Babassu oil with sodium methoxide Transesterification with TMP at 65 ◦C, 1.0%
catalyst, and 3:1 molar ratio for 6 h at 700 mmHg >90 [117]

Palm oil and sodium methoxide Transesterification with pentaerythritol at 158 ◦C,
1.19% catalyst, and 4.5:1 molar ratio for 60 min 40.13 [77]

High-oleic safflower and sodium
methoxide

Transesterification with pentaerythritol at 160 ◦C,
1.0% catalyst, and 1:1/3 molar ratio for 120 min

(working pressure 400 mmHg)
>94 [67]

WCO and sodium methoxide
Transesterification with pentaerythritol at 160 ◦C,
1.0% catalyst, and 1:1/3 molar ratio for 120 min

(working pressure 260 mmHg)
92.6 [34]

WCO and zinc acetate

Transesterification with different alcohols
(1-heptanol, 2-ethyl hexanol, and neopentyl glycol)
at 160 ◦C, 3.0% catalyst, and different molar ratio

for 240 min

n.d. [66]

Cardoon oil and sodium methoxide Transesterification with NG at 130 ◦C, 1.5%
catalyst, and 1:1 molar ratio for 120 min >95 [76]

High-oleic safflower and
sodium methoxide

Transesterification with TMP at 140 ◦C, 1.0%
catalyst, and 1:1 molar ratio for 90 min (working

pressure 400 mmHg)
>92 [118]

Jatropha oil and sodium methoxide
Transesterification with TMP at 200 ◦C, 1.0%

catalyst, and 3.9:1 molar ratio for 3 h (working
pressure 10 mbar)

47 [119]

Rapeseed and sodium methoxide Transesterification with TMP at 120 ◦C, 1.5%
catalyst, and 1:1 molar ratio for 90 min >99 [80]

High-oleic safflower and
sodium methoxide

Transesterification with TMP at 100 ◦C, 0.3%
catalyst, and 1:1 molar ratio for 120 min and a

working pressure of 210 mmHg
>94 [79]

Fish oil residue with sodium ethoxide Transesterification with TMP at 100–140 ◦C
under vacuum 84 [120]

Litsea cubeba kernel oil with KOH
Transesterification with TMP at 130 ◦C, 1/4:1

molar ratio for 60 min, and different
working pressures

92 [121]

Cottonseed oil with sodium methoxide Transesterification with TMP at 144 ◦C, 0.8%
catalyst, and 1/4:1 molar ratio for 10 h at 25 mbar >90 [122]

Jatropha oil with sodium hydroxide
Transesterification with ethylene glycol at 150 ◦C,

1.2% catalyst, and 2:1 molar ratio for 120 min
and vacuum

98 [57]

Mustard seed oil with KOH Transesterification with 2-ethyl-1-hexanol at 70 ◦C,
2% catalyst, 2:1 molar ratio for 65 min at 0.05 bar 93 [75]

1 Otherwise explained, these transesterifications are with FAMEs. Alcohol/FAME ratios are expressed.
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Table 6. Studies related to catalytic conversion of vegetable oils to obtain biolubricants through
double transesterification (using heterogeneous/biochemical catalysts).

Raw Material
and Catalyst

Chemical Conditions 1 Conversion, % Reference

Castor oil and lipase
Transesterification with TMP at 40 ◦C, 0.4%
catalyst, and atmospheric pressure, using a
pervaporation membrane to remove CH4

59 [123]

Soybean oil and lipase Esterification with NG and TMP at 45 ◦C, 4%
catalyst, and 6 h 90 [124]

Palm oil and solid acid catalyst Esterification with NG at 180 ◦C, 2% catalyst,
0.5:1 molar ratio and 4 h 85 [125]

Palm kernel oil with lipase Transesterification with isoamyl alcohol at 45 ◦C,
4:1 molar ratio for 54 h 99 [83]

Palm oil and lipase Esterification with TMP at 130 ◦C, 3% w/w
catalyst, 3.45:1 molar ratio, 15.25 mbar for 48 h 82 [126]

WCO with CaO derived from waste
cockle shell

Transesterification with TMP at 130 ◦C, 4% w/w
catalyst, 3:1 molar ratio for 4 h 97 [82]

WCO with CaO Transesterification with ethylene glycol at 130 ◦C,
1.2% catalyst, 3.5:1 molar ratio for 1.5 h 94 [127]

Palm oil with mixed oxides of Ca and
Sr on CaO

Transesterification with TMP at 180 ◦C, 1% w/w
mixed oxides of Ca and Sr catalyst with 5% w/w

SrO on CaO, 2 mbar and 240 min
88 [128]

Soybean oil with Zn Al hydrotalcites Transesterification with TMP at 140 ◦C, 5%
catalyst, 4:1 molar ratio for 2 h 77 [129]

WCO with K2CO3-hydrotalcite Transesterification with TMP at 160 ◦C, 2%
catalyst, 3:1 molar ratio and 300 Pa for 2 h 80.6 [130]

1 Otherwise explained, these transesterifications are with FAMEs. FAME/alcohol ratios are expressed.

It should be noted that there are other works dealing with the transesterification of
vegetable oils (castor, coconut, and palm kernel oils) with methanol to obtain fatty acid
methyl esters (that is, biodiesel), but for a different purpose, as thanks to the use of some
additives biolubricants with different viscosity values were satisfactorily obtained [131].
In that sense, the biolubricant obtained from castor oil presented the highest viscosity
value due to the high percentage of ricinoleic acid in the original oil, whose OH- group
contributed to the increase in viscosity.

5. Influencing Factors on Quality Parameters of Biolubricants

As explained in previous sections, there are some quality parameters that are vital to
understanding the right performance of biolubricants for industrial applications. Thus, a
good biolubricant should present repeatable or stable properties once it is produced, stable
properties during storage, and specific industrial use (unalterable due to circumstances
such as auto-oxidation). Figure 15 shows the main influencing factors on biolubricant
quality parameters, which are closely related to each other, usually presenting opposite
effects depending on the circumstances. For instance, the use of a catalyst can contribute to
a higher biolubricant yield, which is positive regarding a product with a stable composition,
whereas high amounts of homogeneous catalysts can imply further auto-oxidation effects
if they are not properly removed from the final product, with the subsequent decrease
in oxidation stability. Additionally, some vegetable oils could present functional groups
or molecular structures (such as branching), which could provide an interesting viscosity
value for a specific industrial use, whereas the presence of unsaturations could worsen the
oxidation stability of the final biolubricant.
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Figure 15. Main factors (in orange circles) affecting quality parameters of biolubricants obtained
through transesterification.

A thorough explanation of Figure 15 is included in the following subsections. This
way, the main quality parameters considered were yield or conversion, oxidation stability,
and viscosity, which are vital to understanding the performance of a biolubricant:

5.1. Yield or Conversion

It is important to obtain a high conversion of biolubricant from vegetable oil or
biodiesel, as its separation from the corresponding raw material is difficult, obtaining a
mixture with combined properties like viscosity. Indeed, in previous studies, there was a
good correlation between conversion and viscosity in the reaction medium for biolubricant
production from some vegetable oils like high-oleic safflower biolubricant [118]. This way,
high conversion of biodiesel or vegetable oil can provide more fixed viscosity values and,
therefore, the characteristics of a biolubricant can be more predictable. On the other hand,
the presence of biodiesel in the final biolubricant could imply a drastic decrease in viscosity
in the medium, as the differences between biodiesel and biolubricant viscosities (much
lower for the former, with 3.5 to 5.0 cSt) are considerable. That is the reason why high
conversions are especially important in biolubricant production.

5.2. Oxidative Stability

As thoroughly explained, it is another important parameter that is vital to keep the
main properties of biolubricant during storage, where auto-oxidation processes can take
place. Thus, auto-oxidation can generate by-products like free fatty acids or polymers,
which increase acidity (and the subsequent corrosion in containers or machines) and
viscosity (with the subsequent change in its specific use), respectively. In that sense, as
observed in the case of cardoon biolubricant (obtained through double transesterification
with methanol and 2,2-dimethyl-1,3-propanediol) during storage, its viscosity increased up
to 16% during storage for 12 months at room temperature, with a considerable decrease in
viscosity index (which is also an undesirable effect) [76].
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5.3. Viscosity

As previously stated, viscosity is highly related to the specific use of biolubricants in
industry. Indeed, it can be considered the most important characteristic of a biolubricant, as
viscosity can affect some functions, such as lubrication or sealing. Thus, depending on its
viscosity, a biolubricant can be used in different areas, such as Diesel engines or machines
in the textile industry.

Some of the key factors affecting these quality parameters are the chemical reaction
conditions (where the use of catalysts plays a vital role), the use of additives, the raw
material, and the alcohol selected. These factors can affect these quality parameters in
different ways, or they can affect multiple quality parameters. For instance, the raw material
can affect oxidation stability or viscosity, mainly depending on fatty acid composition.

5.4. Use of Catalysts/Chemical Reaction Conditions

As expected, the use of catalysts promotes the decrease in activation energy of a
chemical reaction, which facilitates the completion of transesterification. Thus, on the one
hand, the use of catalysts is positive as conversion increases, making the composition of
the final biolubricant stable and predictable.

As explained in previous sections (see Tables 5 and 6), the use of catalysts might vary
(from homogeneous to heterogeneous, with a wide range of compounds for each case), and
in the case of esterification and transesterification, there seems to be a clear trend about
the use of catalysts, with a special preference for homogeneous catalysts including sodium
methoxide and ethoxide or sodium and potassium hydroxides, which are relatively cheap
and easily obtained. These catalysts are usually added at low concentrations (from 0.3 to
2% w/w of total mass), which contributes to a low-cost impact in biolubricant production,
obtaining high yields (at least 90% in most cases).

However, the use of homogeneous catalysts (usually containing Na and K), which
are normally difficult to remove from the final biolubricant, can worsen the oxidative
stability of biolubricants, as the presence of metal traces can act as catalysts for oxidation
during storage. In that sense, the use of heterogeneous catalysts can present an additional
advantage, like their easy removal from the chemical medium. Thus, the use of lipases,
hydrotalcites, or CaO could avoid this problem, and even though their addition is relatively
low (from 1% to 5% w/w, see Table 6), their costs are usually higher compared to homoge-
neous catalysts (which can explain the lower amount of research works about this matter).
Nevertheless, they present an interesting advantage, like the total removal from the reaction
medium, which would avoid the presence of catalysts in the final biolubricant and the
abovementioned problems. However, the yields by using these catalysts are relatively low
(up to 90% in many cases), and their reusability is limited, which is an interesting research
line in the future, as their advantages could offset these inconveniences.

On the other hand, chemical reaction conditions (apart from catalyst concentration)
can affect the final characteristics of the biolubricant. For instance, high temperatures
during biolubricant production can affect its oxidative stability, as explained in previous
studies. To avoid that, the use of a vacuum, when possible, is recommended to remove
methanol released during the second transesterification, with the subsequent shift towards
product generation at lower temperatures or catalyst concentrations [79].

5.5. Use of Additives (Antioxidants)

Apart from other additives that can improve the tribological performance of a biol-
ubricant, as in the case of nanoparticles (for instance, Fe3O4 nanoparticles) to reduce the
coefficient of friction between surfaces [132,133], we should pay attention to the use of
antioxidants in final formulations. Thus, these antioxidants (both natural and synthetic)
mainly affect oxidation stability in biodiesel and biolubricant samples. The use of prod-
ucts like propyl gallate (PG) or tert-butylhydroquinone (TBHQ) could increase oxidation
stability, delaying some processes like free fatty acid generation or polymerization, which
alter acidity and viscosity, respectively [67]. Thus, the use of TBHQ in WCO biolubricant
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showed a considerable increase in oxidative stability up to 10 h of induction point with very
low quantities of antioxidants (2500 ppm) [34]. Figure 16 shows the molecular structure
of some of the most popular antioxidants according to the literature in order to enhance
the oxidative stability of biodiesel and biolubricants. As observed, all of them share one
thing in common, that is, the aromatic ring that is responsible for free radical neutralization
and the subsequent disruption (or delay) of the auto-oxidation process. It should be noted
that once they react with free radicals, their molecular structure and effectiveness decrease,
with the subsequent need to assess the amount of these compounds in biodiesel and bi-
olubricant through analytical techniques. In that sense, the use of voltametric techniques
seems to be effective in understanding the effect of antioxidant addition during oxidation
processes [34,63,134].

 
Figure 16. Molecular structure of some antioxidants used to extend the oxidative stability of biodiesel
and biolubricants: (a) tert-butylhydroquinone (TBHQ); (b) butylated hydroxyanisole (BHA); (c) buty-
lated hydroxytoluene (BHT); (d) propyl gallate.

In that sense, the use of antioxidants could offset the negative effect of trace metals
included in biolubricants after the purification process, mainly due to homogeneous catalyst
addition, although some removal techniques would be recommended to reduce Na and K
content in biolubricants, such as the use of exchange-ion columns.

5.6. Raw Material (Vegetable Oil)

The raw material mainly affects, among other characteristics, the oxidation stability
of the final product obtained. This is due to the fatty acid composition of vegetable oils,
which are transformed into fatty acid methyl esters or fatty acid esters. Thus, the presence
of double bonds can promote the generation of free radicals, the main starting point for
auto-oxidation, decreasing oxidative stability. For instance, in the case of biolubricants
obtained through double transesterification with methanol and 2-ethyl-1-hexanol from
different vegetable oils (rapeseed, corn, and sunflower mix “seed oil” and WCO), different
oxidative stability values were observed (with the following order from most to less stable:
rapeseed, seed oil, and WCO) due to the different fatty acid content of the raw materials
(rapeseed oil presented high oleic content, exceeding 60%, whereas seed oil and WCO had
31% and 27%, respectively [33]. Also, if fatty acids present some special functional groups
like hydroxyl in the aliphatic chain (as in the case of ricinoleic acid), the final product

83



Catalysts 2023, 13, 1299

obtained during the first transesterification could present a considerable viscosity, which
can be used as a biolubricant for specific purposes [55].

5.7. Alcohols Used

Concerning transesterification, the superior alcohol used (usually trimethylolpropane
and pentaerythritol, among others) plays an important role, as it is usually a polyol that,
after transesterification with fatty acid methyl esters, generates a polyester that increases the
viscosity of the final substance obtained. This way, the presence of more functional groups
like hydroxyl in the polyol promotes the generation of more complex esters, increasing
the possibility of higher intermolecular interactions and, therefore, a higher resistance
to flow (in other words, a higher viscosity). Additionally, the stereochemistry of this
second transesterification can make the reaction between hydroxyl groups in the superior
alcohol and the corresponding fatty acid methyl ester require higher amounts of catalysts
or temperature. In essence, the kind of alcohol equally affects the chemical conditions of
the second transesterification and the yield of this chemical reaction.

As observed, these conditions are interrelated, and intermediate solutions might be
advisable for sustainable and efficient biolubricant production. Indeed, in the following
section, a brief exposition of works dealing with this subject (that is, techno-economic
analyses and patents) is included to enhance the possibility of a real implementation of
double transesterification at an industrial scale.

6. Techno-Economic Analyses Applied to Biolubricant Production in a Biorefinery
Context and Patents

The role of a biorefinery can be attractive from an economic point of view if the
efficiency of the process is comparable to equivalent industries based on petroleum. For
that purpose, a correct design of a biorefinery should involve accurate data to estimate
capital costs, using adequate indicators (especially for capital cost estimations) to carry out
a suitable economic assessment [135].

Even though the industry of biobased products shows multiple economic and envi-
ronmental benefits, there are still some challenges (especially in emerging industrial and
developing countries) that should be addressed, like possible high production costs, lack
of funds to invest in these kinds of technologies, inadequate policy support, fluctuating
oil or feedstock prices, logistic performance, industrial competitiveness, etc. [136,137], con-
sidering several aspects such as logistics, existing infrastructure, feedstock supply chains,
market opportunities, socio-economic issues and political context [137]. To overcome
this inconvenience and concerning the feasibility of the implementation of biolubricant
production based on vegetable oils, there are recent studies that assess the technical and
economic issues that this green process must face to compete with equivalent processes
based on petroleum.

As expected, the versatility and wide variety of biolubricant production processes
implied the publication of dispersed works focused on specific aspects related to techno-
economics. In any case, and even though there is a lack of these kinds of studies (which
could imply an interesting research niche to contribute to the spread of knowledge), these
research works share some points in common, like the following:

• The role of raw materials is essential to determine the marketability of biolubricants,
as the costs related to agricultural practices (such as harvest), along with vegetable
oil production and purification, usually imply a considerable percentage of fixed
costs in a biorefinery based on vegetable oils. For instance, when it comes to estolide
synthesis from oleic acid, the raw material implied 23.7% of total operating costs
(around 6742·103 US$ to produce 1000 tons per year) [138], whereas, in the case of
branched-chain glycerides production, this percentage was 18.2%, with total operating
costs of 2247·103 US$ per year to produce 100 MT [139]. With this regard, again, the
characteristics of WCO could be interesting, as many of the above-mentioned steps
could be skipped, considerably reducing the costs related to the raw material.
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• One of the main strong points of biolubricant production at an industrial scale is its
integration in a biorefinery context, where multiple products can be obtained with
the aim of adapting the performance of the biorefinery according to environmental
policies or demand, among other factors.

• Another interesting aspect to consider is the reaction temperature (among other operat-
ing conditions), which usually takes a considerable percentage of energy consumption
during biolubricant production and, therefore, is an important contribution to produc-
tion costs. In that sense, a simple decrease of a few degrees could result in large savings.
As proved in some abovementioned works (where the optimum reaction temperature
was decreased at least 20 ◦C for biolubricant production from high-oleic safflower
oil), reaction temperature can easily be reduced by using some improvements such
as the vacuum (when this technique is possible, as in many cases it can remove some
reagents in the reaction medium like complex alcohols that tend to sublimate due to
their molecular structure, such as 2,2-dimethyl-1,3-propanediol for double transes-
terification) or the use of catalysts (both heterogeneous and, homogeneous, where a
considerable decrease in reaction temperature was observed) [80].

• Indeed, the use of catalysts and their improvement related to their use in chemical
routes to produce biolubricants has been widely studied in the literature. In that sense,
their contribution to an increase in efficiency could be related to three aspects: First,
the study of their optimum addition to avoiding extra costs; Second, the possibility of
reuse (especially in the case of heterogeneous catalysts) or the purification process of
biolubricants to remove homogeneous catalysts; Third, the effectiveness in reducing
or improving chemical parameters that can contribute to energy or cost saving.

• Another interesting aspect to be considered is the possible real implementation of this
technology by using pre-existing ones. Specifically, the use of double transesterification
seems to be an interesting choice, as many of the facilities used for biodiesel production
(that is, the first transesterification of fatty acids) could be perfectly adapted to the
second transesterification process by adding some specific changes depending on the
desired kind of biolubricant. Therefore, as similar facilities are required, the equipment
acquisition would be easier and cheaper compared to other specific or customized
facilities. Also, other chemical routes, such as epoxidation, could be easily adapted to
this purpose, as explained to produce a biolubricant based on soybean oil [103].

• Finally, and even though some biolubricant productions could not be economically
feasible at the industrial level, there is one interesting and favorable point to tilt the
balance in favor of this green technology: the high environmental value and the
favorable policies carried out by national and international agencies. Thus, the market
value of these products could be higher compared to traditional lubricants, as there
is an increasing demand for green products by customers in general. This fact could
offset the initial and disadvantageous cost balance when these kinds of large-scale
facilities are used.

Thus, Table 7 shows the main works related to techno-economic assessment applied
to biolubricant production, even though it plays a secondary role within the biorefinery
context of the corresponding vegetable oil.

As observed, these works point out the feasibility of biorefineries based on vegetable
oils or agricultural wastes such as vegetable pulp, showing promising results that will
encourage further studies in the near future.

Another remarkable point is the knowledge about the current patents about biolubri-
cant production (see Table 8), specifically dealing with transesterification processes. In that
sense, this is an interesting way to assess the practical application of a scientific subject or
field, as patents are traditionally linked to the profitable exploitation of interesting findings,
exploring their possible implementation at the industrial level.

In general, many of the chemical routes mentioned in this review are equally covered
in patent registration (such as hydrolysis, epoxidation, and, especially, estolide formation,
whose production was expensive, and these works are devoted to obtaining cheaper ways
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to exploit this concept), which points out the parallelisms with the scientific literature. Also,
the use of multiple raw materials proves the versatility of this process. In this case, it should
be noted the use of WCO, an interesting waste as explained in the introduction section, that
is equally attractive to industrial processes (not only at the research level).

Table 7. Studies devoted to techno-economic assessment related to biolubricant production from
vegetable oils.

Description Details References

Biolubricant production from rapeseed oil
through double transesterification with

methanol and TMP

High conversions were obtained for first (97%) and second
(99%) transesterification and a reactor was designed (12 m3)

for industry level (production = 5550 tm·y−1)
[80]

Techno-economic analysis of biolubricants
through different chemical routes

Non-edible oils (karanja, jatropha, WCO) through
transesterification with TMP were proved as one sustainable

way to obtain biolubricants for food lubrication and as
automotive oils

[138]

Study of different biorefineries (based on first
to fourth-generation raw materials, including
edible and non-edible oils) for their design at

different scale levels

The authors point out the importance of a suitable design of
biorefineries depending on the purity and use of the final

product obtained. Thus, high-quality products such as
pharmaceutics are more adequate for small scales, whereas

energy products could be useful at industrial scale

[140]

Biorefinery based on non-food agricultural
feedstocks (vegetable pulp).

High lifecycle greenhouse gas savings can be obtained (up
to 80%) if biofuels and biolubricant production are coupled

in a biorefinery context
[141,142]

Biorefinery based on castor oil to produce
biodiesel and multiple products, including

a biolubricant

This biorefinery was mainly based on biodiesel production
(exceeding 40% of total production) as well as other

products, pointing out that multi-objective optimization is
essential to obtain the optimal feedstock distribution and

operating conditions to upgrade its performance

[143]

Table 8. Recent patents about biolubricant production through esterification or transesterification.

Description Details References

Preparation of heterogeneous catalyst
for transesterification

It can be used for manufacturing commercial-grade
biodiesel, biolubricant, and glycerol [144]

Production of lubricating bio-oils Use of soaps, WCO, and animal fats with initial hydrolysis
to react with several alcohols and produce biolubricants [145]

Production of biolubricants catalyzed by
fermented solid

The reaction of methyl esters or free fatty acids with a
polyhydroxylated alcohol is catalyzed by a fermented solid

containing lipases
[146]

System for making biolubricants A process for continuous preparation of biolubricants is
described, including the use of acidic heterogeneous catalyst [147]

Method for making biofuel and biolubricant A process for producing biofuels and biolubricants from
lipid material, pointing out the possibility of a biorefinery [148]

Biolubricant production using fly ash as a
catalyst

The reaction of fatty acids with different alcohols for the
production of alkyl esters with C5 to C12 alcohols in the

presence of fly ash as a catalyst
[149]

Method for producing neopentyl glycol diester
as a biolubricant

Neopentyl glycol and vegetable fatty acids react using
immobilized lipase [150]

Thus, critical aspects such as high biolubricant conversion or catalyst durability are
covered in these patents, which usually offer biolubricants for very specific uses.
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7. Conclusions and Prospects

After carrying out a review of the most recent literature about the synthesis and
characterization of biolubricants, the following remarks can be made:

• A definition of biolubricants, apart from the main chemical routes for their production
(paying attention to double transesterification), has been shown. According to the
literature, it has been proved the feasibility of biolubricant production from vegetable
oils, obtaining high yields of this product regardless of the chemical route selected,
and presenting some properties that are even better compared to traditional lubricants
obtained from oil.

• Specifically, biolubricants through double transesterification present, in general, a
higher viscosity index, which makes them more suitable to keep viscosity values
under temperature changes.

• However, these products also present some challenges, like the short oxidative stability,
which could imply a change in very characteristic properties such as viscosity during
storage or auto-oxidation processes. Nevertheless, there are accessible alternatives to
avoid this problem, like the use of antioxidants such as TBHQ, BHA, or PG, widely
used in the scientific literature to increase the service life of this product.

• Regarding the possibility of implementation of this technology, it should be noted the
potential of some wastes derived from VO, such as WCO, whose management would
be difficult otherwise. As a matter of fact, the properties observed for biolubricants
based on WCO are equivalent to those obtained from vegetable oils, with a slight
decrease in oxidative stability in some cases, which could be easily solved by antioxi-
dant addition, as explained above. This fact points out the versatility of biolubricant
synthesis, being able to compete with traditional lubricant production.

• Considering the above, the possible integration of biolubricant production in biore-
fineries, or even the implementation of a biorefinery based on vegetable oils, could
be an interesting starting point for this technology, especially in the case of double
transesterification from fatty acids, as many bioproducts and byproducts that are easily
reusable can be obtained, implying a green process that should replace traditional ones.

• In that sense, the role of catalysts is becoming more and more important in biolubricant
production, as their use contributes to the higher efficiency of the process, which is an
essential part of the real implementation of this technology at an industrial scale. This
way, plenty of studies have been focused on the use of new and innovative catalysts,
mainly heterogeneous and porous catalysts with the possibility of re-use in several
cycles, to make the process more attractive when it comes to techno-economic analyses,
especially by reducing the purification process to obtain the final biolubricant.

• Consequently, apart from the use of catalysts, the chemical conditions to carry out
double transesterification usually have a strong influence on the final quality of biolu-
bricants. Thus, “every detail counts”, which should be pointed out especially in the
case of temperature, catalyst addition, or reaction time, among other factors. Indeed,
many studies addressed the use of milder reaction conditions, which will present
a positive effect on techno-economic assessment, especially in biolubricant quality
(especially concerning viscosity and oxidative stability). In other words, it would be
the greatest exponent of sustainability, as it would be possible to obtain better products
(in this case, biolubricants) under mild reaction conditions and the subsequent energy
and material cost, implying a more attractive process for its implementation at an
industrial scale.

• Finally, and according to the techno-economic assessments carried out by the scientific
literature and recently published patents (where the role of catalysts is essential), the
industrial scale implementation of biolubricant production is feasible, pointing out the
high added-value product obtained, apart from other by-products equally interesting
or reusable, and showing a promising starting point for the contribution to green
chemistry and circular economy. In any case, due to the wide variety of processes,
further studies would be advisable to cover this subject.
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Abbreviations

Abbreviation Term

BHA Butylated hydroxyanisole
CFPP Cold filter plugging point
FA Fatty acid
FAE Fatty acid esters
FAME Fatty acid methyl ester
FFA Free fatty acids
FO Frying oil
GM Genetically modified
IP Induction point
NG Neopentyl glycol
NGE Neopentyl glycol ester
OPEC Organization of the Petroleum Exporting Countries
OS Oxidative stability
PE Pentaerythritol
PEE Pentaerythritol ester
PG Propyl gallate
PP Pour point
SDG Sustainable development goal
TBHQ Tert-Butylhydroquinone
TMP Trimethylolpropane
TMPE Trimethylolpropane ester
UN United Nations
VI Viscosity index
UVO Used vegetable oil
VI Viscosity index
VO Vegetable oil
WCO Waste cooking oil
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Abstract: Higher tert-Butyl glycerol ethers (tBGEs) are interesting glycerol derivatives that can be
produced from tert-butyl alcohol (TBA) and glycerol using an acid catalyst. Glycerol tert-butylation
is a complex reaction that leads to the formation of five tBGEs (two monoethers, two diethers, and
one triether). In order to gain insight into the reaction progress, the present work reports on the
monitoring of glycerol etherification with TBA and p-toluensulfonic acid (PTSA) as homogeneous
catalysts. Two analytical techniques were used: gas chromatography (GC), which constitutes the
benchmark method, and 1H nuclear magnetic resonance (1H NMR), whose use for this purpose has
not been reported to date. A method for the quantitative analysis of tBGEs and glycerol based on 1H
NMR is presented that greatly reduced the analysis time and relative error compared with GC-based
methods. The combined use of both techniques allowed for a complete quantitative and qualitative
description of the glycerol tert-butylation progress. The set of experimental results collected showed
the influence of the catalyst concentration and TBA/glycerol ratio on the etherification reaction and
evidenced the intrinsic difficulties of this process to achieve high selectivities and yields to the triether.

Keywords: etherification; glycerol; homogeneous acid catalyst; reaction monitoring; tert-butylation

1. Introduction

Glycerol is currently produced in large amounts as a byproduct of the biodiesel
industry. According to ChemAnalyst the global glycerol market was about 1 million tons in
2021, and it is expected to grow at a compound annual rate of 4.5% until 2030. The personal
care, cosmetic, and pharmaceutical industry sectors dominate this demand [1]. On the other
hand, the production of glycerol associated to biodiesel is much higher. Indeed, according
to the International Energy Agency [2], 45,712 million liters of biodiesel were produced in
2021, which allows estimating the biodiesel production at about 40.2 million tons (assuming
a mean biodiesel density of 0.88 g/cm3) and that of glycerol in crude (non-refined) form
at 4.4 million tons. Therefore, there is great interest in developing new uses capable of
absorbing the surplus in order to improve the economic balance of the biodiesel production
processes and introducing that sustainable resource in the value chain, thus contributing to
the circular economy.

Since the large-scale emergence of biodiesel as an alternative fuel, some 25 years ago,
many review papers have appeared reporting on the progress made in the methodss for
transforming glycerol into value-added products. Referring to some of the recent studies,
Morais Lima et al. [3] described the production of propylene glycol, acrolein, epichloro-
hydrin, dioxalane, dioxane, and glycerol carbonate through chemical routes and that of
1,3-propanediol, n-butanol, citric acid, ethanol, butanol, propionic acid, mono-, di-, and
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triacylglycerols, cynamoil esters, glycerol acetate, and benzoic acid by means of biochemical
processes, mainly enzymatic. Checa et al. [4] discussed the rational formulation of the
catalysts required depending on the chemistry of the transformation route according to
reforming (steam and aqueous phase), hydrogenolysis, reduction, selective oxidation, and
acetalization reactions. Direct uses of crude glycerol and recent valorization approaches
such as the production of alkyl-aromatics and activated carbon were also highlighted. Other
important conversion processes were dehydration, pyrolysis, gasification, selective trans-
esterification, etherification, fermentation, oligomerization, and polymerization [5]. Kaur
et al. [6] emphasized the environmental advantages of the biological conversion of crude
glycerol and included among the valuable products polyglycerols, polyhydroxyalkanoates,
solketal, trehalose, and various organic acids (lactic, glyceric, succinic, docosahexaenoic,
and eicosapentaenoic). A recently proposed and very promising route of glycerol val-
orization is its catalytic deoxygenation for (bio)olefin (e.g., propylene) production [7]. The
plethora of possible products that can be obtained from glycerol illustrates its frequent
designation as a platform chemical.

There is also big interest in the applications of glycerol as a fuel (through combus-
tion) and as a source of fuels (e.g., hydrogen, biogas, syngas, and ethanol) and fuel ad-
ditives [5,8,9]. Fuel additives are commonly used in order to improve thermal engines
performance, reduce their pollutant emissions, and modify specific physicochemical prop-
erties of commercial gasoline, diesel, and biodiesel. Oxygenated derivatives of glycerol
such as ethers, acetals, and esters (acetates) have been reported as fuel additives [10,11].
The tert-butyl glycerol ethers (tBGEs) resulting from the reaction between isobutylene
or tert-butanol and glycerol are precisely of particular interest as concerns the present
work. Depending on the number of hydroxyl groups of the glycerol molecule that become
alkylated, this reaction, also known as glycerol tert-butylation (see Figure 1), leads to the
formation of two monoether isomers (tB1GE-a and tB1GE-b), two diether isomers (tB2GE-a
and tB2GE-b), and a triether (tB3GE). Due to the limited solubility of the monoethers in
the most common fuels, the products preferred as additives are the diethers and, espe-
cially, the triether. The tBGEs have been found to increase the octane number of gasoline
and have been claimed as substitutes for methyl and ethyl tert-butyl ethers (MTBE and
ETBE, respectively). When used as diesel and biodiesel additives, the main positive effects
of tBGEs are the reduction in particulate matter and soot emissions [11]. On the other
hand, alkylated glycerol monoethers have interesting surfactant and biological properties
and find application as components of cosmetics and personal care and pharmaceutical
products [12–14].

Glycerol etherification reactions have been thoroughly reviewed by Palanychamy
et al. [15]. Glycerol tert-butylation involves three consecutive and reversible steps, leading
to the successive formation of tert-butyl glycerol mono-, di-, and triethers (see Figure 1).
The reaction is typically carried out in the presence of strong acid catalysts, and when tert-
butanol (tert-butyl alcohol, TBA) is used as the alkylating agent, each step is accompanied by
the liberation of a water molecule. Much of the early work on this field has been performed
reacting glycerol and isobutylene (isobutene, 2-methylpropene, IB); a commercial process
was developed based on this synthetic route [16]. IB requires operating the reactor under
pressure (around 20 atm) in order to keep the olefin in the liquid state, although it is
immiscible with glycerol, thus leading to a heterogeneous reaction system characterized by
mass transport limitations [16,17]. These features, and the possibility of IB oligomerization
to form diisobutylenes as side reaction, have been considered disadvantages that have
encouraged the use of TBA instead of IB in more recent works. Nevertheless, the presence
of coproduced water has been found to negatively affect the acid catalysts and introduce
thermodynamic limitations that introduce thermodynamic limitations that make more
complex reaching high yields of the higher (di-, and specially, tri-) tBGEs with TBA than
with IB [18]. As for the catalysts required, homogeneous acids, i.e., those that are soluble
in glycerol, such as p-toluensulfonic acid or the heteropoly acid H3PW12O40, are much
more active than the heterogeneous ones and allow obtaining significantly higher yields of
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di- and tri-tBGEs [16]. The interest in avoiding the use of the homogeneous acids due to
corrosion, safety, and environmental issues has fostered the search for solid acid catalysts
among which cation exchange resins with highly crosslinked structure, large pore zeolites,
sulfonated mesostructured silicas and carbons, and supported tungstophosphoric acid have
provided the best results with both IB [19–25] and TBA [19,26–32]. These materials require
a fine-tuning of their acid and textural properties in order to develop suitable catalytic
activity and selectivity toward higher tBGEs; at the same time, they are also very sensitive
to water, which solvates the hydrophilic active sites, rendering them poorly active.

Figure 1. Products of the glycerol tert-butylation reaction with indication of the nomenclature used
to refer to the several tert-butyl glycerol ethers.

In the vast majority of glycerol tert-butylation reports available, it is customary to lump
the isomers as monoethers and diethers, and even the diethers and triether are sometimes
lumped as higher ethers. In the present work, procedures for the identification and analysis
of the different tert-butyl glycerol ethers are presented. The five tBGEs were obtained in our
laboratories, isolated, and completely characterized by HRMS-ESI+, ATR-FT-IR, and NMR.
A straightforward methodology is presented that allows for fast and reliable monitoring of
the reaction between glycerol and tert-butanol (TBA) catalyzed with p-toluensulfonic acid
(PTSA) combining 1H NMR and conventional GC-FID analyses. It is expected this way to
contribute to a complete characterization of the reacting system, as well as providing an
improved description of the steps involved in the tert-butylation reaction.
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Gas chromatography (GC) is the benchmark technique for the quantitative analysis
of tBGEs; however, except made of tB1GE-a, the tBGEs are not easily available, which
complicates the equipment calibration. Melero et al. [20,33] proposed to extrapolate the
response factor obtained for tB1GE-a to the higher ethers. Other authors determined the
response factors for all the individual ethers after column chromatography separation and
purification from the reaction mixture [23,24,34], which is quite laborious.

Nuclear magnetic resonance (NMR) has become in recent years a high-throughput
analytical technique for the characterization of complex mixtures. This is the case, for
example, of the monitoring and/or quantitative analysis of reaction mixtures from the
digestion of woody biomass [35–38], lignin depolymerization [39], or transesterification
reaction for biodiesel production [40,41]. However, the purification of tertiary mono and di
tert-butyl glycerol ethers is elusive, and to the best of our knowledge, their characterization
has not been reported to date. As for the secondary mono and di-tert-butyl glycerol
ethers and tri-tert-butyl glycerol ether, their NMR spectra have been reported [42–44].
Nevertheless, descriptions are, in some cases, imprecise when providing the chemical
shifts for the 1H NMR [44] or simplistic when explaining the spin systems of etherification
products [42]. Indeed, the chemical shifts reported by Jamróz et al. [44], which describe the
spin system, and those reported by González et al. [42] corresponding either to the glycerol
skeleton hydrogen atoms or to the methyl groups in the tert-butyl moieties did not match
at all between them.

2. Results and Discussion

2.1. Characterization of Etherification Products

The five tert-butyl ethers of glycerol were synthetized as indicated in the Materials
and Methods Section 3.3. After their isolation and purification, the corresponding chemical
structure and expected formula were confirmed by NMR and ESI+ (see Figure A1). Glycerol
and di- and tri-tert-butyl ethers presented the expected [M + Na]+ as the major peak (m/z
227.1613 for tB2GE-a, m/z 227.1626 for tB2GE-b, and m/z 283.2267 for tB3GE). This peak was
accompanied by 2M + Na+ in the case of tB2GE-a. More reactive monoethers presented the
peak corresponding to [M + Na]+ (m/z 171.0996). Condensation of the primary hydroxyl
groups was observed under the ESI+ analysis conditions for tB1GE. Thus, in the case
of tB1GE-a, m/z 301.1988 was detected after the condensation of two molecules under
the analysis conditions, producing [2M-H2O + Na]+. tB1GE-b presented an additional
primary hydroxyl group, and in addition to [M + Na]+ (m/z 171.0996), the major peak
appeared at m/z 413.2647, which corresponds to [3M-3H2O + Na+] as a result of the higher
reactivity of these primary hydroxyl groups, due to their lower steric hindrance, to become
a crown-ether like structure under the analysis conditions.

ATR-FT-IR spectra of the isolated compounds showed the gradual disappearance of
the hydroxyl O–H stretching band at ca. 3400 cm−1 as the degree of etherification increased
accompanied by the intensification of the aliphatic bands between 2974 and 2834 cm−1 that
correspond to the C–H stretching mode (see Figure A2). As expected, no major differences
were observed between tB2GE-a and tB2GE-b with this technique.

As for the NMR spectra, Table 1 gathers the chemical shifts and coupling constant
for the hydrogen atoms on the glycerol skeleton that are identified in Figure 2. Given the
symmetry of tB1GE-b, tB2GE-a, and tB3GE, the 1H NMR signals were easier to assign
(see Figures A5, A7 and A11). In contrast, the secondary C2 carbon of tB1GE-a and
tB2GE-b was asymmetric, and therefore, C1 was diasterotopic, which complicated the
interpretation of their 1H NMR spectra (see Figures A3 and A9). The hydrogen atoms on
the glycerol skeleton of tB1GE-a appeared as a set of three 1H NMR signals in the range from
3.42 ppm to 3.81 ppm (see Figure 3a), whereas both hydroxyl hydrogen atoms appeared as
broad shoulders at 2.40 ppm. As expected, the tert-butyl moiety appeared as a singlet at
1.19 ppm. The assignation of H and C signals was performed using 13C APT and HMBC
correlation. The 1H signal at 1.19 ppm from –C–CH3 presented long-range correlation
with the quaternary C atom at 73.66 ppm (see Figure 3b). These signals also presented
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long-range correlation with the signal of H1 centered at 3.43 ppm, which also correlated
with C3 at 63.92 ppm in the HMBC spectrum (see Figure 3b). C2 is a chiral center; therefore,
both H1 and H3 are diasterotopic. Hence, they appeared as a set of two signals each (H1a
and H1b; H3a and H3b) with large geminal coupling constants, JH1a-H1b = 9.1 Hz and
JH3a-H3b = 11.4 Hz. The coupling constants with H2 were in the 3.9–5.8 Hz range. Because
of the coupling with the non-equivalent H1 and H3 atoms, the 1H NMR signals for H2
were shown as multiplet centered at 3.78 ppm. The 1H NMR spectra of tB1GE-a could be
satisfactorily simulated using WINDNMR [45].

Table 1. Chemical shifts and coupling constant for the hydrogen atoms on the glycerol skeleton of
the tBGEs as identified in Figure 2.

Ether
H1a

(J1a,2)
H1b

(J1b,2)
(J1a,1b) H2

H3a

(J3a,2)
H3b

(J3b,2)
(J3a,3b)

C1–OC
[CH3]3

C2–OC
[CH3]3

C3–OC
[CH3]3

tB1GE-a 3.43
(5.88)

3.49
(3.92) (9.10) 3.78 3.65

(4.95)
3.70

(3.91) (11.4) 1.20 - -

tB1GE-b 3.65 - - 3.71 3.65 a - - 1.24 - -

tB2GE-a 3.37
(5.92)

3.42
(5.06) (8.97) 3.78 3.37 a

(5.92) a
3.42 b

(5.06) b (8.98) 1.19 - 1.19

tB2GE-b 3.34
(8.58)

3.41
(4.30) (8.62) 3.65 3.61 3.61 - 1.21 1.19 -

tB3GE 3.27
(5.32)

3.37
(5.92) (9.22) 3.60 3.27 a

(5.32) a
3.37 b

(5.92) b (9.22) a,b 1.17 1.20 1.17

a Symmetry H-1a and H-3a. b Symmetry H-1b and H-3b.

Figure 2. Identification of the hydrogen and carbon atoms on the glycerol skeleton of the tBGEs for
1H NMR chemical shift assignment (see Table 1).
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Figure 3. Details of tB1GE-a spectra: (a) 1H NMR spectrum in the 3.35–3.85 ppm region, (b) HMBC
experiment, and (c) 13C APT spectrum.

Analysis of the spectra for symmetric tB2GE-a and tB3GE was much simpler. In the
case of tB2GE-a, the 1H NMR spectrum showed the signal of the hydrogen atom on the
tert-butyl group as a singlet at 1.19 ppm, whereas the signal corresponding to the hydroxyl
group appeared as a doublet at 2.54 ppm (J = 4.48 Hz). The signal for H2 appeared as a
hexuplet centered at 3.78 ppm showing an apparent coupling constant of 5.27 Hz. Because
of the symmetry of the molecule, H1 and H3 were equivalent and turned out a unique
signal at 3.39 ppm. However, as in the case of tB1GE-a, Ha and Hb presented slightly
different chemical shifts because of their diasterotopic character. Indeed, nuclei H1a,3a and
H1b,3b showed slightly different chemical shifts of 3.37 ppm and 3.42 ppm, respectively,
with a large geminal coupling constant of Jab = 8.97 Hz being Ja2 = 5.92 Hz and Jb2 = 5.06 Hz.
Therefore, the signal for H2 centered at 3.78 ppm actually corresponded to a triple triplet
with Ja2 = 5.92 Hz and Jb2 = 5.06 Hz but could not be accurately resolved. The 13C APT
spectrum (Figure 3c) allowed the easy assignation of carbon atom signals, as indicated in
Table 2.

The 1H NMR spectrum of tB3GE presented a similar pattern to that of tB2GE-a. H1a
and H3a appeared at 3.27 ppm, showing large coupling constants with H1b and H3b,
Jab = 9.22 Hz, and Ja2 = 5.32 Hz, whereas H1b and H3b appeared at 3.37 ppm with
Jb2 = 5.92 Hz. The similarity for the J2 coupling constants suggested that H2 had the
appearance of a well-defined quintuplet whose apparent coupling constant (J = 5.57 Hz)
averaged Ja2 and Jb2. The 13C APT spectra for tB2GE-a and tB3GE were far simpler and
allowed easier identification of the corresponding signals (see Appendix B). In the case
of tB2GE-a, the signal at 27.52 ppm was attributed to the primary methyl groups on the
tert-butyl moieties, the signal at 72.99 ppm to the quaternary carbon on the tert-butyl
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moieties, and that at 62.9 ppm to the secondary C1 and C3. Similarly, for tB3GE, the HMBC
spectrum showed long-range correlations between the hydrogen signal at 1.17 ppm and
the quaternary C atom at 72.56 ppm, as well as the hydrogen signal at 1.20 ppm and the
quaternary C atom at 73.68 ppm, allowing the assignation of these quaternary C atoms.

Table 2. Chemical shifts for the carbon atoms of the tBGEs.

Ether C1 C1–O–C–(CH3)3
a C1–O–C–(CH3)3

a C2 C2–O–C–(CH3)3
a C2–O–C–(CH3)3

a C3

tB1GE-a 63.92 27.59 73.69 70.80 - - 64.69
tB1GE-b 63.83 - - 71.12 28.68 74.75 63.83
tB2GE-a 63.09 27.70 73.17 70.38 - - 63.09
tB2GE-b 64.19 28.31 74.24 69.82 27.37 73.32 65.49
tB3GE 63.53 27.72 72.75 71.34 28.57 73.87 63.53

a Chemical shifts correspond to the carbon atom written in italics and underlined.

Elusive tB1GE-b and tB2GE-b have been recently identified by GC-MS [43], although
their NMR characterization has not been reported. tB1GE-b, as in the case of tB2GE-a and
tB3GE, shows a symmetry plane, so that a simple spectrum could be expected. Nevertheless,
chemical shifts of H2, Ha, and Hb were so close that signals corresponding to Ha and Hb
were broad and appeared in the 3.60–3.68 ppm range, and the coupling constants could
not be accurately determined. In the case of H2, it appeared as an apparent quintuplet
(J = 4.67 Hz) centered at 3.71 ppm. Concerning the tB1GE-b 13C spectrum, it was recorded
using an APT sequence that allowed the fast assignation of the signal at 28.68 ppm to
the primary methyl carbon and the ones at 63.83 ppm and 71.12 ppm to the C1 and C3
secondary carbons and the C2 tertiary carbon, respectively (see Appendix B). The long-
range correlation of the signal at 1.24 ppm that corresponds to the CH3 groups allowed the
identification of a small signal at 74.75 ppm assigned to the quaternary carbon atom on the
tert-butyl moiety.

Finally, the 1H NMR spectrum for tB2GE-b showed four groups of signals in the
glycerol skeleton and two singlets corresponding to the tert-butyl groups at 1.21 ppm and
1.19 ppm. The hydroxyl group appeared as a double doublet at 2.51 ppm (J = 3.78 Hz,
J = 7.94 Hz) due to coupling with the diasterotopic H3. This hydroxyl signal showed strong
HSQC-TOCSY correlation with the carbon atom at 65.65 ppm that corresponded then to C3
(Figure 4a). Once C3 was assigned, the heteronuclear 1H–13C experiment combined with
13C APT allowed easy assignation of C1, C2, H1, and H2 (Figure 4b). The hydrogen atom on
the hydroxyl group presented a clear NOE effect with the hydrogen atoms on the tert-butyl
group at 1.19 ppm (Figure 4c) that were hence assigned to the tert-butyl group on C2. The
long-range correlation in the HMBC spectrum (Figure 4d) allowed the identification of the
quaternary carbon atoms.

The 1H signals for H2 and H3 signals overlapped, making the resolution of the system
difficult. As for H1, two 1H NMR signals were observed, the first centered at 3.41 ppm
and the second at 3.34 ppm (Figure 5). The geminal coupling constant for H1a and H1b
was 8.60 Hz, and they both coupled with H2 with J = 4.30 Hz and J = 8.58 Hz, respectively,
causing the triplet aspect of the signal at 3.34 ppm that indeed corresponded to a double
doublet. The chemical shifts for H2 and H3a and H3b were determined using the HSQC-
TOCSY cross-signals with C2 and C3, respectively. The coupling constants for H2 and H3
needed to be determined using the spectrum simulation module in Topspin 3.6.2 and are
gathered in Table 1.
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Figure 4. Details of the tB2GE-b spectra: (a) the HSQC-TOCSY spectrum, (b) the 1H–13C heteronuclear
correlation, (c) the NOESY experiment, and (d) the HMBCGP experiment.

Figure 5. (a) Simulation of the tB2GE-b 1H NMR spectrum using Topspin. (b) Detail of the tB2GE-b
1H NMR spectrum.
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2.2. Glycerol Tert-Butylation Monitoring through GC Analyses

Gas chromatography (GC) is the benchmark analytical technique for monitoring
etherification reactions between glycerol and tert-butyl alcohol (TBA), although it presents
several drawbacks. Polyols like glycerol have low vapor pressures that makes necessary
the use of relatively harsh analysis conditions together with long analysis times that do
not ensure the precise quantification of glycerol and, consequently, accurate mass balances.
In addition, the complete derivatization by silylation of the reaction mixture is difficult
and laborious and requires high quantities of specific reagents. Nevertheless, as shown in
Figure 6, it allows the appropriate separation of the five tBGEs, glycerol, and the internal
standard in ca. 20 min, although unreacted TBA cannot be quantified as it elutes with the
solvent used to dilute the sample taken from the reaction mixture.

Figure 6. Typical GC-FID chromatogram of a tert-butylation mixture sample. Glyc stands for glycerol,
and S.I. stands for internal standard.

Figure 7 shows the tBGE content of the reaction mixture expressed as molar fractions
as a function of the glycerol conversion achieved after 24 h of tert-butylation reaction
at temperatures between 70 and 110 ◦C, 8 wt.% PTSA, referred to the initial glycerol
content and TBA/glycerol molar ratios within the 4:1–16:1 range. It can be observed that
tB1GE-a and tB2GE-a were the main tert-butyl glycerol ethers produced. In addition, the
tB1GE-a content was much higher than that of tB2GE-a, which only reached significant
concentrations once the monoether was sufficiently abundant, in accordance to a reaction
scheme in series. The formation of 1- and 1,3-ethers from the condensation of primary
hydroxyl groups of glycerol to produce tB1GE-a and tB2GE-a was more probable against
the formation of 2- and 1,2-ethers, tB1GE-b, and tB2GE-b [26]. Indeed, glycerol was a
triol having double the number of primary than secondary hydroxyl groups. In addition,
primary hydroxyls were preferred for tert-butylation due to steric effects because the tert-
butyl group was a voluminous moiety. This explained in part the very low concentrations
of the triether achieved, which was present in detectable amounts when the glycerol
conversions reached values above ca. 0.75. Another reason was the thermodynamic
limitations that appeared when TBA was used as the alkylating agent [18]. The tB1GE-b
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and tB2GE-b contents were also very low. The evolution of the molar fractions suggested
that tB1GE-b disappeared to form tB2GE-b and that this diether reacted to form the triether
tB3GE, as indicated by arrows in Figure 7.

Figure 7. Molar fractions of the tBGEs according to GC-FID analyses of reaction mixtures after
24 h at 70–110 ◦C, 8 wt.% PTSA, referred to the initial glycerol content and TBA/glycerol molar ratios
between 4:1 and 16:1.

2.3. Glycerol Tert-Butylation Monitoring through 1H NMR Analyses

Given that the 1H NMR signal was directly proportional to the amount of hydrogen
atoms present in the sample, in principle, no calibration was required for the quantification
of samples whose analysis required only 90 s. Initially, the 1H NMR spectra of the isolated
glycerol and the tB1GE-a, tB2GE-a, and tB3GE. tBGEs were superimposed (Figure 8a) in
an attempt to find out a relation between the results of the integration of the different
spectra regions and the molar fraction of each compound. However, the spectra of the
reaction mixtures were slightly different from those corresponding to the isolated product
superposition (Figure 8b). This was due to the differences in the solvent dielectric properties
due to the presence of high amounts of TBA and glycerol in the reaction mixture. Hence, the
spectra of the samples from the etherification reactions were much easier to interpret than
those corresponding to the component superposition, which allowed the simplification
of the quantitative analysis defining four integration regions (denoted as Rj, j = 1, 2, 3, 4)
and assuming negligible the contributions of tB1GE-b and tB2GE-b. As for the rest of the
compounds, their contributions to the several integration regions are gathered in Table 3.
An obvious drawback of this procedure was that no distinction could be made between
both monoethers and diethers.
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Figure 8. (a) Superimposed 1H NMR spectra for glycerol, tB1GE-a, tB2GE-a, and tB3GE. (b) The 1H
NMR spectrum of a reaction sample.

Table 3. Contribution of the compounds indicated to the integration of the NMR spectra regions.

Region, Rj δ (ppm) Glycerol tB1GE-a tB2GE-a tB3GE

1 3.850–3.604 5 3 1 -
2 3.524–3.429 - 2 - -
3 3.429–3.333 - - 4 2
4 3.333–3.225 - - - 2

Accordingly, the molar fractions of glycerol and the tBGEs were calculated from the
values (ni) given by Equations (1)–(6), which were proportional to the number of moles of
each compound present in the sample. In these equations, IARj (j = 1,2,3,4) are integration
values corresponding to the region j according to Table 3. The conversion of glycerol
(XGlyc) and the tBGE selectivities (Si) can be calculated according to Equations (5) and (6),
respectively, considering that no products other than tBGEs and unreacted glycerol were
present in the reaction mixture. Due to the abovementioned limitations of NMR analyses,
in what follows, selectivities are reported for tB1GE and tB2GE that lump both monoethers
and both diethers, respectively.

ntB1GE =
IAR2

2
(1)
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ntB2GE =
(IAR3 − IAR2)

4
(2)

ntB3GE = IAR4 (3)

nGlyc =
IAR1 − 3·ntB1GE − ntB2GE

5
=

(4·IAR1 − 6·IAR2 − IAR3 − IAR4)

20
(4)

XGlyc =
ntB1GE + ntB2GE + ntB3GE

nGlyc + ntB1GE + ntB2GE + ntB3GE
(5)

Si =
ni

ntB1GE + ntB2GE + ntB3GE
i = ntB1GE, ntB2GE, ntB3GE (6)

Figure 9 shows the relation between the selectivities to tert-butyl mono-, di-, and
triethers of glycerol obtained, calculated from the results of the analyses performed by
GC and 1H NMR of the reaction samples. In general, a good agreement is observed;
however, some samples led to larger discrepancies. The quantification of glycerol was
identified as the main source of error, which reached ca. 5% and 7% for the NMR and GC
analyses, respectively. In the case of the tBGEs, the errors were reduced to ca. 3% with both
techniques. Higher errors could be associated to homogenization difficulties, particularly
in samples with very low or very high glycerol conversions. In the first case, the high
polarity and viscosity of glycerol complicated the sample manipulation. In the second
case, the large difference in polarity between the reaction products, especially the di- and
triethers, and that of the reactants led to the formation of micro-emulsions through phase
segregation.

Figure 9. Selectivities to the tBGEs calculated from 1H NMR and GC analyses.

Monitoring of the glycerol tert-butylation reactions through 1H NMR has allowed
illustrating the effects of some of the reaction conditions. In this regard, Figure 10 shows
the influence on the glycerol conversion of the catalyst (PTSA) concentration after 24 h of
reactions conducted at 70 ◦C and TBA/glycerol molar ratios of 4:1, 8:1, and 16:1. It can be
seen that as expected, at a given TBA/glycerol ratio, the glycerol conversion increases at
increasing PTSA concentration. For example, at the TBA/glycerol molar ratio of 4:1, the
conversion increased from ca. 70% to 95% when the catalyst concentration passed from
8 wt.% to 32 wt.%. However, at a given catalyst content, the glycerol conversion decreased
as the TBA/glycerol molar ratio increased. This was explained by the fact that the catalyst
concentration was referred to the initial glycerol content of the reaction mixture. Therefore,
the catalyst concentration over the total reaction volume decreased as the TBA/glycerol
ratio increased due to the dilution caused by increasing amounts of TBA. For instance,
when the catalyst concentration was fixed at 32 wt.% referred to the glycerol amount, the
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overall catalyst concentration decreased from 6.4 wt.% to 1.9 wt.% and finally 1.0% when
the TBA/glycerol ratio increased from 4:1 to 8:1 and 16:1, respectively.

Figure 10. Glycerol conversion after 24 h of reaction as a function of the catalyst content.

Figure 11 shows the tBGE selectivities for the conversion points included in Figure 7.
It can be seen that the selectivities were dictated by their own reaction progress, that
is, the glycerol conversion. The catalyst content and TBA/glycerol ratio affected the
conversion that could be achieved in a given reaction time, in this case, 24 h, but did not
seem to influence the selectivity. In other words, the highest glycerol conversions attained
corresponded to the reactions performed at the lowest TBA/glycerol ratio (4:1) and the
highest PTSA concentration (32 wt.% referred to the initial glycerol amount) considered.
High glycerol conversions were necessary to obtain the highest possible di- and triether
selectivities. The first ones reached values of ca. 35% at their highest, whereas in the
conditions of the present study, maximum tB3GE selectivities of ca. 8% were obtained.
As concerns the monoethers, maximum conversions were obtained at the lowest glycerol
conversion. In accordance with the in-series scheme that followed the tert-butylation
reaction, the first products were proportionally more abundant at short reaction times (in
batch processes), when they had little opportunity of being converted into higher ethers.
As for the temperature, an effect similar to the rest of reaction variables was found, having
a positive influence on the glycerol conversion but not affecting the tBGE selectivities.

 

Figure 11. tBGE selectivities for glycerol etherification reaction conducted at TBA/glycerol molar
ratios of 4:1 (left), 8:1 (center), and 16:1 (right). Catalyst (PSA) concentrations referred to the glycerol
content were: 8 wt.% (open black symbols), 16 wt.% (filled red symbols), and 32 wt.% (open blue
symbols).
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2.4. Etherification of the Tert-Butyl Glycerol Monoether

With the purpose of increasing the yield of the higher tBGEs, the tert-butylation re-
action was carried out starting from tB1GE instead of glycerol as indicated in Section 3.2.
Figure 12 shows the evolution with reaction time of the tBGE molar fractions monitored
through 1H NMR (Figure 12a) and GC (Figure 12b). It was clear that the monoether con-
verted into the diether without having a significant impact on the triether concentration.
After the fifth day of reaction, the monoether conversion reached 38%; at that time, a new
charge of TBA and catalyst was performed, aiming at further converting the monoether.
The conversion increased up to 56% after two additional days of reaction. The GC analyses
allowed distinguishing between both diethers, and the obtained results (Figure 12b) sug-
gested that the triether was mainly formed from tB2GE-b. This seemed reasonable in view
of the much stronger steric hindrance that would entail its formation from tB2GE-a. How-
ever, tB2GE-b was much less abundant than tB2GE-a, that is, the diether with both glycerol
primary hydroxyl groups etherified. This showed that there were intrinsic difficulties in
obtaining high selectivities to the tert-butyl glycerol triether through the homogeneously
acid-catalyzed tert-butylation of glycerol with TBA.

Figure 12. Evolution of tBGE concentration during the etherification with TBA of the tert-butyl
glycerol monoether as monitored by (a) 1H NMR and (b) GC. The arrows indicate the addition of a
new charge of TBA and catalyst.

3. Materials and Methods

3.1. Materials and Analytical Techniques

tert-Butanol (TBA), anhydrous glycerol (99.5%), and 1,3,5-trimethoxybenzene (as the in-
ternal standard) were purchased from Acros Organics (Fairlawn, NJ, USA) p-Toluenesulfonic
acid (PTSA) used as the homogeneous catalyst was purchased from Panreac S.L. (Darm-
stadt, Germany) CDCl3 was purchased from Carlo-Erba (Val de Reuill, France) and used as
received.

The attenuated total reflectance (ATR) infrared (IR) spectra were recorded on an Avatar
360 FT-IR spectrometer (ThermoFisher Scientific, Walthman, MA, USA). The gas chromatog-
raphy (GC) analyses were performed on a Shimadzu gas chromatograph equipped (Kyoto,
Tapan) with a flame ionization detector (FID) and a DB-23 (30 m, 0.32 mm ID, 0.25 μm)
column. During the analyses, the oven temperature was kept for 10 min at 90 ◦C, then
it was raised from 90 to 150 ◦C at a rate of 25 ◦C/min, and finally, it was maintained for
8 min at 150 ◦C. The samples for the GC analysis were prepared from 0.040 g of the reaction
mixture that were diluted with 2.5 mL of a 2 g/L solution of 1,3,5-trimetoxybenzene in
acetonitrile.

The nuclear magnetic resonance (NMR) analyses were performed on a Bruker Ascend
400 spectrometer (Rheinstetten, Germany) operated at 400 MHz and equipped with a PA
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BBO 5 mm probe. All 1H and 13C chemical shifts were reported using the δ scale and were
referenced to the residual signal of CHCl3 at 7.26 ppm and that of CDCl3 at 77.16. The
pulse programs were the previously installed zg30 for 1H with 16 scans. CDCl3 was the
solvent of choice after discarding DMSO-d6 and CD3OD due to the overlapping of residual
signals from CD2HOD and H2O, respectively, from those of the reaction products.

3.2. Tert-Butylation Reactions

Glycerol etherification reactions were performed in a 100 mL stainless steel stirred
autoclave at 30 bar, TBA/glycerol molar ratios ranging between 4:1 and 16:1, catalyst
concentrations of 8–32 wt.% PTSA referred to the glycerol loaded into the reactor, and
temperatures within 70–90 ◦C. The samples were withdrawn from the reactors during the
course of the reaction by means of the appropriate recirculating valves to maintain the
pressure and agitation conditions.

An experiment was carried out using 1.5 g of the monoethers (tB1GEs), 10 g TBA and
0.24 g glycerol (TBA/glycerol molar ratio of 13.5:1), 70 ◦C, and 16 wt.% of PTSA catalyst
referred to the tB1GEs. After five days of reactions, a new charge into the reactor of 10 g
TBA and 0.24 g glycerol was carried out.

3.3. Isolation of the Tert-Butyl Ethers

In order to obtain the tBGEs for the NMR identification, a glycerol etherification reac-
tion was conducted on the stainless steel autoclave at 90 ◦C and 30 bar with a TBA/glycerol
molar ratio of 4:1 and 8 wt.% PTSA referred to the glycerol loaded into the reactor. After
24 h of reaction, the resulting mixture was concentrated in a rotary evaporator to remove
the unreacted alcohol. Afterward, ca. 17 g of the tBGE/glycerol mixture were charged
into a chromatography column using M60 silica as stationary phase. tB3GE, tB2GE-a,
and tB2GE-b (see Figure 1) were separated using hexane/ethyl acetate (9:1) as the mobile
phase, as reported by González et al. [42]. On the other hand, the tB1GE-a and tB1GE-b
monoethers were eluted using a hexane/ethyl acetate (1:9) mixture.

4. Conclusions

Glycerol tert-butylation is a complex reaction leading to the formation of five glycerol
tert-butyl ethers (tBGEs). All of them have practical interest: the monoethers as surfactants
and components of cosmetics and pharmaceuticals and the di- and triethers as fuel additives.
In order to suitably monitor the progress of the reaction between glycerol and tert-butanol
(TBA), a method based on 1H NMR analyses was developed in the present work that
allowed for the quantification of unreacted glycerol and the tBGEs in only 90 s without
the need for equipment calibration. These features are clear advantages compared with
conventional GC analyses when fast, almost real-time, monitoring of the reaction is required.
In contrast, the method was not able to distinguish between both monoether and both
diether isomers, which were lumped into two groups of reaction products. For that reason,
it was necessary to combine 1H NMR and GC analyses to obtain a complete characterization
of the reaction mixture.

The set of results available for the development of the analytical methods provided
information of interest as concerns the formation of higher ethers. Glycerol tert-butylation
is a consecutive reaction in which primarily formed monoethers lead to diethers that are
finally converted into the triether. According to our results, the triether seemed to be formed
from tB2GE-b instead of tB2GE-a due to easier access of the third tert-butyl moiety to a
primary carbon atom than to a secondary one. However, the fact that tB2GE-a was much
easier to form than tB2GE-b due to the higher reactivity of primary hydroxyls compared
with the secondary ones, the double number of primary as compared with secondary
hydroxyls present in glycerol, and steric effects explained the difficulties in forming the
tert-butyl glycerol triether through this synthetic route.
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Figure A1. MS-ESI+ spectra of tert-butyl ethers of glycerol.

Figure A2. FTIR spectra of tert-butyl ethers of glycerol.
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Appendix B

 

Figure A3. The 1H NMR spectrum of tB1GE-a in CDCl3.

 

Figure A4. The 13C APT NMR spectrum of tB1GE-a in CDCl3.

 

Figure A5. The 1H NMR spectrum of tB1GE-b in CDCl3.
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Figure A6. The 13C APT NMR spectrum of tB1GE-b in CDCl3.

 

Figure A7. The 1H NMR spectrum of tB2GE-a in CDCl3.

 

Figure A8. The 13C APT NMR spectrum of tB2GE-a in CDCl3.
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Figure A9. The 1H NMR spectrum of tB2GE-b in CDCl3.

 

Figure A10. The 13C APT NMR spectrum of tB2GE-b in CDCl3.

 

Figure A11. The 1H NMR spectrum of tB3GE in CDCl3.

114



Catalysts 2023, 13, 1386

Figure A12. The 13C APT NMR spectrum of tB3GE in CDCl3.
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25. Bozkurt, Ö.D.; Bağlar, N.; Çelebi, S.; Uzun, A. Screening of solid acid catalysts for etherification of glycerol with isobutene under
identical conditions. Catal. Today 2020, 357, 483–494. [CrossRef]
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Abstract: Nowadays, several alternatives have been proposed to increase the porosity and/or modify
the surface groups of hydrochars from biomasses as well as to develop additional features on
them. These alternatives can include specific modifications for the process, as previous steps or as
postreatments, and the wide variety of forms in which they can be made can substantially affect
the product distribution and properties. In this study, the hydrothermal carbonization process of
an invasive floating plant (Water hyacinth) has been modified by introducing different amounts
of iron (FeCl3) and aluminium alloy (shaving scrap waste) during the hydrothermal reaction. The
effects on process reactivity, phase distribution, and physicochemical properties of the samples
obtained were studied by means of different characterization techniques such as thermogravimetry
(TG-DTG), physical adsorption/desorption of N2 at −196 ◦C, FT-IR spectroscopy, and scanning
electron microscopy (SEM). In the case of iron-catalyzed reactions, the magnetite formation and
magnetic behavior of the prepared hydrochars after a pyrolytic treatment was also estimated. The
results obtained indicate that the porosity of the hydrochars was clearly improved to different extents
by the addition of Al or Fe during direct synthesis. In addition, porous carbons with a moderate
magnetic character were obtained.

Keywords: hydrothermal carbonization; magnetism; catalyst load; enhancement of porosity

1. Introduction

Hydrothermal carbonization (HTC) is an exciting valorization technique for converting
organic solid waste into valuable products (a solid carbonaceous solid product called
hydrochar (HC) and a liquid solution containing many valuable compounds) at relatively
low temperatures (150–250 ◦C) and autogenous pressure [1]. HC can be compared to
the char obtained by pyrolysis, because it is a coal-like material with incipient porosity.
However, both techniques differ in several aspects, such as energy involved, need of water
or activating agent, and properties of liquid phase. In relation to the carbon material, one
important difference between a char and a HC is that in general, the former has cleaner
pores, as the high temperatures usually associated with the flow of an inert gas help to
remove the volatile content of the precursor, leaving behind an incipient porosity (which
can be less or cleaner or have variable pore size depending on operating conditions but is
also susceptible to being developed by subsequent activation). Chars obtained by pyrolysis
usually have a greater C content than HC (i.e., greater heating value), mainly because
more oxygen is removed compared to HTC. In addition, the thermal removal of oxygen
functionalities and the aromatization developed in char can contribute to the development
of a surface chemistry in which, in general, the electrons are more delocalized, and the
number of acidic groups is reduced [2].

Catalysts 2023, 13, 506. https://doi.org/10.3390/catal13030506 https://www.mdpi.com/journal/catalysts118



Catalysts 2023, 13, 506

In contrast, HTC takes place not in an inert atmosphere but rather in a very reac-
tive one in which water becomes a solvent and hydrolyzes the biomass, giving rise to
an acidic system where acids are generated and enhance many different biomass degra-
dation reactions (decarboxylation, demethanation, decarbonylation, etc.) so that HCs are
generally highly acidic [1]. In addition, during HTC a significant part of the molecules that
are formed at the liquid phase can recombine and yield macromolecules that eventually
gather to form microspheres that are adsorbed on the HC [3]. This in turn can partially
block porosity and also can contribute to increasing the solid yield, especially if long times
are used [4]. To improve the low porosity volume of HCs, these materials are often sub-
jected to postheating steps, sometimes under an inert agent [5] or by physical or chemical
activation [6].

As the number of researchers working on HTC increases, the number of studies to
better understand the nature of the degradation and recombination processes underlying
the formation of primary or secondary HCs and the effect of variables apart from the
typical (biomass load, time, and temperature) on the product distribution and properties
also increases. One aspect that has recently attracted the attention of scientists is how
the presence of mineral matter can affect the HTC process [7,8]. This mineral matter can
either be part of the starting material or can be added to the process following diverse
methodologies (preaddition to biomass by blending or adsorption and incorporation to
process water). Mineral matter has been found to affect the process kinetics, reaction
pathways, and heat of reactions as well as physicochemical properties of liquid and HC [8].

The addition of metals to the HTC reaction media as well as the introduction of
postreatments such as pyrolysis and activation has been proven to affect the structural
properties, elemental composition, and chemical surface functionalities; all these changes
aimed to upgrade the solid carbon material towards subsequent applications. For example,
HCs to be used as fuels should have low N or S and adequate ash composition [6]; if the
material is designed to be used as an adsorbent, the development of specific chemical
groups and porosity can be specifically interesting for favoring adsorption selectivity [9]; if
the final use of the product is as soil amendment, the capture of certain nutrients on the
HC is the aim [10].

Previous research has concluded that adding iron(III) chloride (FeCl3) to a HTC system
can be an effective way to incorporate Fe to a biomass HC, as compared to other ways
of incorporating this metal such as ferromagnetic fluid and Fe particles. In a previous
work, the authors found that almond shell FeCl3-assisted HTC followed by pyrolysis
could yield microporous magnetic carbon materials [5]. Other sources of Fe, such as Fe3O4
particles, have also been embedded to biomass HCs during hydrothermal treatment, and
their presence was positive during further CO2 activation, enhancing the development of
microporosity [11]. Both FeCl3 and Fe3O4 not only improved the carbon structure but also
conferred the HCs with magnetism, after thermal treatment. Magnetism is a very desirable
property in an adsorbent, especially when it is going to be used in aqueous solutions.
Removing the activated carbon when it is saturated by just approaching a magnet facilitates
management and has attracted scientific research [12].

In relation to the use of Al as a catalyst or porosity enhancement agent during HTC,
very few scientific references are found. Al has been usually added in the form of salts,
such as Al2(SO4)3 [6] and AlCl3 [13]. To the authors’ knowledge, Al alloys, as a waste
generated in the mining industry (particulate matter), have not been used as an additive in
HTC processes before.

Eichhornia crassipes, also known as water hyacinth (WH), has been listed as one of
the most dangerous invasive plants in the world. This weed is present in many fluvial
areas all over warm places of Africa, Asia, and America and absorbs both nutrients and
oxygen from water while also preventing sunlight from reaching the deep into bodies of
water, resulting in the death of many living species [14]. In addition, the plant obstructs
fishing operations in many areas, affecting their economy, which is very significant in the
case of African countries in the vicinity of Victoria Lake, where it has also been associated
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with the propagation of plagues. Finally, WH’s presence has damaged devices from hydric
plants [13]. The challenge of making WH disappear without using chemicals that are toxic
to other animals has moved the scientific community to find ways of managing this biomass
involving thermal treatment to avoid spore dissemination. In Spain, fighting this weed
has become a national priority, as is the case also in many other areas of the world, and
the solution does not seem to be easy because it is extremely resistant (seeds can live for
more than 20 years), has a very high growing rate, and can reproduce and spread very
quickly [15]. In the basin of Guadiana River in southwest Spain, EUR 50 million was spent
between 2004 and 2020 where WH had expanded over a length of 185 km along the river
(total perimeter affected = 630 km) [16].

In this study, the use of this novel precursor (WH) has been investigated to produce,
by Al- and Fe-catalyzed HTC, porous carbon materials. In both cases, for the first time how
the catalyst load can affect process reactivity and structural and chemical changes of HCs
and, in the case of Fe-assisted processes, additional potential magnetization due to further
pyrolysis of the HCs was evaluated.

2. Results

2.1. Reactivity of Processes

Tables 1 and 2 display the solid yield values (SY, %) obtained for uncatalyzed Fe
and Al-catalyzed HTC experiments. These results can be better analyzed in the precursor
biomass degradation analyses that have been plotted in Figure 1.

Table 1. Solid yield (SY, %) and N2 adsorption textural parameters of uncatalyzed HC and Al-
catalyzed HCs.

Solid
Yield (%)

SBET,
m2g−1

Vmi,
cm3g−1

Vme,
cm3g−1

VT,
cm3g−1

Sext,
m2g−1

WH-HC 26.8 23 0.005 0.019 0.024 26

WH-HC-Al5 20.6 38 0.005 0.023 0.028 42

WH-HC-Al10 28.6 35 0.005 0.033 0.038 39

WH-HC-Al20 27.0 49 0.010 0.045 0.055 53

Figure 1. TGA and DTG curves of WH leaves under inert and oxidant atmosphere.
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According to thermogravimetric analysis (TGA), under pyrolytic conditions, WH
degrades mainly in the range 240–400 ◦C, with a residual degradation prevailing up to
550 ◦C and a very slight mass loss up to 850 ◦C (fixed carbon plus ash content can be
estimated as residual mass at this temperature, that is, around 33%). When air is used as
carrier gas, the degradation profiles change significantly; at the TGA curve, there are several
slopes with two main significant degradation rates in the temperature ranges: 244–320 ◦C
(this is close to the inert analysis) and 390–472 ◦C (here, the degradation behavior clearly
differs from inert analyses). In fact, after this drop the WH residual mass reaches a value
that is similar to the one found for HTC (26.8%). Final residual mass percentage upon
combustion is 12%.

This suggests that HTC under the conditions here studied represents a middle sit-
uation between pyrolysis and combustion. This is consistent with the fact that volatile
matter (most of it) was degraded during HTC, but additional reactions removed a part
of the biomass that was resistant to pyrolysis because of the joint effect of water under
subcritical conditions (H3O+) and many reactive molecules resulting from hemicellulose
and cellulose degradation (mainly organic and inorganic acids). The presence of such
molecules makes the system highly reactive and, as a whole, involve a complex combina-
tion of many types of degradation reactions (dehydration, decarboxylation, demethanation,
decarbonylation, etc.) [1]. Other biomass materials (including water hyacinth stem and
many lignocellulosic precursors) have given, under the same temperature, time, load, and
reactor conditions, greater values of HTC solid yield [17].

2.2. Aluminium-Catalyzed HTC

Figure 2 shows the adsorption/desorption isotherms of the HCs obtained from uncat-
alyzed and Al-catalyzed WH leaves through HTC, while typical porosity parameters have
been included in Table 1. According to these results, the addition of the Al alloy during
HTC caused a slight change on the porous structure of the HCs. In the first place, the
uncatalyzed process, as expected from most previously published studies on HTC, does
not yield a carbon material with noticeable porosity development (SBET of 23 m2g−1, with
an almost negligible contribution of microporosity because of pore blockage by adsorbed,
condensed, or polymerized biomass fragments) [1]. The addition of Al resulted in a slight
improvement in porosity, which was more significant with the addition of a greater amount
of metal (20 g) during HTC. The rise in N2 adsorption at greater relative pressure values
(Figure 2) suggest that Al was specifically effective in opening mesopores and external
areas; total pore volume (VT) was almost doubled by adding 20 g of Al, as compared
to the pristine HC (0.055 vs. 0.024 cm3g−1). In fact, if one focuses on the lower relative
pressure zone, it can be observed that the increase in N2 adsorption is more abrupt for the
noncatalyzed sample.

Other aluminum compounds, such as AlCl3, added during the HTC of other biomass
materials have also been effective in opening micropores, yielding mesoporous materials,
with N2 adsorption isotherms growing along the whole range of relative pressure, as is
reported in the work of Liu et al. [13]. These authors, however, subjected the materials to
subsequent aerobic calcination to favor the formation of Al-oxide active sites.

Al in the liquid phase under subcritical conditions has been reported to be converted
into hydroxide (2Al + 6H2O → 2Al(OH)3 + 3H2), which in turn might have catalyzed the
hydrogasification of the HC amorphous surface carbon (C + 2H2 → CH4) [18].

Surface chemical functionalities, as determined by FT-IR spectrometry, suggested that
the hydrothermal process involved the breaking up of cellulose and hemicellulose (compare
signals of WH leaves, uncatalyzed HC, and HCs obtained using different amount of Al
during HTC, plotted in Figure 3). Assignation of bands was based on previous studies [19].
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Figure 2. N2 adsorption/desorption isotherms at −196 ◦C of uncatalyzed HC and HCs prepared by
Al-catalyzed HCs.

Figure 3. FT-IR spectra of WH, uncatalyzed HC and HCs prepared by Al-assisted HTC.

For instance, the loss of cellulose-type spectral bands at the pristine precursor are
removed after HTC; that is the case of C-O bonds in alcohols of pyranose rings 1110,
1060, and 1045 cm−1 (see Figure 3). Moreover, the signals at wave numbers in the range
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1600–1500 cm−1 found for hydrothermal-treated samples (and not for WH leaves) can be
assigned to C=O vibrations on olefinic and/or aromatic structures, as also happens for C-O
vibrations, typical for eter structures (1200 cm−1), that are only visible for HCs.

The addition of Al alloy under these conditions to the reaction medium do not have
a remarkable effect on the number, intensity, and position of the spectral bands of the HCs
under any concentration, as compared to the uncatalyzed HTC run.

SEM analyses (Figure 4) revealed that the presence of Al alloy on the liquid–solid
system altered the surface morphology of the HCs. In the case of the uncatalyzed reaction
(WH-HC), the surface is full of pleats, with a low opening of pores and the presence of
some microspheres. Other research [17] made under similar uncatalyzed HTC conditions
have shown greater abundancy of these spheres; this might indicate that condensation
reactions were less prominent in the present case or that their deposition on the primary
HC was less facilitated because of diffusion of electrostatic resistance.

 

WH-HC WH-HC-Al5 

Figure 4. SEM micrographs of uncatalyzed HC and WH-HC-Al5. Embebed image on the right is
a retro-dispersed electron image of WH-HC-Al5.

The images obtained with the retro-dispersed electron detector show small bright
particles of different size and shape heterogeneously incorporated on the carbon matrix (see
image inserted on the right in Figure 4). EDAX quantification analyses of the WH-HC-Al5
particles showed that apart from carbon (62.0%, wt./wt.) and oxygen (22.6%), metals such
as calcium (1.5%), aluminum (1.7%), and phosphorous (0.9%) were present in the material.

2.3. Iron-Catalyzed HTC

Table 2 lists the SY values (both after HTC, SY, and after subsequent pyrolysis, WSY)
as well as HC typical porosity features, as determined from N2 adsorption isotherms
at −196 ◦C (plotted in Figure 5). The addition of Fe and the further thermal treatment
resulted in a greater reactivity and lower SY in relation to the uncatalyzed run except for the
experiment made under the lowest Fe concentration (WH-HC-Fe0.25-600), which showed
a rise in SY.

Table 2. Solid yield (SY, %) and N2 adsorption textural parameters of Fe-catalyzed HTC.

SY (%)
WSY
(%)

SBET,
m2g−1

Vmi,
cm3g−1

Vme,
cm3g−1

VT,
cm3g−1

Sext,
m2g−1

WH-HC 26.8 - 23 0.005 0.019 0.024 33

WH-HC-Fe0.25-600 33.2 13.73 229 0.101 0.099 0.200 80

WH-HC-Fe0.5-600 22.3 11.15 76 0.023 0.075 0.098 78

WH-HC-Fe0.75-600 22.7 11.55 66 0.018 0.054 0.072 69
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Figure 5. N2 adsorption isotherms at −196 ◦C of WH-HC and HCs prepared by Fe-assisted HTC.

Increasing the FeCl3 solution molarity might help bond breakage, as has been sug-
gested in the specific case of cellulose [20], and could also inhibit adsorption of sec-
ondary HC that could be related to mass and energy transference resistance under such
high concentrations.

A significantly better porosity improvement was found for Fe-catalyzed reactions
in relation to Al-catalyzed samples. An apparent surface rise was found for the sample
obtained at the lowest Fe concentration (0.25 M). In this way, the first point at the lowest
relative pressure is much higher for sample WH-HC-Fe0.25-600, indicating a high contri-
bution of primary micropores; this sample, however, also presents mesopores, as the N2
gradually increases along the whole range of relative pressure.

Increasing metal concentration over 0.25 M is detrimental to pore development; not
only do these samples have lower pore volumes, but their pore size distribution is also
wider and larger. This result, joined to the lower SY found for samples made at 0.5 and
0.75 M, might indicate that pore destruction is taking place under such conditions (external
burning could be postulated or maybe disorganized carbon removal could be inhibited
under these conditions, taking into consideration that isotherms for these two runs are
type III).

According to X. Zhu et al. [20], during pyrolysis, Fe3+ ions are hydrolyzed to amor-
phous Fe species (Fe(OH)3 and FeO(OH)) at temperatures lower than 350 ◦C. Subsequently,
these species are converted into Fe2O3 at temperatures lower than 400 ◦C. At higher
temperatures (500–700 ◦C), Fe2O3 should be reduced to Fe3O4 with the aim of reducing
components such as amorphous carbon and gaseous CO. Finally, both Fe2O3 and Fe3O4
with the amorphous carbon yield the metal Fe.

Figure 6 shows a particle of sample WH-HC-Fe0.25-600. One can clearly see the ho-
mogeneously distributed particles on the carbon structure of the HC, whose EDX analyses
confirm that they consist of Fe (this metal was with difference the most abundant, with
a contribution of 9.3% wt./wt., being the proportion of C and O equal to 80.0 and 9.2,
respectively). The image also allows identifying slit-shaped open pores that developped af-
ter the calcination process. Hao et al. [11] found both effects when hydrothermally treating
several biomass materials to Fe3O4 (during HTC) and further CO2 activation.
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Figure 6. SEM micrographs of WH-HC-Fe0.25-600 (left) and its respective retro-dispersed electron
image (right).

The FT-IR surface chemistry analysis made on the HCs have been included in Figure 7.
As expected, the pyrolytic stage involved the removal of a significant quantity of the HC
functional groups due to the high temperature applied. At the same time, these bonds
suggest that the aromatization of the surface was intensified. In general, the three spectra
are very similar, and the bands at 1600 y 1200 cm−1 typical of C=C bonds in aromatic rings
and C-O in alcohols, ethers, or esters can be highlighted [19].

Figure 7. FT-IR spectra of WH, WH-HC, HCs, and HCs prepared by Fe-assisted HTC.

2.4. Magnetic Measurements

The magnetic behavior of the HCs prepared by Fe-assisted HTC was measured using
a homemade installation (see details and equations employed in Section 3.3.3). This setup
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allowed the determination of magnetic susceptibility (Xm) of samples. Magnetization
curves of Fe-catalyzed samples under a current of 8.5 A have been plotted in Figure 8.

 

Figure 8. Magnetization curves applied to Fe-catalyzed HCs.

A correlation was found between the values of magnetic susceptibility found for the
HCs and the porous development that was created upon the hydrothermal plus pyrolytic
stage. In this way, the sample made using an FeCl3 concentration of 0.25 M that showed
the highest SBET (229 m2/g) also gave the greatest Xm (1.048). This value was much higher
than that found for almond shell HCs obtained under the same reaction conditions and
same installation (0.514), as reported in a previous work [9]. In that study, the authors
found better results if pyrolysis was made at 800 ◦C than at 600 ◦C; however, for WH,
making runs at 800 ◦C resulted not only in a porosity destruction but also in a significant
drop of Xm (these results have not been shown here for the sake of brevity). These findings
demonstrate that general assumptions cannot be made, and each biomass precursor must
be specifically studied.

The other two samples made in this study, WH-HC-Fe0.5 and WH-HC-Fe0.75 that
had a very poor and a similar pore volume, respectively, showed much lower values of Xm
(0.27 and 0.46, respectively, under the same conditions).

3. Materials and Methods

3.1. Materials

Water hyacinth (WH) was gathered from the Guadiana River basin at Badajoz (south-
west Spain, GPS coordinates 38.883889, −6.976824). The weed was pulled up and carried in
hermetic plastic 15 L drums, and the three main parts (leaves, stem, and roots) were manu-
ally separated. Only leaves were used in this study because of their most favorable carbon
density. After being oven-dried (110 ◦C, 12 h), WH leaves were crushed and sieved to
a particle size of 1–2 mm (CISA 200/50 sieve, Norm ISO-3310.1); the particle size was chosen
based on previous research with other lignocellulosic materials to guarantee that obtained
HCs would have a granular character. The elemental analysis of the dried biomass showed
proportions of C, O, H, and N equal to 41.14%, 4.93%, 49.63%, and 4.16%, respectively.

Aluminum alloy (AA2011 alloy) scraws were supplied from a local mining factory,
as waste from their operation, in the form of particles with sizes of 2–4 mm. FeCl3 was
used in the form of iron (III) chloride 6-hydrate, as purchased from Panreac Applichem
(Barcelona, Spain).
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3.2. Methods
3.2.1. Standard HTC Processes

The standard HTC processes were performed in a 0.2 stainless steel autoclave (Berghof,
Berlin, Germany) provided with a Teflon vessel. The dried biomass (10 g) was added to
150 mL of tap water, and the solution was kept under stirring conditions for 1 h. Thereafter,
it was transferred to the Teflon vessel and introduced on the autoclave, which was then
placed into a preheated oven (230 ◦C). The total time from the moment it was introduced
in the oven and taken out was 20 h; this time period has been chosen based on previous
experience of the research group [17], which demonstrated that this dwell time is enough
to guarantee reaching a solid yield plateau that, in turn, indicates that biomass degradation
for those temperature conditions is guaranteed. When the reaction time was reached, the
autoclave was removed from the oven and subsequently placed in a cold-water bath and
allowed to cool to room temperature.

After cooling, the solid phase was separated from the liquid by vacuum filtration and
subsequently dried at 80 ◦C to remove residual moisture. The dried HC was stored in
closed flasks that were placed into a desiccator until further analysis. The experiments
were carried out under autogenous pressure in an autoclave without the possibility of
measuring interior conditions, but according to previous studies, the pressure inside the
vessel equaled that of the water at saturated conditions.

3.2.2. Modified Hydrothermal Carbonization Processes

For aluminum-catalyzed hydrothermal processes, a prefixed amount of Al particles (5,
10, or 20 g) was added to the water–biomass solution (100 mL of water and 3 g of CAM;
that is, Al to biomass ratio of 5:3, 10:3, and 20:3) and subjected to HTC as in the case of
the standard reaction. After filtrating the slurry, containing both the metal particles and
the HC, the former was manually separated with the aim of pliers, and only HC weight
accounted for SY.

These samples were named according to the nomenclature WH-HC-AlX, where X
represents the amount of metal added to the system (for instance, WH-HC-Al5 stands for
a sample in which 5 g of Al was added to HTC).

In the case of the processes catalyzed with iron, an Fe-containing mixture (FeCl3·6H2O)
of different concentration (0.25 M, 0.5 M and 0.75 M) was added (50 mL) to the dried
weed (3 g) and directly subjected to HTC. These samples were named according to the
nomenclature WH-HC-FeX-600, where X represents the amount of metal added to the
system (for instance, WH-HC-Fe0.25-600 stands for a sample in which the concentration of
FeCl3·6H2O mixture added to HTC was 0.25 M).

Then, Fe-catalyzed HCs were subjected to pyrolysis at 600 ◦C (N2, 100 mL min−1) in
a vertical stainless steel piece of equipment described elsewhere [21].

3.3. Characterization Techniques
3.3.1. HC Reactivity and Thermal Behavior

Solid yield (SY, %) was calculated as the amount of solid product (i.e., HC) obtained
after HTC in relation to the initial mass of precursor, expressed in percentage. For those
runs catalyzed with Fe in which a second pyrolysis step was required, the whole solid
yield (WSY) was calculated by considering both yield; that is, both fractions values were
multiplied. In this way, the SY represents the final mass of char after HTC and pyrolysis in
relation to the initial biomass mass.

Thermal analyses (TGA and DTG), were performed using a thermobalance (Setsys
Evolution Setaram, Madrid, Spain). Argon or air (100 mL min−1 in both cases) were used
as carrier agents, and a heating rate of 10 ◦C min−1 was applied.

3.3.2. HC Porosity and Surface Chemistry

The porosity of the HCs was explored by N2 adsorption/desorption at −196 ◦C
using a semiautomatic adsorption unit (AUTOSORB-1, Quantachrome, Tallahassee, FL,
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USA). Prior to analyses, the samples were outgassed at 120 ◦C for 12 h. Experimental
adsorption data were analyzed using suitable methods [22] to calculate (a) the value of the
BET-specific surface (SBET); (b) the external surface (SEXT), calculated by the αs method,
using the reference nonporous solid proposed by Carrott et al. [23]; (c) the percentage of
internal surface (SINT), calculated as the difference between SBET and SEXT; (d) the volume
of micropores through the Dubinin–Radushkevich equation (VmiDR); and (e) the volume of
mesopores (Vme), calculated as the difference between the pore volume at p/p0 = 0.95 and
p/p0 = 0.10.

In addition, the surface morphology of the samples was analyzed by scanning electron
micrography (SEM, Hitachi, S-3600N, Krefeld, Germany) observation. The SEM samples
were prepared by depositing about 50 mg of sample on an aluminum stud covered with
conductive adhesive carbon tape and then coating with Rd–Pd for 1 min to prevent charging
during observations. Imaging was done in the high vacuum mode at an accelerating voltage
of 20 kV using secondary electrons.

Finally, the surface chemistry of the HCs was evaluated by means of FTIR spectroscopy.
FTIR spectra were recorded with a Perkin Elmer model Paragon 1000PC spectrophotometer
(Waltham, MA, USA) using the KBr disc method, with a resolution of 4 cm−1 and 100 scans
(Perkin–Elmer 1720, Waltham, MA, USA). The composition of the cristaline part of the HCs
was also analyzed by X-ray diffraction using Bruker equipment (Warwick, RI, USA).

3.3.3. Experimental Setup for the Study of Magnetic Behavior

The equipment used to measure the magnetic performance of materials has been
described elsewhere [5]. Briefly, the HC was introduced on a cylindrical plastic tube
(0.005 m diameter), a copper coil was wound 100 turns to be used as a pickup coil. The sam-
ple was then placed in the center of a long excitation coil (at the central part, far away from
the ends) and subjected to external AC magnetic fields, H, created by different currents.

Under these conditions, H is quite uniform in the sample and can be written as

H = niex (1)

where n is the number of turns per meter of the excitation coil, that is,

n =
Nex

L
. (2)

in which L is the length of the coil.
As is known, the magnetic susceptibility is

χm =
1

μ0H
(BHC − B0) (3)

where m0 is the vacuum permeability (4p × 10−7 H/m) and BHC and B0 are the magnetic
flux density in the sample and the air, respectively.

In order to determine the flux densities, two measurements are carried out as shown
in Figure 9:

The fem measured in Figure 9 (leftside image) permits us to find BHC by applicating
the Faraday’s law,

BHC = − 1
NpuS

∫
em f dt (4)

where S is the cross section of the sample, approximately equal to that of the pickup coil,
and NHC is the pickup coil number of turns.

The magnetic flux density measured by the Hall probe in Figure 9 (right-side image)
is B0. Substituting this value and the result of Equation (4) in Equation (3), magnetic
susceptibility can be obtained.
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Figure 9. Setups to determine the magnetic susceptibility of carbons as BHC (left) and B0 (right).

4. Conclusions

Water hyacinth leaf HTC can yield a carbon material whose porosity is suscepti-
ble to being improved by means of the addition of Al or Fe to the reaction medium,
although to a different extent. While Al addition induced a little porosity development and
a slight widening of microporosity for smaller quantities of catalyst, the total pore volume
was almost doubled in reference to the uncatalyzed HTC run (without further thermal
treatment); the best result was found when the largest amount of Al alloy (20 g) was added
to the system.

On the other hand, Fe, added as FeCl3, clearly was more beneficial when a lower
mixture concentration was used; for this metal, a concentration of 0.25 M yielded a carbon
with a SBET of 229 m2/g, about 100 times higher than the noncatalyzed run. In this reaction,
the use of a further pyrolytic step not only improved the HC activation but also induced
a magnetic character to the carbon particles (magnetic susceptibility of 1.048) that could be
easily isolated from their fluid medium by application of a magnetic field.
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Abstract: We found an effective catalytic consortium capable of converting glucose to 5-hydroxy
methylfurfural (HMF) in high yields (50%). The reaction consists of a consortium of a Lewis acid
(NbCl5) and a Brønsted acid (p-sulfonic acid calix[4]arene (CX4SO3H)), in a microwave-assisted
reactor and in a biphasic system. The best result for the conversion of glucose to HMF (yield of 50%)
was obtained with CX4SO3H/NbCl5 (5 wt%/7.5 wt%), using water/NaCl and MIBK (1:3), at 150 ◦C,
for 17.5 min. The consortium catalyst recycling was tested, allowing its reuse for up to seven times,
while maintaining the HMF yield constant. Additionally, it proposed a catalytic cycle by converting
glucose to HMF, highlighting the following two key points: the isomerization of glucose into fructose,
in the presence of Lewis acid (NbCl5), and the conversion of fructose into HMF, in the presence of
CX4SO3H/NbCl5. A mechanism for the conversion of glucose to HMF was proposed and validated.

Keywords: biorefinery; niobium; calix[n]arenes

1. Introduction

Biomass is a renewable source of carbohydrates from which important chemicals can
be obtained, such as 5-hydroxymethylfurfural (HMF) [1]. HMF is a versatile substance
with a high market value, used in several industries as a fine chemical, medicine, energy,
degradable plastic, and others [2]. Its price ranges from 500 to 1500 USD/kg and it has an
expected growth of roughly 1.4% over the next years, possibly reaching USD 61 million by
2024 [3].

Glucose is present in large amounts in vegetable biomass, which can also be obtained
from agricultural and/or forest residues, and is a promising substrate for HMF produc-
tion [1,4]. The conversion of glucose to HMF occurs in a two-step process that involves the
glucose to fructose isomerization and the subsequent dehydration of fructose to HMF. The
direct conversion of glucose to HMF with high yields depends on combining the Lewis
acid catalyst, for glucose isomerization in fructose, and the Brønsted acid catalyst, for
fructose dehydration to HMF [1,5–7]. The development of a consortium catalyst with both
properties (Lewis–Brønsted) is one of the major challenges in the conversion of biomass
to HMF.

Several efforts have been made to develop a catalytic system with those features that
is simple, efficient, not aggressive to equipment and environment, reproducible on a large
scale, and that allows for its recovery and reuse [8–11]. The niobium catalyst and p-sulfonic
acid calix[4]arene (CX4SO3H) organocatalyst are promising catalysts with the potential to
convert carbohydrates, or biomass, into HMF.
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Catalysts 2023, 13, 574

Calix[n]arenes are used in several chemical transformations and have many advan-
tages, such as high selectivity, easy manipulation, non-corrosiveness, low toxicity, and good
thermal and chemical stability [4,12–20].

Recently, the great potential of calix[n]arenes has been adopted, and in some cases,
for thin biorefinery processes, for the synthesis of Julolidines, HMF, levulinate esters, and
biomass pretreatment, followed by fast pyrolysis to obtain levoglucosan [4,12,21].

Niobium catalysts are versatile, easy to handle, inexpensive, chemically stable, and
commercially available [22,23]. To obtain HMF, the niobium catalyst has been used either
on its own or in association with other catalytic systems. The use of niobium phosphate
(NbP) as the only catalyst has shown a 15% yield of HMF from glucose at 145 ◦C and a
reaction time of 180 min [24]. Carniti et al. used NbP for the direct conversion of cellobiose
to HMF and reached yields between 5% and 10% in the temperature interval 110–130 ◦C
after 3000 min of reaction [25]. The use of niobium acid (NbO) has also been reported. In
the work of Catrinck et al., for example, 26% of the HMF yield was obtained from glucose
at 152 ◦C and 120 min [26].

Moreover, when used in association with other systems, niobium has been reported
as a promoter or active phase, support, solid acid catalyst, or redox material [5,6,27–32].
Some studies show a higher concentration of acid sites in niobium species, which is a
key factor for obtaining HMF, along with high reaction temperatures and long reaction
times [6,7,33,34].

In the work of Kreissl et al., a yield of 36% was reported when using mesoporous
Nb2O5 as catalyst, and the reaction was performed in an autoclave at 500 rpm stirring
speed, at 180 ◦C, for 180 min [35], whereas Liu et al. obtained a 26.8% yield in the con-
version of glucose into HMF using Nb2O5, at 180 ◦C, for 180 min [36]. Using niobic acid,
Huang et al. (2020) immobilized on regenerated cellulose, reaching 27.8% of the HMF and
yield using glucose as substrate in a glass reactor at 150 ◦C for 250 min [37]. Meanwhile,
Torres-Olea et al. evaluated the glucose dehydration to HMF, and found a yield of 44%
using Nb3Zr7 as an acid catalyst after 90 min at 175 ◦C [6].

Herein, we report an efficient method for the conversion of glucose into HMF using
the consortium catalyst, CX4SO3H/NbCl5, in a biphasic system (water/NaCl and methyl
isobutyl ketone (MIBK)) in a MW reactor. To achieve the best results, different conditions
such as temperature, reaction time, catalytic load, and different Lewis acids were evaluated.

2. Results and Discussion

2.1. Evaluation of Different Niobium Catalysts in HMF Synthesis

Different types of niobium catalysts (NbCl5, Nb2O5, NbOPO4, and HNb3O8) were
evaluated under the initial reaction conditions: 0.25 mmol glucose (45 mg), CX4SO3H
5 wt%, niobium-based catalyst 7.5 wt%, MW, 150 ◦C, and 10 min of time reaction using
water/NaCl and MIBK as the biphasic system.

In our results, when using CX4SO3H/Nb2O5 or HNb3O8, a yield of 19% of HMF was
obtained for the two consortium catalysts (Figure 1). When using CX4SO3H/NbOPO4 or
NbCl5 consortium catalysts for the conversion of glucose to HMF, yields of 23% and 42%
were obtained, respectively (Figure 1).

Once it was determined that the CX4SO3H/NbCl5 consortium catalyst was the best
system for the conversion of glucose into HMF, we further investigated the proportion
between Brønsted and Lewis acids in the catalytic system.
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Figure 1. Comparison of different Lewis acids (niobium) fixed holding of CX4SO3H Brønsted
acid catalysts.

2.2. Evaluation of CX4SO3H/NbCl5 Consortium Catalyst Ratio

To investigate the need for a consortium catalyst (CX4SO3H/NbCl5) for the conversion
of glucose into HMF, different ratios between Brønsted and Lewis acids were evaluated
(Table 1). Initially, we evaluated CX4SO3H (5 wt%) and different proportions of NbCl5
(0–10 wt%) (Table 1, Entries 1–5). In the absence of NbCl5, a marginal yield of only trace
was obtained (Table 1, Entry 1). For amounts of 2.5, 5.0, and 7.5 wt% NbCl5, the yield of
HMF increased to 42%, and for 10 wt%, the yield decreased to 29% (Table 1, Entries 2–5).
After establishing that 7.5 wt% NbCl5 is the best ratio for the conversion of glucose into
HMF, we evaluated different proportions of CX4SO3H (Table 1, Entries 6–9). In the absence
of CX4SO3H, a 20% yield of HMF was obtained (Table 1, Entry 6). With the addition of
increasing amounts of CX4SO3H, the conversion of glucose into HMF reached a maximum
value of 42% with the CX4SO3H/NbCl5 consortium (Table 1, Entry 4). For CX4SO3H
amounts greater than 5 wt%, the HMF yield decreased to 39% and 32% (Table 1, Entries 8
and 9) and the formation of humins was observed.

Table 1. Evaluation of ratio CX4SO3H/NbCl5 consortium catalyst.

Entry CX4SO3H (% wt)
NbCl5

(% wt)
Temperature

(◦C)
Yield
(%)

1 5.0 0.0 150 trace
2 5.0 2.5 150 27
3 5.0 5.0 150 31
4 5.0 7.5 150 42
5 5.0 10.0 150 29
6 0.0 7.5 150 20
7 2.5 7.5 150 30
8 7.5 7.5 150 39
9 10.0 7.5 150 32

Reagents and conditions: 0.25 mmol of glucose (45 mg), water/NaCl and MIBK/(1/3 v/v).
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Several works [38–41] have been published seeking to understand the association
between Brønsted and Lewis acid and its good performance in the conversion of glucose
into HMF. The first step toward glucose to HMF conversion involves the isomerization
of glucose to fructose, followed by the dehydration of fructose, resulting in HMF. The
isomerization of glucose has been described as the most difficult step of the process and a
Lewis acid is usually used to effectively promote the isomerization; a Brønsted or Lewis
acid is then used to promote the dehydration of fructose [38,39,42–45]. Consequently, we
can infer that the NbCl5 acts as Lewis acid, effectively promoting the isomerization of
glucose, and partially helping in the dehydration of fructose; it is the CX4SO3H, however,
that improves the production of HMF due to its Brønsted acidic nature.

2.3. Evaluation of Temperature and Time

Following the evaluation of the catalyst charge, we tested different reaction temper-
atures keeping the other reaction parameters unchanged (0.25 mmol of glucose, 10 min,
water/NaCl, and MIBK (1/3 v/v)). For temperatures below 150 ◦C, the HMF yield de-
creased to 21% and 30%, respectively (Table 2, Entries 1 and 2). However, when the
temperature was greater than 150 ◦C, the HMF yield decreased from 42% to 33% (Table 2,
Entries 3 and 4).

Table 2. Evaluation of reaction temperature.

Entry CX4SO3H (% wt)
NbCl5

(% wt)
Temperature

(◦C)
Yield
(%)

1 5.0 7.5 130 21
2 5.0 7.5 140 30
3 5.0 7.5 150 42

4 a 5.0 7.5 160 33
Reagents and conditions: 0.25 mmol of glucose (45 mg), water/NaCl and MIBK (1/3 v/v). a Formation of humin
was observed.

This behavior has been reported in other studies on the dehydration of sugars to HMF.
One study [46], for example, obtained an HMF yield of 51.5% in a MW glucose to HMF
conversion, performed at 180 ◦C; however, when the temperature was increased to 190 ◦C,
the HMF yield decreased to 40%. It is known that, although increasing the temperature
promotes the dehydration of fructose to HMF, a very high temperature can lead to the
formation of secondary compounds [47]. In our work, we noticed the same behavior in the
formation of humin when the reaction was conducted at 160 ◦C.

The effect of the reaction time on the formation of HMF from glucose was evaluated
by performing experiments between 5.0 and 22.5 min (Figure 2). We observed that the
yield of HMF improved with the increase in the reaction time, until obtaining a maximum
yield of 50% at 17.5 min of reaction (Figure 2). Further increases in the reaction time,
however, resulted in a yield decrease, from 50% to 42% (Figure 2). It has been reported in
the literature that long periods of reactions decrease the selectivity, leading to secondary
reactions, such as humin formation and other undesirable products [48,49].

134



Catalysts 2023, 13, 574

Figure 2. Evaluation of HMF yield over time. Reagents and conditions: 0.25 mmol glucose (45 mg),
CX4SO3H/NbCl5 (5/7.5 wt%), MW, 150 ◦C, water/NaCl, and MIBK (1/3 v/v).

2.4. Evaluation of the Addition of Different Salt in Biphasic System

In order to determine how the composition of the biphasic system could affect the
conversion of glucose to HMF, experiments were carried out with different salts using an
organic phase MIBK (Table 3).

Table 3. Evaluation of the addition of different salt in biphasic system.

Entry
Phase

Yield (%)
Aqueous Organic

1 NaCl MIBK 50
2 KCl MIBK 29
3 CaCl2 MIBK 24
4 MgCl2 MIBK 11
5 NaCl - 3
6 - MIBK -

Reagents and conditions: 0.25 mmol glucose (45 mg), CX4SO3H/NbCl5 (5/7.5 wt%), MW, 17.5 min, 150 ◦C,
water/NaCl, and MIBK (1/3 v/v).

The effect of adding different salts to an aqueous phase was verified, and the best
performance was obtained with NaCl (Table 3, Entry 1). When using KCl, CaCl2, and
MgCl2, the yield was 29, 24, and 11%, respectively (Table 3, Entries 2–4). To verify the
effect of the extracting solvent and the aqueous phase, experiments were carried out in
the absence of MIBK, obtaining only 3% of HMF; whereas, without an aqueous phase, no
product was detected.

The use of a biphasic system allows the reaction to be carried out in an aqueous phase
and the organic solvent to act as an extractor for the product [50]. HMF is easily extracted
in organic solvents that are immiscible with water. The biphasic reaction mixture is used
for the continuous removal of HMF from the aqueous phase by an organic phase to prevent
its side reactions (humin) [46–49,51,52].

It is known from the literature that the addition of salt, such as NaCl, KCl, CaCl2, and
MgCl2, helps to modify the aqueous phase by modifying the partition coefficient of the
system, allowing a larger fraction of a product to migrate toward the organic phase. This
is called the salting-out effect, which is generated when the ions of the salts modify the
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intermolecular forces between the liquids in equilibrium, allowing greater immiscibility
between them [53].

The lower yield observed in the presence of bivalent cations (Table 3, Entries 3 and 4)
can be explained by the hydration radius size of these species. The smaller the ion’s
hydration radius, the greater the salting-out effect [54]. Additionally, since Ca2+ and Mg2+

have the largest hydration radium among the studied cations, their salting-out effect is
smaller, and the extraction efficiency is lower [55,56].

2.5. Evaluation of Catalytic Effect of Other Lewis Acids

To demonstrate the efficiency of Lewis (NbCl5) and Brønsted (CX4SO3H) acids acting
as a consortium, other metallic chlorides were also evaluated: CrCl3, CoCl2, MnCl2, AlCl3,
NiCl2, FeCl3, FeCl2, ZnCl2, SnCl2, and CuCl2 (Figure 3). The highest HMF yield continued
to occur when using NbCl5 as the Lewis acid. However, the AlCl3 and CrCl3 salts presented
moderate yields of 41% and 39%, respectively (Figure 3). The other Lewis acids that were
evaluated showed yields between 31 and 14% (Figure 3).

Figure 3. Evaluation of different Lewis acids. Reagents and conditions: 0.25 mmol glucose (45 mg),
CX4SO3H/NbCl5 (5/7.5 wt%), MW, 150 ◦C, 17.5 min, water/NaCl, and MIBK (1/3 v/v).

2.6. Literature Comparison of Methods for the Conversion Glucose to HMF

In Table 4, some parameters of the methodology developed in this study, for the
conversion of glucose into HMF, are compared with other studies found in the literature.
References shown in Table 4 used, as a catalyst, a mixture of a Lewis and Brønsted acid
(Table 4, Entries 2–4) or a bifunctional catalyst with Lewis–Brønsted acids. Viera et al.
(Table 4, Entry 2) reported that the niobium catalyst acts in the formation of mannose and
fructose, allowing the formation of HMF when combined with the Brønsted catalyst (HCl)
in a biphasic THF/water system, using a rate of the catalyst of 1:2 wt% [7]. The biphasic
THF/water system was also reported by Choudhary et al., (Table 4, Entry 3) who used
chromium chloride (CrCl3) as the Lewis acid and HCl as the Brønsted catalyst [57].
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Table 4. Comparison of methodology developed for the conversion of glucose to HMF with data
from the literature.

Entry
Organic

Phase/Reaction
Phase (Ratio)

Catalyst
Experimental
Conditions

Yield (%) Ref

1 MIBK/Water a (3:1) CX4SO3H/
NbCl5

T = 150 ◦C
cat = 1/1.5 wt%
time = 17.5 min

50 This
work

2 THF b/Water
(4:1)

Nb2O5/HCl
T = 130 ◦C

cat = 1
2 wt%

time = 120 min
47 [58]

3 THF b/Water a

(2:1)
CrCl3/HCl

T = 140 ◦C
cat = 3/10 wt%
time = 180 min

59 [59]

4 SCB c/Water a

(2:1) AlCl3/HCl

T = 170 ◦C
cat = not

reported *
time = 40 min

62 [60]

5 MIBK/water a

(6:1)
PTSA-

Ca/AC

T = 180 ◦C
cat = 1/1

time = 1440 min
57 [61]

a NaCl saturated solution; b THF: Tetrahydrofuran; and c SCB: 2-sec-butylphenol. * 5 mM AlCl3 was added in the
reaction and HCl was added until the pH of the solution was 2.5.

On the other hand, Pagán-Torres also used HCl as a Brønsted catalyst, but with AlCl3
as a Lewis catalyst (3:10 catalyst ratio) and a 2-sec-butylphenol/water biphasic system.
Bounoukta et al. reported a yield of 57% of HMF (Table 4, Entry 5), using the bifunctional
catalyst of p-toluenesulfonic acid on an activated carbon surface and functionalized with
activated charcoal (1:1) [60]. The catalyst ratio that they used is close to the one used in
our study, 1:1.5 of CX4SO3H/NbCl5; this parameter varies greatly between published
studies (Table 4). Although the reported yields are generally good, the use of THF (Table 4,
Entries 2–3) as the organic phase is not recommended, since it is a problematic solvent
according to the principles of green chemistry [62]. Moreover, the use of HCl as the Brønsted
acid (Table 4, Entries 2–4) presents difficulties for an industrial scale production due to
its corrosive qualities as a highly toxic reagent. Finally, while it is possible to use a green
solvent, such as MIBK, as the organic phase for the bifunctional catalyst, its reaction time is
too long (1440 min or 24 h) to be viable.

2.7. Evaluation of Other Carbohydrates to Produce HMF

Other carbohydrates, in addition to glucose, were also evaluated: sucrose, mannose,
maltose, raffinose melibiose, galactose, and cellulose, the yields of which were, respectively,
50, 42, 32, 31, 19, 19, 17, and 15% (Figure 4). In general, to obtain 5-HMF directly from sugars,
it is necessary that a sequence of the reaction involves catalysts for hydrolysis, isomerization
of glucose to fructose, and finally, the acid-catalyzed dehydration of fructose. For example,
the direct conversion of cellulose to 5-HMF using heterogeneous catalysts is difficult due to
the low reactivity of cellulose and the high instability of 5-HMF [48,57,60,63,64].

Sucrose showed to have the best HMF performance; since it is a dimer formed by the
union of α-D-glucose and β-D-fructose through a glycosidic bond, sucrose can undergo a
hydrolysis in which the carbohydrate units that make it up are separated. Additionally, it is
more prone to undergo dehydration directly to HMF, since the glucose that must undergo
an initial isomerization to fructose is converted into HMF [47]. On the other hand, the
evaluation of cellulose is also interesting; its result was comparable with that of a more
complex biomass system [65]. The 15% yield obtained from cellulose is not far from the
20% HMF obtained by one study [66] that achieved this performance using formic acid and
betaine as catalysts, with 60 min of reaction at 190 ◦C. Another study [67] obtained a 35%
yield of HMF from microcrystalline cellulose using CrCl3, in addition to using ionic liquid
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([EMIM]Cl) as the reaction medium. Despite being efficient in converting cellulose into
HMF, ionic liquids are expensive and toxic reagents.

Figure 4. Evaluation of different carbohydrates.

2.8. Catalyst Recycling

The evaluation of catalyst recycling is a key-factor from a commercial and environ-
mental point of view. Thus, if the catalyst can be used more times without decreasing its
effectiveness while maintaining a constant yield of the product, less investment is needed
in the purchase of reagents, and, from an environmental perspective, less chemical waste
occurs [68,69].

At the end of the reaction, the system was cooled, and the organic phase was separated.
The aqueous phase containing the CX4SO3H/NbCl5 consortium catalyst remained in the
tube, and a new load of glucose and MIBK were added and used in a new reaction. In our
work, it was possible to reuse the CX4SO3H/NbCl5 catalyst consortium up to six times
while keeping the HMF yield constant. The yield decreased from 49% in the sixth cycle to
39% and 38% in the respective seventh and eighth cycles of the reuse of the system catalyst,
as shown in Figure 5.

Figure 5. Evaluation of system catalyst and aqueous phase recycle. Reagents and conditions:
0.25 mmol glucose (45 mg), CX4SO3H/NbCl5 (5/7.5 wt%), MW, 150 ◦C, 17.5 min, water/NaCl, and
MIBK (1/3 v/v).

2.9. Reaction Mechanism

The mechanism of glucose for fructose isomerization is still a matter of debate. There
are two mechanistic proposals for the key step of the isomerization of glucose to fructose:
one proceeding via a 1,2-enediol intermediate [59,70–73] and an intramolecular hydride
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shift from C-2 to C-1 [11,57,74–76] (Scheme 1). A study with isotopic labeling using D2O
was performed under the same optimized conditions (0.25 mmol glucose (45 mg), 150 ◦C,
17.5 min, water/NaCl, and MIBK (1/3 v/v) for NbCl5 (7.5 wt%), CX4SO3H (5 wt%), and
CX4SO3H/NbCl5 (5/7.5 wt%), except for the solvent (H2O was replaced by D2O).

Scheme 1. Mechanistic proposal for the conversion of glucose to HMF. The first catalytic cycle is
based on the reference [75].

Analysis of the mass spectrum (GC-MS) showed that there was no incorporation of
deuterium atoms into the HMF structure for none of the catalytic systems evaluated: NbCl5,
CX4SO3H, and CX4SO3H/NbCl5. Since D2O was used as the solvent, we propose a mecha-
nistic step of the isomerization of glucose to fructose through simultaneously activating the
carbonyl group at the C-1 position and the hydroxyl group at the C-2 position on glucose
(intermediate I, Scheme 1) proceeding an intramolecular hydride shift from C-2 to C -1
catalyzed by NbCl5 (state transition II and intermediate III, Scheme 1). Then, cyclization oc-
curs through the attack of the hydroxyl on the carbonyl (intermediates IV and V, Scheme 1).
The subsequent dehydration of fructose occurs with the CX4SO3H/NbCl5 consortium with
protonation of the hydroxyl bound to the anomeric carbon of fructofuranose, followed by
the loss of a water molecule and the formation of the enol (intermediate VIII, Scheme 1).
The enol that is in tautomeric equilibrium with the keto (aldehyde) form (intermediate IX,
Scheme 1). From the aldehyde, there is the protonation of a second hydroxyl, followed
by the loss of a water molecule, leading to the formation of an α,β-unsaturated aldehyde
(intermediate X, Scheme 1). Finally, the protonation of the secondary hydroxyl (intermedi-
ate XI, Scheme 1) followed by the loss of a water molecule leads to the formation of the
aromatic ring of the HMF.

3. Materials and Methods

3.1. Materials

Nb2O5·nH2O (NbO), NbOPO4·nH2O (NbP), and HNb3O8 were supplied by Compan-
hia Brasileira de Metalurgia e Mineração (CBMM, Araxá, Minas GeraisBrazil). The niobium
pentachloride (NbCl5) and the standard HMF were purchased from Sigma-Aldrich (Saint
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Louis, United States), as well as all other materials and reagents that were necessary for the
development of this work.

3.2. Synthesis of CX4SO3H

The CX4SO3H was synthesized according to the procedures reported in the litera-
ture [77–79].

3.3. General Procedure for Conversion of Glucose into HMF

In a Pyrex® glass tube suitable for microwave, the following were added: 0.25 mmol
glucose (45 mg), 5.0 wt% of CX4SO3H, 7.5 wt% of niobium chloride (NbCl5), 1.0 mL of
aqueous solution saturated with NaCl, and 3.0 mL of MIBK. After sealing the tube, this
mixture was taken to a MW reactor (CEM Discovery), where it was heated to 150 ◦C under
magnetic stirring for 17.5 min. At the end of the experiment, the mixture was cooled at
room temperature and the organic phase was separated and dried over anhydrous sodium
sulphate to remove residual water; the mixture was subsequently filtered and transferred
to a 5.0 mL volumetric flask, which had its volume checked with methanol. From this
solution, an aliquot of 100 μL was removed and transferred to another 5.0 mL volumetric
flask. Finally, from this solution, an aliquot of 397 μL was removed into a vial, along with a
603 μL aliquot of methanol. The sample was analyzed by ultra-high-performance liquid
chromatography (UHPLC).

3.4. Quantification of HMF by UHPLC

The chromatograms were obtained by UHPLC employing a Thermo Scientific Accela
LC liquid chromatograph (diode array detector (DAD), autoinjector, and Accela pump)
(Thermo Fischer Scientific, Austin, TX, USA). The column used for separation was a
Hypersil GOLD reverse phase (50 × 2.1 mm, 1.9 μm particle size, and 175 Å pore) (Thermo
Fischer Scientific, Austin, TX, USA). The mobile phase consisted of water and methanol
(1:1), and elution was carried out in isocratic mode for two minutes. The applied amount
was 200 μL min−1 and the injection volume was 1 μL (partial loop), with a temperature
of 25 ◦C for the injector and column. The peak of HMF was detected at a wavelength of
280 nm.

HMF was quantified based on the external calibration technique. Standard solutions
were prepared in methanol, with HMF at concentrations of 2–50 mg L−1 and injected into
the UHPLC system. The calibration curve (R2 = 0.9960) was obtained in relation to the area
of each HMF standard. The HMF yield (%) was calculated based on a calibration curve.

3.5. Catalyst Recycling

The recycling of system catalysts was conducted using a model reaction employing
0.25 mmol glucose (45 mg), 5.0 wt% CX4SO3H, 7.5 wt% NbCl5, 1.0 mL saturated aqueous
solution for NaCl, and 3.0 mL of MIBK. This mixture was heated to 150 ◦C for 17.5 min.
At the end of this period, the system was cooled and the organic phase was separated.
To the aqueous phase that stood in the tube, a new 0.25 mmol glucose load (45 mg) and
MIBK (3.0 mL) were added, which were subjected to the reaction conditions. The recycling
procedure was repeated another seven times.

4. Conclusions

In this study, we presented an efficient route to convert glucose into HMF with a
high 50% yield using the consortium catalysts NbCl5 and CX4SO3H in an MW reactor.
The reaction conditions optimized result was CX4SO3H/NbCl5 (5 wt%/7.5 wt%) as a
consortium catalyst, using water/NaCl and MIBK (1:3 v/v) at 150 ◦C for a 17.5-minute
reaction time. This catalyst system showed excellent recyclability, with its catalytic activity
maintained for six cycles. Thus, the glucose isomerization is due to the Lewis acid (NbCl5),
followed by the fructose dehydration to HMF, which is due to CX4SO3H/NbCl5. The
application of this consortium catalytic system is attractive, environmentally friendly, and
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cost-effective for the conversion of biomass into higher value-added products. Finally,
isotopic labeling experiments suggested a mechanism for the glucose isomerization for
fructose reactions involving an intramolecular hydride shift from C-2 to C-1 since the incor-
poration of a deuterium atom was not observed; the proposed mechanism was validated
using mass spectrometry.
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Abstract: Naturally occurring fossil fuels are the major resource of energy in our everyday life, but
with the huge technological development over the years and subsequent energy demand, the reserve
of this energy resource is depleting at an alarming rate, which will challenge our net energy resources
in the near future. Thus, an alternative sustainable energy resource involving biomass and bio-refinery
has become the most emerging and demanding approach, where biofuels can be derived effectively
from abundant biomass via valuable chemical intermediates like 5-hydroxymethylfurfural (5-HMF).
5-HMF is a valuable platform chemical for the synthesis of fuel and fine chemicals. Herein, we report
the synthesis of the organically functionalized porous aluminum phosphonate materials: Ph-ALPO-1
in the absence of any template and Ph-ALPO-2 by using 1,3-diaminopropane-N,N,N′,N′-tetraacetic
acid as a small organic molecule template and phenylphosphonic acid as a phosphate source. These
hybrid phosphonates are used as acid catalysts for the synthesis of 5-HMF from carbohydrates derived
from biomass resources. These Ph-ALPO-1 and Ph-ALPO-2 materials catalyzed the dehydration of
fructose to 5-HMF with total yields of 74.6% and 90.7%, respectively, in the presence of microwave-
assisted optimized reaction conditions.

Keywords: aluminum phosphate (AlPO4); microporous and mesoporous materials; biomass conver-
sion; 5-hydroxymethylfurfural (5-HMF); organic–inorganic hybrids

1. Introduction

With the continuous depletion of fossil fuels as result of industrialization the global
attention seeks to identify alternative renewable energy sources to overcome a future
worldwide energy crisis [1–3]. Thus, the concept of “biomass valorization” has emerged
as a pivotal solution at the intersection of science, technology, and sustainability [4–6].
Biomass is described as the renewable organics that can come from flora and fauna. Hence,
biomass is the largest feedstock for alternative renewable energy resources available in
nature. The majority of biomass resources consist of carbohydrates, bearing hexose (C6) and
pentose (C5)-based sugars [7]. Thus, carbohydrates derived from plants, agricultural waste,
and forestry residues have gained considerable attention as a renewable and sustainable
energy feedstock. These biomass-derived organic molecules can be converted into biofuels
through various chemical and biochemical processes, offering an alternative to fossil fuels.
The synthesis of biofuels from biomass involves transformation of the complex organic
molecules present in biomass into simpler hydrocarbon compounds that can be used as
‘fine platform chemicals’ [8]. This process utilizes different technologies and pathways,
each one having its own advantages and challenges.

Hence, carbohydrates have widespread potential to produce essential chemicals,
which can otherwise be derived directly from petroleum resources. 5-HMF, consisting of a
furan ring along with aldehyde and primary alcohol functional groups, is considered as
one of the most essential biomass-derived platform chemicals by the US Department of
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Energy [9]. This makes 5-HMF an effective intermediate, which can further be converted
to many valuable products like 2,5-dimethylfuran, an essential biofuel [10,11]. That is
why 5-HMF is also known as ‘sleeping giant’ in the field of intermediate chemistry [12].
Monosaccharides like fructose, glucose, etc., in the presence of acid catalysts, easily dehy-
drate to yield 5-HMF [13]. According to the literature to date, several mineral acids already
showed high catalytic activity towards the synthesis of 5-HMF from different carbohy-
drates [14]. However, there are many obstacles of using these homogeneous catalysts, like
separation from reaction mixture, recyclability, etc. Thus, heterogeneous catalysts have
become an emerging choice for researchers in catalyzing these reactions [15–17]. Although
many heterogeneous solid acid catalysts are reported in the literature for the 5-HMF syn-
thesis from carbohydrate resources, organically functionalized porous materials can be
the superior contenders over others due to their high specific surface area and inherent
surface hydrophobicity for the guest molecules to react at the catalytic site [18–20]. Further,
monodispersity in the particle size and Lewis acidity of the framework metals may improve
catalytic performance of solid acid catalysis.

Crystalline microporous and mesoporous materials are intensively studied over the
past half-century due to their high specific surface area, high thermal and chemical stability,
and wide diversity in the framework architectures [21–23]. Among them phosphonate-
based porous frameworks are of particular interest due to the chemistry involved between
the trivalent metal cation (MO4) tetrahedra and phosphate tetrahedral sites [24,25]. Open
frameworks and high surface area (internal surface) could strengthen their catalytic and
adsorption abilities. The construction of organic–inorganic hybrid porous materials is a
rapidly expanding field of materials chemistry for the synthesis of the materials having
specific structural entity and functionality [26]. Metal phosphonates, having organic func-
tionality in the framework, is one such group of hybrid materials, which attracted extensive
interest due to their emerging applications in many areas like ion-exchange, catalysis,
charge storage, sensing, etc. [27]. Metal phenyl phosphonates represent a particularly
important class of organic–inorganic hybrid materials having covalent bonds between the
inorganic cluster and organic phenyl moieties [28]. To date, a large number of microporous
AlPO4 frameworks have been synthesized via a soft-templating route, containing 8–18 ring
pore apertures (Figure 1), where small organic molecules like primary/secondary/tertiary
amines and quaternary ammonium salts act as a template in directing the crystal structure
and inbuilt nanoscale porosities [29].

Figure 1. Different reported AlPO4-n frameworks with various nanoscale pore openings (a) VPI-5
(18-ring), (b) ALPO4-8 (14-ring), (c) ALPO4-5 (12-ring), (d) ALPO4-11 (10-ring), (e) ALPO4-41
(10-ring), (f) ALPO4-25 (8-ring).
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In this context, it is pertinent to mention that the catalysis under microwave irradi-
ation conditions is considered as a green chemical approach for the synthesis of small
organic molecules. Microwave irradiation heats up the entire reaction mixture from its
core through the polarization of the medium. So, generally polar solvents like DMSO,
DMF, acetonitrile, etc., are used as medium of the microwave-assisted reactions. Further,
aging and decomposition of 5-HMF in prolonged storing is a major issue [30], which could
be considerably decreased if we could develop strategies for synthesizing 5-HMF from
carbohydrates having no impurity of humins in the product.

In this work, we have synthesized phenyl functionalized organic–inorganic hybrid
porous aluminum phosphonate materials Ph-ALPO-1 and Ph-ALPO-2, respectively, in the
absence and presence of an organic additive 1,3-diaminopropane-N,N,N′,N′-tetraacetic acid
in the synthesis mixture. These hybrid materials have then been used as heterogeneous cata-
lyst for 5-HMF synthesis from carbohydrates under microwave-assisted heating conditions.

2. Results

The wide-angle powder X-ray diffraction (PXRD) of both Ph-ALPO-1 and Ph-ALPO-2
materials was studied for understanding the crystalline phase of these materials. Both
samples exhibited sharp peak at 2θ = 5.08◦. PXRD data collected in the range of 4◦ to 40◦
2θ has been analyzed using the Expo2014 software package [31]. Ph-ALPO-1/2 materials
are identified as lamellar structure with triclinic phase, P1 symmetry and the unit cell
parameters are a =17.61 Å, b = 6.79 Å, and c = 4.88 Å, α = 106.690◦, β = 94.204◦, and
γ = 80.948◦. The diffraction peaks are indexed in Table S1 (Supporting Information). The
resemblance of PXRD patterns for both Ph-ALPO-1 and Ph-ALPO-2 indicates the structure
remains unchanged by using the template molecule in the synthesis (Figure 2A). However,
a considerable improvement in the crystallinity was observed for Ph-ALPO-2; the sample
was synthesized in the presence of the template. In order to measure the permanent
porosity and the surface area of both the materials, we have analyzed N2 adsorption–
desorption analysis at 77 K. A high nitrogen uptake at low P/P0 followed by slow and
steady capillary condensation at higher P/P0 indicates a mixture of type-I and type-IV
isotherms has been observed (Figure 2B) [32]. Consequently, the pore size distribution
(PSD) plots were calculated from these isotherms using NLDFT model (Figure 2C). These
PSD plots suggested a hierarchical porosity with a peak micropore at 1.3 nm. Whereas
Ph-ALPO-2 displayed a distinct mesopore at 5.8 nm, the peak for mesopores of Ph-ALPO-1
remains much distributed suggesting template plays a crucial role in organizing the overall
framework rigid, organized and porous. Again, the pore volume of Ph-ALPO-1 and Ph-
ALPO-2 comes out as 0.38 cc g−1 and 0.63 cc g−1, respectively. Ph-ALPO-1 and Ph-ALPO-2
showed the Brunauer–Emmett–Teller (BET) specific surface areas of 73 and 106 m2g−1,
respectively. Larger BET surface area of Ph-ALPO-2 over Ph-ALPO-1 again suggests the
advantage of using organic template in the synthesis of this porous aluminum phosphonate
framework. A greater surface area is always beneficial for the application in catalysis
or sorption application. Fourier-transformed infrared spectra of both the materials were
investigated for understanding the bonding connectivity of both the materials. Both of the
samples displayed almost similar spectral features (Figure 2D). In the spectra, wavenumber
of 4000 to 400 cm−1 was selected for detailed study of the bonding connectivity of the
materials. An overlaying between the bands of the vibrational bending of H-O-H of the
hydration water at ∼1620 cm−1 and the sharp stretching band of the phenyl group (νC-C)
at ~1595 cm−1 has been observed. The band at 3000 cm−1 could be attributed to the C-H
vibrational stretching and the band at ~1490 and ~1440 cm−1 indicate the skeletal vibrations
of the rings. The intense and broad band in between ~3600 and ~3200 cm−1 is attributed
to the O-H vibrational stretching due to the presence of hydration water. Another two
bands in this region have been observed, i.e., one very sharp at ~3640 cm−1 is probably
indicating the presence of adsorbed water having no interaction by H-bonding and the
other broader near ~3510 cm−1 is clearly indicating this water molecule interacting weakly
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through H-bonds [33]. The other stretching and bending modes of the Al-O-P bonds are
shown in Figure 2D.

Figure 2. (A) Powder XRD patterns of Ph-ALPO-1 (black) and Ph-ALPO-2 (red), (B) N2 ad-
sorption/desorption isotherm of Ph-ALPO-1 (black) and Ph-ALPO-2 (red), (C) Non-local density
functional theory (NLDFT) pore size distribution (PSD) of Ph-ALPO-1 (black) and Ph-ALPO-2
(red), (D) FT-IR spectra of Ph-ALPO-1 (black) and Ph-ALPO-2 (red), (E) Thermogravimetric curve
of Ph-ALPO-1 (black) and Ph-ALPO-2 (red), (F) NH3-TPD curve of Ph-ALPO-1 (black) and Ph-
ALPO-2 (red).

Thermal stability of Ph-ALPO-1 and Ph-ALPO-2 materials was investigated through
thermogravimetric analysis (TGA). The TGA analysis data was plotted in Figure 2E. Both
the samples showed triplicate degradation between 25 and 800 ◦C. The first two mass
losses between 6 and 15% occurred below 220 ◦C that are associated with an endothermic
peak, which is because of desorption of physiosorbed and chemisorbed water molecules
in the pores of the materials. The next mass loss occurs at temperatures higher than
250 ◦C, which is mainly due to the different degradation processes of organic matter. The
mass loss recorded in this temperature range is about 8–10%. In the comparative TGA
curves of both the materials, it clearly indicates that the final mass loss of Ph-ALPO-1
occurs at a faster rate than Ph-ALPO-2, which in turn clearly suggested the stability of
the AlPO framework synthesized in the presence of the template molecule. Temperature-
programmed desorption of ammonia (NH3-TPD) analysis of both the materials was carried
out under an inert He gas flow, and the corresponding 10% NH3/He gas mixture desorption
profile of ALPO-1 and ALPO-2 is shown in Figure 2F. From the NH3-TPD profiles, it is seen
that a broad NH3 desorption peak centered around 80 ◦C was observed for both Ph-ALPO-1
and Ph-ALPO-2. This result suggested that NH3 molecules are weekly bound in ALPO-1
and 2 surfaces. The observed total acidity of Ph-ALPO-1 and Ph-ALPO-2 were 92.59 and
285.82 μmolg−1, respectively. Considerably higher acidity of Ph-ALPO-2 synthesized in
the presence of the template has motivated us to explore its catalytic activity.

The morphology of both the hybrid AlPO materials has been investigated by trans-
mission electron microscopic analysis (FEG-TEM). All the electron microscopic images are
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shown in Figure 3A–D. From the images, it was clearly shown that Ph-ALPO-1 shows
irregular morphology (Figure 3A,B). Several 20–30 nm rod like particles are clearly vis-
ible for Ph-ALPO-1. However, these particles are irregularly nucleating to form several
other morphologies as well (Figure 3A,B). But, one of our major objectives was to control
the morphology of these nanoparticles, which could help in the catalytic reaction. We
found that the small molecular template modification for the synthesis of Ph-ALPO-2 not
only organize the particle morphology but also it hinders the agglomeration to generate
monodisperse rod like nanoparticles of average size 20–30 nm (Figure 3C,D). The elemental
mapping images shown in Figure 3E–H also confirms the template removal in Ph-ALPO-2
framework as no traces of “N” (comes from the template molecule) was found in the overall
specimen. It is pertinent to mention that uniform distribution of C, O, P, and Al percentages
in Ph-ALPO-2 (Figure 3E–H) also suggested the advantage of the phenyl functionalization
of the AlPO framework via our above-mentioned process.

 

Figure 3. UHR-TEM images of Ph-ALPO-1 (A,B) and Ph-ALPO-2 (C,D). (E–H) are the C, O, P and Al
elemental mapping data in Ph-ALPO-2.

3. Discussion

3.1. Catalytic Properties
3.1.1. Catalysis with Ph-ALPO-2

The 5-HMF synthesis from carbohydrates involve an acid catalyzed dehydration reac-
tion and this has been extensively studied over the years. From the above characterizations
and discussion of results, Ph-ALPO-2 could be a more promising material for acid catalysis
compared to Ph-ALPO-1 as although both the materials have similar bonding connectivity
and framework, Ph-ALPO-2 has more surface area than Ph-ALPO-1. Different carbohydrate
precursors can be employed for the synthesis of 5-HMF by varying the monosaccharides.
For optimizing the reaction conditions with maximum 5-HMF yield we have varied four
major factors like the amount of catalyst loading, reaction temperature, reaction time, and
choice of medium.

At first, taking fructose as the substrate and keeping all other parameters constant, we
have performed the reaction by varying the catalyst amount from 7.08 wt % to 31.4 wt % to
optimize the amount of catalyst needed for maximum 5-HMF yield. Figure 4A shows the
different 5-HMF yield as a function of amount of given catalyst for fructose as the substrate.
We have observed that upon increasing the catalyst amount from 2 mg up to 6 mg, the
yield of the product has increased but further increases in the catalyst amount from 6 mg to
8 mg results in decreasing the product yield. From Figure 4A the relatively highest yield
becomes 68.45% which was found for 6 mg of catalyst.
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Figure 4. (A) Dependence of 5-HMF yield (%) on amount of catalyst; (B) Temperature dependence of
5-HMF yield (%); (C) Time dependence of 5-HMF yield (%) at the reaction temperature of 160 ◦C;
(D) UV-Visible spectra of the product 5-HMF with reaction time (5–30 min). Typical standard devia-
tion in the 5-HMF yield is ±1%.

Now we have carried out the reaction by varying the temperature from 140 ◦C to
170 ◦C with the similar carbohydrate substrate to observe the temperature dependence of
the reaction on the product yield and the yield vs. temperature profile has been drawn
from the 5-HMF yield (%) estimated through the UV-Visible spectrophotometric (shown
in Figure 4B) studies. From this profile, the optimum temperature was 160 ◦C. At this
temperature, fructose showed the highest yield for the 5-HMF in the presence of 6 mg of
the catalyst for 15 min reaction time.

Then, we have plotted the 5-HMF yield as a function of reaction time from 5 min to
30 min at optimized temperature and catalyst amount by taking fructose as the substrate
and we have drawn a suitable kinetic profile by calculating 5-HMF yield (%) through
UV-Visible spectra using Beer–Lambert’s law (Figure 4C). At 160 ◦C, 25.5 mg fructose
shows the highest yield for the 5-HMF conversion reaction after 15 min reaction time with
6 mg aluminum phosphonate catalyst.

All these catalytic results are further tabularized in Table 1. Some observations seen
from this table are, for example, that upon increasing the catalyst amount from 2 mg to
4 mg to 6 mg, the yield of the product has increased accordingly, but a further increase
in the amount from 6 mg to 8 mg results in decreases in the product yield. The reason
behind this observation may be that a certain increase in the catalyst gives a higher 5-HMF
yield, as expected, according to an increasing number of acidic sites with the increasing
amount of the catalyst, but a further increase in this catalyst amount after 6 mg reduces the
product yield, which may be due to catalyst poisoning or further degradation of the main
product by other byproducts. Again, a decreasing product yield was observed at further
higher temperatures and longer reaction times. This may be attributed to the fact that a
prolonged exposure time and higher reaction temperature may promote self- and cross-
polymerization of 5-HMF with fructose, to yield the byproduct humins in the dehydration

150



Catalysts 2023, 13, 1449

step as the appearance of a dark-colored product in these cases has been observed in the
reaction vial.

Table 1. Catalytic results of Ph-ALPO-2 for the 5-HMF formation under different conditions.

Sl. No.
Substrate Amount

(mg)
Catalyst Amount

(mg)
Temperature

(◦C)
Time (min.) Yield (%)

1. 25.5 2 150 20 42.8

2. 25.5 4 150 20 56.04

3. 25.5 6 150 20 68.45

4. 25.5 8 150 20 63.92

5. 25.5 6 160 20 83.3

6. 25.5 6 170 20 76.09

7. 25.5 6 160 5 59.03

8. 25.5 6 160 10 90.08

9. 25.5 6 160 15 90.7

10. 25.5 6 160 25 77.2

11. 25.5 6 160 30 69.9

The formation of 5-HMF was confirmed from the 600 Hz 1H NMR spectra of crude
product mixture and the solution after solvent extraction using ‘DCM-H2O’ mixture, and
these are shown in Figure S1. The 150 Hz 13C-NMR spectrum has also provided further
confirmation of 5-HMF formation (Figure S2). The λmax for 5-HMF in UV-Visible spectrum
arises at ~284 cm−1 (Figure S3). From that characteristic peak using the Beer–Lambert’s law
the yield of 5-HMF (shown in Figure 4D) has been calculated. The maximum amount of
5-HMF, 90.7%, was found for 6 mg of Ph-ALPO-2 catalyst at 160 ◦C in 15 min, from 25.5 mg
of fructose as the substrate.

Then, we have estimated the catalytic activity by varying the substrates using some
common monosaccharides like glucose and galactose in the above optimized condition as
shown in Figure 5B. We observed that glucose and galactose give an almost similar yield
for 5-HMF, which is quite low compared to fructose itself. We have tried this reaction using
different solvents like ‘DMSO + H2O’, DMF, ‘acetonitrile + H2O’, and NMP. The yields
are calculated from the respective UV-Visible spectra and presented as a bar diagram in
Figure 5A. Compared with DMSO, other solvents showed low yields of 5-HMF. This result
suggested that in the case of DMSO, the maximum amount of energy is converted from
microwave radiation, which transforms maximum fructose to 5-HMF. The decreasing trend
of the 5-HMF yields was DMSO > DMSO + H2O > NMP > DMF> acetonitrile + H2O.

Figure 5. (A) Solvent dependence of substrate and (B) Selectivity of substrates for 5-HMF yield.
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Further, we have performed the experiment with the lignocellulosic solid biomass
(sugarcane pulp) also under optimized catalytic conditions. However, even after 30 min
of microwave irradiation, we found a trace of 5-HMF only. This result suggested that
Ph-ALPO-2 can catalyze the sugar content of the sugarcane pulp. Actually, when we use a
solid biomass like lignin, after completion of the reaction, the lignin will form an insoluble
physical mixture with the catalyst. As lignin has some solubility in DMSO, we tried to
separate the catalyst through solvent extraction. But the wholesome biomass cannot be
separated from the catalyst.

3.1.2. Catalysis with Ph-ALPO-1

With the above optimized condition, the 5-HMF yield from fructose in the case of
Ph-ALPO-1 as the catalyst was 74.6% (as shown in Figure S4).

3.2. Role of Template in Synthesizing Phenyl Aluminophosphate Catalyst

From the nitrogen sorption isotherm, it is clear that Ph-ALPO-2, which has been
synthesized using 1,3-diaminopropane-N,N,N′,N′-tetraacetic acid as a small-molecule
template, has more surface area than Ph-ALPO-1, which has been synthesized in non-
templated method. Again, from the TGA analysis, the framework of Ph-ALPO-2 shows
higher stability than Ph-ALPO-1; i.e., upon using the template, the robustness of the
framework of the AlPO material becomes much higher. Now, from the catalysis point
of view, according to NH3-TPD analysis, the template-based synthesized material shows
higher active (acidic) sites than Ph-ALPO-1 (synthesized in non-templated method). As a
result of all these above-mentioned facts, the yield of 5-HMF is also higher in the case of
Ph-ALPO-2 in comparison with Ph-ALPO-1. These comparative results could be attributed
to the fact that for generating porosity in the case of Ph-ALPO-2, the phenyl groups in
phenylphosphonic acid is used as a spacer along with 1,3-diaminopropane-N,N,N′,N′-
tetraacetic acid, which is used as a small-molecule template. But for Ph-ALPO-1, the pores
are generated only due to the presence of phenyl spacer present in the phenylphosphonic
acid. Thus, the higher BET surface area, crystallinity, and uniform particle morphology of
the Ph-ALPO-2 catalyst synthesized in the presence of organic template are responsible for
the higher yield of 5-HMF in this dehydration reaction.

3.3. Comparision of Ph-ALPO-2 with Other Catalysts in the Literature

The reaction parameters and corresponding yields of 5-HMF of this Ph-ALPO-2
material compared with those of related porous catalysts [34–38] available in the literature
are tabularized in Table 2. From the results shown here, we can conclude that Ph-ALPO-2
displayed a considerably good catalytic efficiency for the synthesis of 5-HMF from biomass-
derived fructose.

Table 2. Comparative study of catalytic efficiency in HMF conversion reaction between Ph-ALPO-1/2
and other zeo-type catalysts in the literature.

Catalyst
Temp.
(◦C)

Solvent
Time
(min.)

Substrate
Yield
(%)

Ref.

Al-KCC-1 162 DMSO 60 Fructose 92.9 [33]

NBPW-01 80 DMSO 180 Fructose 89 [34]

NBPW-06 80 DMSO 90 Fructose 96.7 [35]

Al-MCM-41 170 H2O/MIBK 75 Fructose 42.3 [36]

LPSnP-1 120 H2O/MIBK: 2-butanol 20 Fructose 77 [36]

TESAS-SBA-15 130 H2O/MIBK: 2-butanol 141 Fructose 71 [37]

PHMS-2 160 DMSO 25 Fructose 83.7 [38]

Ph-ALPO-1 160 DMSO 15 Fructose 74.6 This work

Ph-ALPO-2 160 DMSO 15 Fructose 90.7 This work
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4. Materials and Methods

4.1. Chemicals

Aluminum iso-propoxide, phenylphosphonic acid, liquid ammonia (25% aqueous),
1,3-diaminopropane-N,N,N′,N′-tetraacetic acid and fructose were purchased from Sigma
Aldrich, Bangalore, India. All solvents were used after purification. Deionized water was
used for synthesis and cleaning purposes.

4.2. Instrumentation

Powder X-ray diffraction data of aluminum phosphonates Ph-ALPO-1 and Ph-ALPO-
2 were collected from a Bruker D-8 Advanced SWAX, Germany diffractometer using
Ni-filtered Cu Kα (λ = 0.15406 nm) radiation. Specific surface area and porosity were
analyzed from the N2 sorption analysis at 77 K by using an Anton Paar Quanta Tec
(USA) Isorb-HP-1 100 gas sorption analyzer. The pore-size distribution plots for both the
materials were obtained from the non-local density functional theory (NLDFT) model.
Both samples were dried and degassed at 150 ◦C for 5 h under high vacuum before the
sorption analysis. Ultrahigh-resolution transmission electron microscopic (UHR-FEG TEM)
system of JEOL JEM 2100F (Japan) working with at a 200 kV electron source, the particle
size and nanostructure of the Ph-ALPO-1 and Ph-ALPO-2 frameworks were analyzed.
Samples for these TEM analysis was prepared by dropping isopropanol solutions of both
the materials into two separate carbon-coated copper grids and then drying them under a
high vacuum. Using KBr pellets and by using a Shimadzu FT-IR 8400S (Japan) instrument,
Fourier transform infrared (FT-IR) spectra of the samples were obtained. The Anton Paar
Microwave Synthesis Reactor (Monowave 300, USA) was used for all of the catalysis
experiments. For measuring the surface acidity of these aluminum phosphonate materials
temperature-programmed desorption of ammonia (TPD-NH3) analysis was carried out in
an AMI-300 Lite Chemisorption Analyzer of Altramira Instruments LLC, USA.

4.3. Synthesis of Ph-ALPO-1

In a typical synthesis of Ph-ALPO-1, 204 mg (0.001 M) phenylphosphonic acid was
dissolved in 18 mL deionized water and stirred for 30 min on a magnetic stirrer. Then,
158 mg (0.001 M) aluminum iso-propoxide was added in it and again stirred for another
15 min. After that liquid ammonia was added in dropwise manner until the pH of the
solution becomes ~8.0. Then, it was again stirred for ~3 h. Then, the reaction mixture was
transferred into a 30 mL Teflon-lined stainless-steel autoclave and placed in an oven at
170 ◦C for 3 days. After 3 days, aluminum phenylphosphonate material was formed. It
was then separated and washed with water and methanol by centrifugation. The yield
of the product becomes ~90 mg. Then, the product was collected in the Eppendorf and
characterized thoroughly.

4.4. Synthesis of Ph-ALPO-2

In this stage, 306 mg (0.001M) 1,3-diaminopropane-N,N,N′,N′-tetraacetic acid was
dissolved in 21 mL deionized water and stirred for 45 min. Then, 158 mg (0.001 M)
phenylphosphonic acid was mixed in it and again stirred for another 30 min. Then, 204 mg
(0.001 M) aluminum iso-propoxide was added in it and stirred for another 3 h. After that,
liquid ammonia was added in a dropwise manner until the pH of the solution became
~8.0. Aluminum phenylphosphonate gel had been prepared. Now, this gel was transferred
into a 30 mL Teflon-lined stainless-steel autoclave and placed in an oven at 170 ◦C for
3 days. After 3 days, an aluminum phenylphosphonate framework containing the template
molecules was formed. It was then separated and washed with water and methanol by
centrifugation. The yield of the product was ~120 mg.

4.5. Extraction of Template from Ph-ALPO-2

The as-synthesized product was taken in a beaker and stirred with 50% EtOH and
50% water for 6 h continuous stirring at room temperature. The extracted product was
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then separated and washed with water and EtOH via centrifugation, and the product was
collected in the Eppendorf and used for further application.

4.6. Activation of Catalyst

In order to remove adsorbed solvent molecules, which may partially impede catalytic
activity by blocking some active sites, the catalysts are activated prior to the catalytic
reaction. We activated all the catalysts (Ph-ALPO-1 and Ph-ALPO-2) at 120 ◦C for 6 h in a
hot air oven before putting them into the catalysis chamber. For all subsequent catalytic
experiments, a similar activation route for the catalysts was followed.

4.7. 5-HMF Synthesis

Here, fructose, glucose, and galactose were used as carbohydrate sources for the
synthesis of 5-HMF. In a typical synthesis, the carbohydrate was charged with activated
catalyst and DMSO (2 mL) in a microwave-safe G-10 vial. The vial was then correctly
sealed and kept at the desired temperature for the above-mentioned amount of time in a
microwave reactor. The internal pressure of the vial was initially nil. However, after the
steady-state condition, the internal pressure was elevated to 5 bar. The temperature of the
microwave was controlled by a previously set program; briefly, the final temperature was
set as 160 ◦C for a holding time of 15 min with a continuous stirring speed of 600 rpm, and
the reaction mixture was cooled to 25 ◦C to obtain the product. At 160 ◦C, the temperature
at which the catalysis was optimized, 24% of the catalyst, Ph-ALPO-2, produced 90.7%
HMF yield in DMSO medium in 15 min reaction time. Water and DCM were used to
extract 5-HMF from the reaction mixture. In DMSO-d6 medium, the extracted product was
examined via 1H-NMR and 13C-NMR spectroscopic analysis (distinctive signals of 5-HMF
shown in Figures S1 and S2). Then, 5-HMF yield was calculated from the solution using
UV-Visible spectrophotometry.

5. Conclusions

In this work, we have demonstrated the synthesis of a new porous organic–inorganic
hybrid aluminum phosphonate framework material having a hydrophobic phenyl moi-
ety at the pore surface in the presence and absence of a small organic molecule 1,3-
diaminopropane-N,N,N′,N′-tetraacetic acid as a template via a hydrothermal synthetic
route. We have successfully shown the crucial role of porosity and surface area, and the
use of organic template in the hydrothermal synthesis for the catalytic application. The
synthetic protocol and the catalytic results described here are cost-effective and environ-
mentally friendly. Furthermore, these porous phenylphosphonates show the potential to
synthesize 5-HMF from carbohydrates in a very high yield in a short reaction time using
a green chemical route. Thus, the easy and convenient synthesis method reported herein
could offer a new opportunity for researchers and industries for the sustainable synthesis
of biofuel intermediates over organically functionalized aluminum phosphonates.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13111449/s1, Indexing of powder XRD of Ph-AlPO-1/2
(Table S1), 1H NMR (Figure S1) and 13C-NMR (Figure S2) spectra of 5-HMF, UV-Visible characteristic
peak of 5-HMF (Figure S3), and comparative catalytic activity of Ph-ALPO-1 and Ph-ALPO-2 through
UV-Visible spectrophotometry (Figure S4).
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Abstract: The circular economy is based on using waste generated from any process to obtain prod-
ucts with zero residues’ criteria. This research was focused on pepper waste from the polyphenolic
extraction method. Pepper waste was evaluated in batch and semi-continuous regime anaero-
bic digestion, adding, as catalysts, absorbent nanoparticles and/or using pretreatment strategies.
The best methane yields were obtained from SB1 (assay without pretreatment in pepper waste):
464 ± 25 NL kg VS−1 for batch assays; and from period II (1.47 g VS L−1 d−1) of S2 (assay of
pig manure and pepper waste with thermal pretreatment): 160 NL/kg VS−1 for semi-continuous
experiments. However, a kinetic study showed a methane production rate higher for SB2 (assay with
nanoparticles as catalyst) than SB1 in batch assays.

Keywords: nanoparticles; pretreatment pepper waste; kinetic; anaerobic process

1. Introduction

Nowadays, the biorefinery concept is related optimizing the use of waste to obtain
biofuels, energy, and high-added-value subproducts. Through this concept, it is possible
fight against the climate change. Concretely, the European Commission has identified
some priority areas where the European Directive from Renewables Energies [1] must act.
A total elimination of waste generated by industries and the introduction of renewable
energies in their processes can be regarded as appropriate measures undertaken to achieve
some of the specific objectives against the climate change [2]. Particularly, in a region of
Spain (Extremadura) where this research has been developed, there is a Regional Plan
of Research, Technological Development, and Innovation [3]. This plan is focussed on
economic priorities in the agrifood sector. For this reason, if waste from the agrifood sector
is considered to be put to optimum use, we will be moving towards a more sustainable
economy. According to the Spanish Statistics National Institute [4], there was 636,116 t
of vegetable waste in Spain in 2020 from food and drink manufacturing industries and
tobacco factories. A total of 26% in the production of fruits and vegetables in European
countries in 2021 belong to Spain [5]. Furthermore, the amount of exported pepper from
Spain exceeded 800,000 t in 2021, and in Spain, 1,500,000 t of pepper was produced in
2021 [6]. Normally, waste produced from pepper is around 50–60% of the total processed
biomass [7]. The waste generated is usually employed as animal feed or discharged into
landfills, leading to environmental degradation in the areas in which they are disposed
of [8]. A strategic solution must be developed to manage the large amount of pepper
waste produced in the country. Applying a biorefinery concept to pepper waste will be
an excellent way to optimize the benefits. Different extraction methods can be carried
out to achieve the valorization of this waste. High-added-value product can be obtained
as polyphenolic and carotenoids compounds. A newly developed first-step extraction
method offers an opportunity to obtain more degraded pepper waste to use as feed for
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microorganisms that produce biofuels—more concretely, biogas. The process to generate
biogas is called anaerobic digestion (AD); it consists of degrading organic matter in the
waste by specific microorganisms to produce biogas. Another product is generated in
this process: digestate, which can be used as organic fertilizer. Digestate is a fertilizer
containing odorless stabilized organic matter and NPK nutrients which have changed to
mineral forms which are available for plants [9]. In this process, two or more residues
can be employed, and this process is called anaerobic co-digestion (AC-D). There is a
large number of studies concerning AC-D substrates employing vegetable waste with
animal waste (i.e., slurry or cattle manure). An evaluation of pepper waste’s addition
in a co-digestion process with swine manure was developed by Riaño et al. [10]. In this
study, the highest specific methane yield obtained under batch conditions was 309 N L
CH4 kg VS−1, with a percentage of pepper waste in the mixture of 50% (on the VS basis).
After AC-D under semicontinuous operation at different OLR values was studied, the
method was shown to increase the specific methane yield by up to 86% compared to
that obtained from a mono-digestion assay of swine manure (208 N L CH4 kg VS−1 at
1.26 g VS L−1d−1). Li et al. [11] studied the AC-D of wood waste with pig manure and
evaluated the methane production potential using a NaOH pretreatment in the wood waste.
The obtained results showed that the methane yield was increased by 75.8% after NaOH
pretreatment compared with the untreated wood waste. To improve the kinetics, different
mechanisms can be employed, such as nanoparticles, bioelectrochemical applications,
and nano-biochar. Madondo et al. [12] researched the application of bioelectrochemical
systems and magnetite nanoparticles in sewage sludge for the improvement of organic
content degradation. In this case, an enhanced methane percentage was obtained versus
the control (88% versus 39%). A review [13] focused on the role of additive nano-biochar
in the AC-D kinetic shows evidence of nano-biochar’s value as a catalyst for enhancing
biogas production. However, this review refers to the development of no-continuous
operational modes. Semi-continuous operational modes using this kind of catalyst have
not been so well studied. Magnetized nanoparticles (iron oxides and aluminum sulfate)
were employed by Kweinor and Rathilal [14] to obtain a quicker reaction rate in the AC-D
process of wastewater. The kinetic parameters calculated showed that the presence of
these nanoparticles shortens the lag phase of the control system, with a kinetics rate of
0.285 d−1 for control and of 0.127 d−1 and 0.195 d−1 for iron oxides and aluminum sulfate
nanoparticles, respectively.

Alkalinity is an important parameter in the AC-D process, mainly in a semi-continuous
regime. High alkalinity (based on the equilibrium carbon dioxide–bicarbonate) provides an
excellent buffer capacity of the digestion medium. VFA (Volatile Fatty Acids) accumulations
or in pH values are avoided, according Smridhivej and Boyd [15]. When the feed of
substrates added to the digester (organic load rate (OLR)) is increasing in the AC-D process,
alkalinity and VFA must be controlled to avoid the inhibition of the process.

Due to the gap in the research related to the semi-continuous operational mode using
diverse types of catalyst, the present study proposes to assess the performance and stability
of assays employing pig manure and pepper waste in the AC-D, including absorbent
nanoparticles and/or strategies of waste pretreatment, as catalysts. The obtained results are
compared through different kinetic parameters calculated according to simulation models.

2. Results and Discussion

2.1. Chemical Characterization of Raw Materials

The assays developed in this research used different raw materials: pepper waste
pretreatment (PWP) (with thermal pretreatment and/or nanoparticles), pig manure (PM),
and pepper waste (PW). PWP with PM were studied in semi-continuous assays and PW
with PM were employed in a pilot plant assay. PM, PW, and PWP were characterized before
to start the studies, and results are shown in Table 1.
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Table 1. Chemical parameters of raw materials determined.

Parameter PM PW PWP

pH 7.70 ± 0.10 4.18 ± 0.04 4.10 ± 0.29
Redox potential, mV −362 ± 23 −100 ± 1 206 ± 10

Alkalinity,
mg CaCO3 L−1 9379 ± 75 - -

N-NH4, mg L−1 1860 ± 85 870 ± 30 390 ± 80
C, % 2.23 ± 0.30 7.12 ± 0.19 7.63 ± 1.85
N, % 0.30 ± 0.03 0.36 ± 0.01 0.42 ± 0.09
C/N 7.32 ± 0.36 18.04 ± 1.37 18.71 ± 2.17
TS, % 5.71 ± 0.02 13.31 ± 0.29 17.17 ± 3.33

VS *, % 3.98 ± 0.12 12.32 ± 0.23 15.80 ± 3.14
Ca, ppm 2663 ± 48 1003 ± 21 1965 ± 18
Fe, ppm 209 ± 2 76 ± 1 120 ± 2
K, ppm 240 ± 30 2317 ± 25 1953 ± 4

Mg, ppm 1208 ± 11 439 ± 1 617 ± 4
Na, ppm 913 ± 2 64 ± 1 262 ± 3
P, ppm 1562 ± 7 473 ± 7 807 ± 46

Al, ppm 152 ± 7 81 ± 1 95 ± 5
* Total Volatile Solid over Total Solids.

As can be observed in Table 1, low values of pH from PW and PWP are presented.
The alkalinity parameter value from PM is quite high to buffer the low pH values from
pepper materials. If AC-D works with alkalinity values higher than 2000 mg CaCO3 L−1,
as it does according to Flotats et al. [16], it indicates the stability of the process. The C/N
proportion used in the feed must be close to 20–30 [17–20]; PW and PWP have values near
to these values. The TS values of PW and PWP are very similar, and they are quite high.
Moreover, the Total Volatile Solid is observed to be about 93 % of the TS. It entails a high
potential of organic transformation of PW and PWP, as it is happened in research carried
out by Arhoun et al. [21] (they developed AC-D of mixed sewage sludge and fruits and
vegetable wholesale market waste).

2.2. Biochemical Methane Potential (BMP) of Different Strategies with PWP

Three assays were undertaken to find the most productive method: batch assay
without pretreatment (SB1); batch assay with a determined absorbent nanoparticles dose
(SB2); and batch assay with another determined absorbent nanoparticles dose and thermal
pretreatment (SB3). Table 2 shows the BMP and the kinetic parameters. These results
evidence that methane yield from SB1 is the highest of the studies carried out. Moreover,
a thermal pretreatment of the PWP can be an adequate method to increase the methane
average concentration in the biogas obtained. Gallego L. M. et al. [22] evaluated the
empirical BMP through different models from some horticultural waste such as beet pulp
and pear flesh; the obtained results (249 NL kg VS−1 and 318 NL kg VS−1 for beet pulp
and pear flesh, respectively) were lower than the values obtained in this research. Kinetic
parameters show higher Rmax values for SB2 and SB3 than Rmax for SB1. This probably
means that the nanoparticles in the medium quickly support production methane rate.

Table 2. BMP and kinetic parameters for different studies developed with PWP.

Parameter SB1 SB2 SB3

Methane average yield, NL kg VS−1 464 ± 25 331 ± 57 364 ± 49

Methane average concentration, % 59 ± 2 56 ± 6 60 ± 1

Replicates R1 R2 R1 R2 R1 R2

Rmax, Nm3 kg VS−1 d−1 0.64 0.75 0.82 1.51 0.85 1.00
l, d 2.82 1.56 0.77 1.29 - -
R2 0.9888 0.9757 0.9387 0.9727 0.9686 0.9766
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Figures 1–3 illustrate the kinetic model fitting for the three studies. Two replicates
were developed for each study. All of them are perfectly fitted to the modified Gompertz
model because the regression coefficients are too elevated.

Figure 1. Experimental results fitted to the modified Gompertz model for SB1.

Figure 2. Experimental results fitted to the modified Gompertz model for SB2.

Figure 3. Experimental results fitted to the modified Gompertz model for SB3.
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There is no lag phase (l) in SB3 because a previous pretreatment has been developed,
and the experimental results fitted to the kinetic model were taken after this pretreatment.
Regarding the lag phase from SB1 and SB2, the values obtained present more elevated
values in SB1 than SB2. This fact seems to indicate that the nanoparticles’ presence improves
the methane production in the first stage. The lag phase average values of sorghum and
corn stover (0.190 d and 2.648 d, respectively) obtained by González et al. [23] are the lowest
in this research and very close the experimental to values of this work. Chiappero et al. [24]
employed different biochars as catalysts during AD of mixed wastewater sludge, and
the kinetic parameter Rmax for the modified Gompertz model ranged between 0.014 and
0.034 Nm3 kg VS−1 d−1, i.e., lower values than results obtained in this work.

2.3. Different Pretreatment for Assays Semi-Continuous with PM and PWP

Assays were developed with three different conditions: S1: PM with PWP; S2: PM with
PWP and thermal pretreatment; and S3: PM with PWP developing thermal pretreatment
and nanoparticles use (the employed dose (0.015 g g VS−1) was the most productive for
batch assay). In Figure 4, we observe influence of the treatment carried out to increase
the methane production for OLR (period I to III). The methane volume represented in
Figure 4 seems very similar for periods II and III. A light difference can be seen in period I,
obtaining the highest production for S2 and the lowest production for S1; this means that the
nanoparticles are not increasing the methane production in the AC-D for period I (Table 3
does not show rises of methane production when nanoparticles are employed neither).
Chen et al. [25] studied two types of magnetic nanoparticles (Ni ferrite nanoparticles and
Ni Zn ferrite nanoparticles). They found a stimulation of anaerobic digestion in synthetic
municipal wastewater with a certain type of nanoparticles but an inhibition of another type
of nanoparticles was added to the anaerobic digestion medium. The values of methane
yields and kinetic parameters are represented in Table 3.

Figure 4. Methane volume evolution for different periods.
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Table 3. Methane yield and kinetic parameters obtained in semi-continuous assays.

Period Period I Period II Period III

S1

Methane yield, NL kg VS−1 139 149 149
kB, g COD L−1 4.42

Umax, d−1 1.03
k2, d−1 0.73

S2

Methane yield, NL kg VS−1 158 160 156
kB, g COD L−1 4.98

Umax, d−1 1.49
k2, d−1 0.90

S3

Methane yield, NL kg VS−1 153 156 155
kB, g COD L−1 4.33

Umax, d−1 1.31
k2, d−1 0.64

According with the catalyst effect of the nanoparticles and the thermal pretreatment,
the kinetic parameters’ reaction constants—kB and k2—for each kinetic model fitted are
shown in Table 2. The highest values of reaction constants belong to S2. This corresponds
to the assay with the most elevate methane yield (S2). In any case, the reaction constant
obtained in this work are higher than values of reactions constant obtained by other authors;
0.25 g COD g VS−1 d−1 has been reported by De la Lama D. et al. [26] for “alperujo” in
semi-continuous anaerobic digestion of the thermally pretreated medium.

As can be seen in Figures 5 and 6, experimental results from the cumulative methane
production of the S1 and S2 experiments are perfectly fitted to the Stover–Kincannon
and second-order models because their regression coefficients are elevated (0.9999, 0.9822,
and 0.9772).

Figure 5. Experimental results fitted to the Stover–Kincannon model for semi-continuous experiments.
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Figure 6. Experimental results fitted to the second-order model for semi-continuous experiments.

2.4. Effect of OLR on Different Parameters

The interactions study of certain parameters in the AC-D process and the studied
values of OLR are represented in Figures 7 and 8. An expected, direct interaction is
presented in alkalinity when the OLR is increased; this means that the process stability
is increasing until 1.88 g VS LD

−1 d−1 for the three assays developed. This behavior was
found in a work carried out by Parralejo et al. [27], where the AC-D process in semi-
continuous assays was evaluated for OLR ranged 1.2–1.8 g VS LD

−1 d−1 for different
mixtures of animal manure or nitrogen-rich biomass. However, the VS parameter evolution
with OLR shows a light decrease in the second period (and small increases in methane
yield (Table 3)). VFA and ammonia nitrogen parameters exhibit a direct interaction with
the OLR evaluated in the most of assays developed. This is a normal behavior when the
organic matter is enhanced. Nevertheless, the values of VFA and ammonia nitrogen are
below the threshold values for the stability of the processes (4000 mg L−1 and 5000 mg L−1

for ammonia nitrogen and VFA, respectively) [28].

Figure 7. Alkalinity (left) and ammonia nitrogen (right) effects on OLR developed in semi-continuous
assays.
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Figure 8. VFA (left) and VS (right) effects on OLR developed in semi-continuous assays.

2.5. Digestate Pilot Plant Experiment

An experiment in a pilot plant was carried out for two OLR values (period I and II). In
this experiment, a semi-continuous AC-D for PW and PM was assessed. Methane yield
and digestate composition were evaluated for each OLR studied, and the results are shown
in Table 4.

Table 4. Methane yield and digestate composition for experiment carried out in pilot plant.

Parameter Period I Period II

pH 7.91 ± 0.10 7.95 ± 0.05
Redox potential, mV −388 ± 12 −409 ± 9

Alkalinity,
mg CaCO3 L−1 10,892 ± 2 10,340 ± 37

Methane yield, NL kg VS−1 173 ± 45 264 ± 55
C, % 1.06 ± 0.03 2.20 ± 0.20
N, % 0.21 ± 0.01 0.37 ± 0.02
C/N 4.98 ± 0.15 6.02 ± 1.14

Ca, ppm 779 ± 4 2259 ± 9
Fe, ppm 75 ± 2 230 ± 2
K, ppm 1317 ± 28 2467 ± 29

Mg, ppm 526 ± 2 1121 ± 3
Na, ppm 669 ± 2 596 ± 6
P, ppm 359 ± 10 1052 ± 15

Al, ppm 40 ± 2 157 ± 2
Zn, ppm 34 ± 1 141 ± 1
Cu, ppm 10 ± 1 38 ± 1
Cr, ppm <5 <5
Ni, ppm <5 <5

Higher methane yield is obtained for period II (elevate OLR employed) than for period
I. This difference in S1 was observed in assays carried out in laboratory conditions. It could
be due to the pepper substrate being pretreated and the organic matter being degraded
in the pretreatment process. All values of the elements showed in Table 4 are higher for
period II than the values of elements for period I, and in any case, the values for period
II are correct for the development of the AC-D process because the methane yield has an
adequate value. If the digestates obtained for two periods are evaluated as fertilizer, N, P,
and K nutrients are the most important. Normally, P and K are often expressed as P2O5 and
K2O, respectively. In Table 5, the nutrient compositions assimilable by plants are exposed
along with a fertilizer classification for digestates according to the Spanish standard [29].

In the classification of the Spanish standard, “fertilizers A” are those that have the
lowest amount of Zn, Cu, Cr, and Ni. The plant nutrients’ availability amounts to 55%,
64%, and 92% for N, P2O5, and K2O, respectively [30].
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Table 5. Nutrient composition assimilable by plants of digestates from period I and II.

Parameter Period I Period II

Assimilable N content, % 0.12 0.20
Assimilable P2O5 content, % 0.80 2.33
Assimilable K2O content, % 1.01 1.89
Fertilizer classification [28] A A

3. Materials and Methods

3.1. Evaluated Raw Materials

This research employed pig manure (PM) and pepper waste as raw materials, both
without pretreatment (PW) and pretreated (PWP). PM was collected from a pig farm
located in Guadajira (Badajoz, Spain) (+38◦51′9.6768′′, −6◦40′15.5418′′). PW was provided
by a frozen vegetable factory. PW was composed of stem, peduncle, and seeds, so the
heterogeneous waste was mixed and chopped via mechanical pretreatment to obtain a
homogeneous paste. Moreover, PWP was subjected to the polyphenols extraction method
to achieve optimization in the waste valorization. Polyphenols extraction employed water
as solvent and ultrasound bath to be as close as possible to the most environmentally
friendly techniques. PM was stored at room temperature; PW homogeneous paste was
frozen, and the extraction method of PW to obtain PWP was carried out weekly. An
inoculum was employed to help the development of the specific microorganisms. The
inoculum used in assays consisted of a mixture of completely degraded organic material
with a high content of methanogenic microorganisms. The inoculum was composed of a
mixture of prickly pear and pig manure.

3.2. Digester Used and Experimental Design

Laboratory and pilot plant digesters were employed in this research, both made of
stainless steel, with a central agitator electrically operated and adjustable by a potentiometer
to obtain the mixture of substrates, and a thermostat to control the temperature inside the
digesters. Laboratory digesters are coated with an outer jacket through which hot water
circulates to maintain the constant temperature of the substrate, and pilot plant digester
has an inner coil surrounding the walls for the hot water. The total volumes of laboratory
and pilot plant digesters are 6 L and 2000 L, respectively, but the used volumes for these
experiments were 4.5 L and 1500 L, respectively. In this study, a mesophilic temperature
range (38 ◦C) was employed. At the beginning, three batch assays were developed (Table 6)
to establish the influence of the nanoparticles’ dose and the thermal pretreatment presence:
SB1 batch assay of PWP; SB2 batch assay of PWP with a determined absorbent nanoparticles
dose (0.064 g g VS−1); and SB3 batch assay of PWP with another determined absorbent
nanoparticles dose (0.015 g g VS−1) and thermal pretreatment.

The ratio of inoculum to PWP was 1:2 on VS basis. The nanoparticles used belong to a
small factory (Smallops), located in Badajoz (Extremadura, Spain), that manufactures the
product from organic waste. Three semi-continuous assays were carried out (S1 to S3). The
studied fed were S1: PM with PWP; S2: PM with PWP developing thermal pretreatment;
S3: PM with PWP developing thermal pretreatment and nanoparticles use. The working
procedure from semi-continuous regime assays consisted of a daily feeding of the substrate
mixture. A hopper on the top of the digesters with a ball valve was employed to introduce
the substrate mixture, and another valve located on the side of the digester was used to
extract the digestate. Three different OLRs (1.26 g SV LD

−1 d−1; 1.47 g SV LD
−1 d−1; and

1.88 g SV LD
−1 d−1) were studied for each assays set. Each OLR evaluated was considered

a study period. Table 6 shows the experimental design. Finally, a pilot plant experiment
was carried out, studying a mixture of 50% of PM and 50% of PW (on VS basis).
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Table 6. Experimental design in assays sets evaluated.

Assay
OLR,

g VS LD−1 d−1
Mixture

Composition/Feed
Hydraulic Retention Time

(HRT), d

SB1 - Inoculum–PWP (ratio: 1:2) -

SB2 - Inoculum–PWP (ratio: 1:2) with nanoparticles (0.064 g g VS−1) -

SB3 - Inoculum–PWP (ratio: 1:2) with nanoparticles (0.015 g g VS−1)
and thermal pretreatment -

S1

Period I: 1.26
50% PM and 50% PWP (on VS basis)

28

Period II: 1.47 24

Period III: 1.88 19

S2

Period I: 1.26
50% PM and 50% PWP (on VS basis) with thermal pretreatment

28

Period II: 1.47 24

Period III: 1.88 19

S3

Period I: 1.26
50% PM and 50% PWP (on VS basis) with thermal pretreatment

and nanoparticles (0.015 g g VS−1)

28

Period II: 1.47 24

Period III: 1.88 19

3.3. Analytical Methods

APHA standard methods [31] were employed to characterize the substrates used.
Drying the sample to a constant weight in an oven (JP Selecta Digitheat, Barcelona, Spain)
at 105 ◦C for 48 h (2540 B method) and at 550 ◦C for 2 h in a muffle oven (Hobersal
12PR300CCH, Hobersal Furnaces & Ovens Technology, Barcelona, Spain) using an inert
atmosphere (2540 E method) were the means employed to determine total solids (TS)
and volatile solids (VS) in the samples analyzed. Specific electrodes were employed to
measure the pH and redox potential values of the digestion medium connected to a pH
meter (Crison Basic 20, Hach lange Spain S.L.U., Barcelona, Spain). To determine the
alkalinity of the medium, method 2320 was employed; for the chemical oxygen demand
(COD), method 410.4 was employed [32]; for ammonia nitrogen (N-NH4) by volumetric
titration, the E4500-NH3 B method was employed; and for total volatile fatty acids (VFA),
to Buchauer’s volumetric method was employed [33]. The ratio between N and C nutrients
was analyzed by a True-Spec CHN Leco 4084 elementary analyzer (ECO empowering
results, Madrid, Spain, according to the UNE-EN 16948 standard for biomass analysis C,
N, H [34]. A constant monitoring of the biogas volume and its composition was carried
out with an Awite System of Analysis Process series 9 analyzer (Bioenergie GmbH, Awite
Bioenergie GmbH, Langenbach, Germany) (composed of different sensors to detected
methane, carbon dioxide, hydrogen, hydrogen sulfide, and oxygen concentration). The gas
meter (Ritter model MGC-1 V3.2 PMMA, Awite Bioenergie GmbH, Langenbach, Germany)
was employed to measure the biogas produced, which was stored in Tedlar bags. The biogas
volume produced was corrected at standard conditions (0 ◦C, 101,325 kPa). The digestate
was featured by spectroscopy using an ICP-OES Varian 715 ES (Agilent Technologies, Santa
Clara, CA, USA).

3.4. Evaluation of Substrate Removal Kinetic Models

For batch assays, experimental results have been fitted to a kinetic model called a
modified Gompertz [14]. For semi-continuous assays, based on the substrate removal rate,
Grau second-order multicomponent and modified Stover–Kincannon models have been
employed as kinetic models [26]. For the Grau second-order multicomponent model when
multicomponent substrates are evaluated, the substrate removal rate can be expressed
according to Equation (1):

−dS
dt

= kn(s) · X ·
(

Se

Si

)n
(1)

where −dS/dt is the substrate removal rate; kn (s) is the reaction constant; X is the con-
centration of the microorganisms, which ca be assumed as constant; Se is the substrate
concentration at any time; and Si is the initial substrate concentration.
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Integrating Equation (1) for n = 2 and linearizing it, the following linear expression is
obtained (Equation (2)):

(Si · HRT)
(Si − Se)

= HRT +
Si

ks · X
(2)

The value of the second-order reaction constant can be obtained by the plot of the
(Si·HRT)/(Si − Se) versus HRT. The term HRT is the hydraulic retention time value for
each set assay.

In the modified Stover–Kincannon model, the substrate removal rate is expressed as a
function of the OLR as follows in Equations (3) and (4):

dS
dt

=
(Si − Se)

HRT
(3)

dS
dt

=
Umax ·

(
Si

HRT

)

kB +
(

Si
HRT

) (4)

where dS/dt is the substrate removal rate; kB is the reaction constant; Umax is the maximum
substrate removal rate; Si and Se are the substrate concentrations explained above; and
HRT the hydraulic retention time, as has been specified before. When Equations (3) and
(4) are equalized and integrated and the resulting expression is linearized, Equation (5) is
obtained, as follows:

HRT
(Si − Se)

=
kB

Umax
· HRT

Si
+

1
Umax

. (5)

Experimental results fitted to Equation (5) give a linear expression where the reaction
constant can be obtained from the slope.

4. Conclusions

A comparison between batch and semi-continuous assays have been developed con-
cerning AC-D processes in pig manure and pepper waste, including absorbent nanopar-
ticles and/or pretreatment strategies as catalysts. For batch assays, kinetic parameters
specify that the presence of nanoparticles in the medium quickly supports the methane
production rate (higher Rmax values for SB2 and SB3 than Rmax for SB1, and the lag phase
is lowest for SB2). The studied influence of the pretreatment carried out in the methane
production for the OLRs the evaluated OLRs (period I to III) via semi-continuous assays
shows slightly more elevated values for the thermal pretreatment assay (160 NL kg VS−1).
Direct interaction among alkalinity, VS, ammonia nitrogen and VFA parameters, and the
OLR has been found. Finally, digestates from experimental pilot plants evaluated for
two OLR values have been assessed and classified, according the Spanish standard, as
the fertilizer with the lowest heavy metal concentration and assimilable N, P2O5, and
K2O content of 0.12%, 0.80%, and 1.01% for period I, and 0.20%, 2.33%, and 1.89% for
period II, respectively. However, this kind of fertilizer must be extensively studied before
being applied to different crops.
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Abstract: Hydrogen production from natural gas or biogas, at different purity levels, has emerged
as an important technology with continuous development and improvement in order to stand for
sustainable and clean energy. Regarding biogas, which can be obtained from multiple sources,
hydrogen production through the steam reforming of methane is one of the most important methods
for its energy use. In that sense, the role of catalysts to make the process more efficient is crucial,
normally contributing to a higher hydrogen yield under milder reaction conditions in the final
product. The aim of this review is to cover the main points related to these catalysts, as every aspect
counts and has an influence on the use of these catalysts during this specific process (from the
feedstocks used for biogas production or the biodigestion process to the purification of the hydrogen
produced). Thus, a thorough review of hydrogen production through biogas steam reforming was
carried out, with a special emphasis on the influence of different variables on its catalytic performance.
Also, the most common catalysts used in this process, as well as the main deactivation mechanisms
and their possible solutions are included, supported by the most recent studies about these subjects.

Keywords: methane; Ni-based catalysts; sintering; coking; poisoning; promoters; hydrogen; syngas;
catalyst support

1. Introduction

1.1. Biogas: Production, Characteristics, and Upgrading

In a global context where sustainability, green chemistry, and a circular economy are
highly demanded by society, companies, and governmental agencies (who are encouraging
the implementation of facilities to produce biomethane, for instance), the implementation
of green technologies is becoming more and more important to contribute to a lower
dependency on geopolitical changes or the energy market.

Thus, regarding the replacement of petrochemical products, whose treatment and
processing are equally unsustainable from an environmental point of view, the use of green
technologies could be an interesting alternative. In a sense, these practices could counteract
the abovementioned negative effects, influencing considerably the current energy and
geopolitical scenarios, which are always in constant evolution [1–3].

In this respect, the role of anaerobic digestion is gaining more and more importance,
as it is a very versatile technology where different feedstocks with different characteristics
can be used under different operating conditions that could be easily adapted to current
green policies and standards.

Indeed, a considerable increase in biogas production worldwide has taken place (it
has quadrupled in the last two decades), with Europe as the leading region with more than
50% of biogas global production and Germany with the most facilities for this purpose,
although there are still opportunities for the European biogas industry [4,5].
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In any case, due to its versatility by treating different wastes, this technology presents
a great opportunity for the implementation of green technologies all over the world,
especially in developing countries, where the management of some wastes is a challenge
and, equally, an opportunity.

In that sense, biogas production seems to be a promising and strategic sector in the
future energy scenario, and its consolidation in developed countries, as well as its possible
implementation in developing areas, is a clear example of the potential of this technology
in the near future.

As can be seen from Figure 1, biogas is produced by anaerobic bacteria that degrade
organic material to biogas in four steps: hydrolysis, acidification, the production of acetic
acid, and the production of methane.

Figure 1. Steps and products obtained during anaerobic digestion.

Initially, hydrolytic bacteria hydrolyze, that is, break down polymers (polysaccha-
rides, proteins, and lipids) into monomers (fatty acids, amino acids, alcohols, and sugars);
and solubilize the particulate material, and then fermenting bacteria ferment the result-
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ing monomers into a wide range of end products. The end products of the acidogenic
stage include acetic acid, hydrogen, and carbon dioxide. However, most of the products
are volatile fatty acids (VFA) with higher carbon numbers, such as propionate, butyrate,
and alcohols.

During acetogenesis, alcohols (ethanol) and volatile fatty acids (VFAs) like butyric
acids (VFAs) are converted into acetate by acetate-producing bacteria, obtaining hydrogen
and carbon dioxide as the main byproducts. This is an important process, as H2 and CO2
are reduced to acetate by homoacetogenic microorganisms, reducing excess hydrogen
that may negatively affect the performance of acetogenic bacteria. Low hydrogen partial
pressures (between 10.4 and 10.6 atm) are required for a suitable acetogenic reaction [6].
This is due to the fact that acetogenic bacteria can survive in a very-low-hydrogen-
concentration environment.

Conversely, an increase in H2 partial pressure may result in a lower acetate production
by acetogens. To ensure that low pressure is maintained during this stage, a mutually
symbiotic relationship between the acetogens and the hydrogenotrophic methanogens
should take place, so that acetogens can produce acetate that can be used as substrate
by methanogens [7].

Methanogenesis is a critical stage in AD, as in the case of hydrolysis. It has a major
impact on the AD process because approximately 70% of the methane used in AD is
generated. In this stage, carbon-dioxide-reducing and hydrogen-oxidizing methanogens
produce CH4 from H2 and CO2, whereas acetoclastic methanogens produce CH4 from
acetate [7].

Methanogens (Archaea) mainly use acetate, H2, and CO2 (also methanol, methy-
lamines, and formate to a lesser extent), to generate CH4 and CO2. These are the main
substrates for methanogenic bacteria to produce biogas, which consists of 50–75% CH4,
50–25% CO2, and lower amounts of N2, H2, and H2S, which has a negative effect on the
steam reforming of biogas, as explained in further sections.

In conclusion, methanogenesis indicates the extent of biological activity in an anaerobic
system and the state of digestion. The more methane produced, the more stable and efficient
the system is. Subsequently, in the context of this review, these steps are crucial to obtain a
high-quality biogas, which should have a high methane percentage in order to carry out
further upgrading processes in an optimized manner. Also, the presence of impurities (as
previously mentioned) could worsen the performance of biogas steam reforming, from a
catalytic point of view (for instance, through poisoning due to H2S) or the requirement of
purification steps once the biogas is processed (in order to obtain high-purity hydrogen,
for instance).

In a more complex context, biogas production is linked to multiple steps to valorize
this product through upgrading or energy use. As observed in Figure 2, biogas is obtained
through anaerobic digestion from different wastes, such as agricultural wastes, sewage
sludge, solid municipal waste, and manure, etc. [8–10]. In some cases, depending on the
properties of the feedstock, the co-digestion of several wastes can be recommended so
that some properties in biodigesters (such as acidity, organic matter, and the presence of
contaminants, etc.) are balanced to obtain a high biogas production [4,11,12]. In this stage,
biogas and digestate are obtained and usually reused as fertilizers or in other processes like
active carbon production through pyrolysis or hydrothermal carbonization. Depending
on the quality of the biogas (that is, moisture levels, methane content, and the absence of
hydrogen sulfide, etc.), this product can be used directly for energy purposes or undergo
upgrading (for further treatments such as steam reforming). In any case, even for energy
purposes (for instance, its direct use in stoves, gas engines, or its introduction in the natural
gas grid), this biogas upgrading could be recommended, which includes steps such as
drying (to remove moisture), depuration (H2S cleaning among other contaminants, such as
siloxane, CO, or NH3), and CH4 separation from CO2 [13,14].
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Figure 2. Scheme of processing chain from biomass to commercial products through biodigestion.

Once biogas is upgraded, with good enough quality for its use in further steps, its
treatment in processes such as methane steam reforming can be considered to produce a
gas phase enriched with H2, typically between 50 and 80%. In order to generate a gas with a
higher range of purity in hydrogen, a further purification step is needed, such as membrane
reactors or pressure swing adsorption. If these are used, high-purity hydrogen (normally ex-
ceeding 98%) is obtained, with subsequent use in energy production or chemical synthesis
(for instance, production of ammonia, methanol, hydrogen peroxide, acetic acid, aldehydes,
dyes, hydrochloric acid, polyols, nylon, and polyurethane, etc.) [15]. Otherwise, a mixture
of hydrogen with CO (which constitutes synthesis gas), among other components, can be
obtained, which could be suitable for further processes such as Fischer–Tropsch synthesis
to produce liquid fuels, among others [16,17]. It should be noted that biogas production
and treatment offer a wide variety of opportunities (see Figure 2) for research and compa-
nies, including the aim of our review work, that is, biogas steam reforming and the use
of catalysts.

It should be noted that the technologies applied to biogas are not limited to those
observed in this figure, as further treatments of the derived products might be carried
out. Regarding the subject of this review, two factors should be considered according to
biogas processing:

• The role of catalysts is present in many aspects of biogas processing (specifically
heterogeneous catalyst) when it comes to energy production (for instance in Fischer–
Tropsch or steam reforming processes, the main topic of this review).

• In addition, many stages related to biogas can present an influence on catalytic per-
formance in biogas steam reforming. For example, digestate can be transformed into
active carbons, which can be used as additives for a better biogas production or biogas
upgrading (with mercaptans or H2S removal, for instance, as they are toxic and corro-
sive components). In turn, it can present a positive effect on catalytic steam reforming
(as H2S provokes poisoning and the subsequent deactivation of catalysts) [18,19].
Another example would be the use of membrane reactors to improve hydrogen yield
during steam reforming, with the subsequent improvement in methane conversion.
Many of these aspects (with a considerable influence on the catalytic steam reforming
of biogas) will be covered in this review in following sections.
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Considering the fact that, for every industrial process, the role of economics is essential,
the valorization of some by-products or wastes during biogas production and treatment is
important to make every process involved as efficient (and feasible) as possible, as it will
be discussed in following sections.

1.2. Hydrogen Production from Methane (or Biogas) Steam Reforming

Hydrogen production is a perfect example of green chemistry, contributing to the tran-
sition to more renewable energies and the sustainable growth of population
areas [20,21]. Pure hydrogen, as well as syngas (a mixture of hydrogen with CO), have
been gaining importance recently, as they can be used as an energy carrier or in interest-
ing industrial processes, like methanol synthesis (or more complex compounds) through
Fischer–Tropsch reactions [22,23].

There are different chemical routes to produce hydrogen, such as thermochemical
water decomposition, electrolysis, coal gasification, or fossil fuel reforming [21]. One of the
main chemical routes to produce hydrogen or syngas from natural gas or biogas is methane
steam reforming, which has been widely studied across the board, as explained in following
sections. However, in many cases, it presents some advantages and disadvantages, as
observed in Table 1 in a comparison with dry reforming. In the case of steam reforming,
depending on feeding, operating conditions, or further/consecutive steps like the use of
membrane reactors or pressure swing adsorption, different purity levels of hydrogen can
be obtained [24].

Table 1. Advantages and disadvantages of SRM and DRM [25–27].

Methodology Advantages Disadvantages

SRM Very developed industry, high
H2/CO ratio, O2 is not required.

High temperatures required, high
energy input, high CO2 production,

requirement of catalyst regeneration.

DRM
Syngas produced can be useful for

downstream processes like
Fischer–Tropsch.

Promotion of coke deposition on
catalyst, reducing its activity.

From a chemical point of view, the steam reforming of methane (see Equation (1)) is
an endothermic reaction that usually takes place at high temperatures, between 750 and
950 ◦C, and a wide range of pressure (5–20 bar) [25].

CH4 + H2O ↔ CO + 3H2 ΔH0
298 = +206 kJ/mol (1)

With an enthalpy of 206 kJ/mol, reforming is a highly endothermic process. Conse-
quently, a significant amount of external energy is required to carry it out. For this reason,
the most common process takes place in a tubular reactor inside a furnace that provides
the energy required for the reaction, with the subsequent economic costs.

Equally, a water–gas shift reaction (WGS) (see Equation (2)) can simultaneously take
place. This way, both chemical reactions contribute to a higher yield in hydrogen production
and, subsequently, a higher hydrogen concentration in the resulting gas.

H2O + CO ↔ CO2 + H2 ΔH0
298 = −41 kJ/mol (2)

This exothermic reaction occurs at low rates in the reforming reactor, which explains
the presence of CO2 at the outlet of the reforming process. High carbon dioxide levels are
undesirable from an environmental point of view, and different aspects such as catalyst
design and consecutive separation processes. There are other possible side reactions,
like a direct reaction between CH4 and CO2, CH4 and CO, and methane decomposition,
etc. These side reactions are more abundant if heterogeneous catalysts are used in the
process [28,29]. The production of H2 depends on the equilibrium of the reforming and
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adjustment reactions (Equations (1) and (2)), and it can be maximized with low pressures,
high temperatures in reforming, and a high excess of steam [30,31].

Regarding pressure, it usually presents two contrary effects. Thus, high pressure pro-
motes the interaction of molecules, whereas high pressure would shift the chemical balance,
especially in methane steam reforming (Equation (1)) towards the reagent generation. That
is the reason why the optimization of this parameter is necessary, considering the rest of
the chemical conditions.

On the other hand, the amount of steam to be added to the feed is quantified by the
steam to carbon (S/C) ratio, which represents the moles of steam introduced per mole of
carbon in the hydrocarbon stream. This ratio takes values between 2.5 and 6 depending
on the feed and process optimization conditions. High values of the S/C ratio promote
H2 formation while preventing catalyst deactivation due to carbon deposition, which is
favored at low S/C ratios. However, there is a limitation on the maximum amount of steam
that can be introduced, both from an energy penalty perspective, as it represents steam that
will not generate power, and from an economic standpoint, as the investment cost increases.
When the feed is natural gas, it is common to work with S/C ratios around 2.5–5.

Obviously, the physicochemical characteristics of biogas are essential for understand-
ing the global performance of steam reforming. As observed in Table 2, depending on
the kind of feedstock, the biogas composition might be different, although some general
similarities are observed.

Table 2. Biogas composition (from different feedstocks).

Feedstock CH4, % CO2, % H2S, % N2, % H2, % O2, % CO, % NH3, ppm Reference

Agricultural
waste 45–80 20–50 0.3–1 0–1 0–2 0–1 0–1 100 [32–35]

Industrial
waste 50–70 30–50 0.8 0–1 0–2 0–1 0–1 0 [32,36]

Landfill 30–80 20–50 0.05–0.1 0–3 0–5 0–3 0–1 5 [32,34,36,37]
Sewage
sludge 58–75 19–33 0.1–0.9 0–1 - - - - [34,35,38]

Slurry 40–62.3 58.7–37.7 - 0–13.9 0–1.4 0–1 - - [33]

In general, biogas contains between 45 and 80% CH4 and around 20–60% CO2, in-
cluding other secondary compounds such as H2O or N2 and residual percentages of
H2S and H2, among others. Biogas composition might vary depending on many dif-
ferent factors (mainly due to feedstock heterogeneity on account of the sampling date,
but also due to changing anaerobic digestion conditions), but the majority component is
methane, which could be the starting point to produce hydrogen through steam reforming,
among other processes.

Consequently, the methane content in the final biogas will determine its further
uses or treatments. In that sense, as explained in the literature, the use of methane as
a hydrogen carrier could be an interesting alternative for hydrogen storage, which is
difficult or expensive (implying the use of costly technologies such as liquefaction and
compression) [39]. In that sense, it is important to note that the catalyst for reforming can
be deactivated by the presence of certain contaminants in the gases entering the reformer
(sulfur, copper, vanadium, and lead, etc.).

In particular, hydrogen sulfide content deserves a special mention, as it will imply
a negative effect on the catalytic performance of biogas steam reforming, drastically af-
fecting the catalyst’s activity, even at very low concentrations (ppm). Therefore, it is
common to use prior desulphurization systems based on activated carbons as adsorbents at
room temperature.

175



Catalysts 2023, 13, 1482

1.3. Catalytic Biogas Steam Reforming in the Literature

Apart from the obvious industrial development of methane steam reforming (SRM),
including those gases (like biogas) with a considerable amount of this compound, there
has been an increase in the scientific interest in this subject in the last two decades [40].
Figure 3 shows the main trends observed in the literature for the search criterion “biogas
steam reforming catalyst”.

Figure 3. Articles published over the past two decades (a) and the main scientific fields of the journals
where they were published (b) [41]. The search keywords were the following: “Catalyst” and “steam”
and“reforming” and “biogas”.

As observed in Figure 3a, there was an increasing trend in published articles related
to the subject of this review, that is, the catalytic steam reforming of biogas. In that sense,
especially from 2010, this increase was steady, whereas there was an exponential growth in
the 2020–2022 stage, reaching up to 243 published articles in 2022. These figures confirm
the increasing interest in this subject by the scientific community, where this subject has
attracted the attention of diverse scientific fields (reflected in Figure 3b, including the
main fields of the journals where articles devoted to catalytic biogas steam reforming were
published). Thus, and as expected, energy was the field with most journals, pointing
out the relevance of the products obtained during biogas steam reforming. Nevertheless,
other fields like chemical engineering were equally important, as the implementation of
new catalytic approaches at an industrial scale is vital in technologically advanced and
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mature industries. Also, materials science and chemistry are important in this sense, as the
characterization of catalysts and the understanding of their main action mechanisms are
important for understanding their effectiveness and durability during steam reforming.
Finally, and not least, fields like environmental sciences and engineering (the latter related
to the objectives explained for chemical engineering) are of interest in this review subject,
as methane conversion to hydrogen and syngas could be a suitable way of reducing
environmental impact (especially related to the greenhouse gas effect), pointing out the
sustainability of this process.

There are numerous reviews on this subject among these articles published since
2000 [42–44], which have focused on several aspects such as methodologies, technologies,
general processes, and catalysts, etc. Regarding research papers, according to Table 3,
where the most cited articles about this subject are included, it should be noted that they
are relatively new articles, proving the interest in this subject by the scientific community.
In any case, only articles considering the main keywords in the title were included, as
there are plenty of works (including reviews) that deal with this subject, requiring a stricter
search criterion to obtain these results.

Table 3. Top 10 cited articles with the following search criteria for the title: catalyst and biogas and
steam and reforming (source: [41]).

Ref. Title Authors Year Citations

[45] Catalyst development for steam reforming of
methane and model biogas at low temperature

Angeli
et al. 2016 122

[46]

Experimental study of model biogas catalytic
steam reforming: 2. Impact of sulfur on the
deactivation and regeneration of Ni-based
catalysts

Ashrafi
et al. 2008 82

[47]
Deactivation and regeneration of Ni catalyst
during steam reforming of model biogas: An
experimental investigation

Appari
et al. 2014 79

[48]
A detailed kinetic model for biogas steam
reforming on Ni and catalyst deactivation due
to sulfur poisoning

Appari
et al. 2014 75

[49]

Influence of Ce-precursor and fuel on
structure and catalytic activity of combustion
synthesized Ni/CeO2 catalysts for biogas
oxidative steam reforming

Vita et al. 2015 53

[50]

H2 production from sorption enhanced steam
reforming of biogas using multifunctional
catalysts of Ni over Zr-, Ce- and La-modified
CaO sorbents

Phromprasit
et al. 2017 45

[51]

Activity and stability performance of
multifunctional catalyst (Ni/CaO and
Ni/Ca12Al14O33-CaO) for bio-hydrogen
production from sorption enhanced biogas
steam reforming

Phromprasit
et al. 2016 39

[52]
Bio-hydrogen production by oxidative steam
reforming of biogas over nanocrystalline
Ni/CeO2 catalysts

Italiano
et al. 2015 39

[53]
Syngas production by steam and oxy-steam
reforming of biogas on monolith-supported
CeO2-based catalysts

Vita et al. 2018 38

[54]

Steam-biogas reforming over a
metal-foam-coated (Pd-Rh)/(CeZrO2-Al2O3)
catalyst compared with pellet type
alumina-supported Ru and Ni catalysts

Roy et al. 2015 34

If the most cited authors with research work about catalytic biogas steam reforming
are considered (see Table 4), some interesting remarks can be made, like the following:
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• They have contributed with at least 30 articles each about this subject, which proves
the endless possibilities of catalytic biogas steam reforming.

• Most authors are reputed scientists, with a h index from 30 to 76 and many citations.
The fact that such prestigious scientists have dealt with this field to a certain extent
proves its relevance in the scientific community.

• As expected, these authors are equally focused on other subjects and fields (with a
considerable percentage of published articles about the subject of this review), pointing
out the multidisciplinarity of their research teams, which could enrich the research in
this field.

Table 4. Top 10 cited authors with the following search criteria: catalyst and biogas and steam and
reforming (source: [41]).

Author Name Citations
Published

Articles about
This Subject

Total Articles h Index

Kawi, S. 21,760 62 421 76
Goula, M. A. 4222 44 106 36
Charisiou, N. D. 2990 41 88 30
Polychronopoulou, K. 7204 40 197 50
Chen, W. H. 24,413 39 598 83
Rezaei, M. 8326 38 250 51
Park, Y. K. 21,486 38 835 67
Fakeeha, A. H. 3145 38 162 31
Assabumrungrat, S. 9287 38 431 47
Haghighi, M. 9621 37 276 57

If the published articles about biogas steam reforming are arranged by country, an
interesting outlook on scientific works can be found. Thus, as observed in Figure 4, there is
a relatively homogeneous distribution of published articles about biogas steam reforming
worldwide, with countries like Italy (83 articles) or China (53 articles) leading. Even though
Europe has been traditionally focused on biogas upgrading, there are other regions like
America and Asia where the role of this research is also representative. Equally, some works
from African countries have been devoted to this subject, which could be an encouraging
starting point for the implementation of these technologies on this continent.

 

Figure 4. Worldwide distribution of published articles about this subject. Search criteria: biogas and
steam and reforming [41].
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Finally, taking into account the relationship between the keywords of the works
dealing with the use of catalysts in the steam reforming of biogas, interesting findings can
be found, as observed in Figure 5:

Figure 5. Keyword co-occurrence map based on Scopus, obtained by VOS Viewer. Search criteria
used: catalyst and biogas and steam and reforming (7688 documents in total) [41].

Thus, five interesting clusters can be found (represented in different colors), which
cover every aspect intended to be included in this review work, like the following:

• Red cluster: it is mainly focused on feedstocks for biogas generation (biomass, mu-
nicipal solid waste, and sewage sludge, etc.), as well as biogas production through
anaerobic digestion.

• Yellow cluster: focused on reaction mechanisms, methane conversion, and flow control,
etc. In that sense, this is the most interesting cluster for engineering purposes.

• Blue cluster: the main subjects included in this cluster are steam reforming, water gas
shift, fuels, energy efficiency and storage, operating conditions, thermodynamics, gas
emissions, and economic analysis, among others. It is similar to the previous cluster
but focused on energy conversion.

• Green cluster: mainly devoted to catalysts, where the role of nickel (and cerium, among
other promoters) as an active phase and alumina and silica as supports seems to be
important. Also, some factors such as particle and pore size or reaction temperature
are relevant, which are vital to increasing the useful life of catalysts (avoiding carbon
deposition or sintering, terms included in this cluster too). In other words, this is the
cluster where everything about catalysts is covered.

• Purple cluster: as in the previous case, it is mainly focused on catalysts and some
inhibitory effects such as carbon deposition and the corresponding properties of the
catalysts to avoid it to a certain extent (coking resistance). In that sense, the role of
yttrium seems to be important.
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In that sense, as explained in this figure, most of the main aspects covered by these
clusters will be included in this review, which points out the interrelation of many subjects
(from feedstock to catalyst characterization or from energy efficiency to catalyst activity, for
instance) and proving the interest in this field.

1.4. Aim of This Review

According to the above, the aim of this review work was to carry out a review of
biogas steam reforming, especially focused on catalytic conversion to obtain hydrogen.
Thus, the following points will be covered:

• Biogas production in context, including the main feedstocks and innovative technolo-
gies for improving methane yield and quality, which is essential for better perfor-
mances of catalysts during steam reforming.

• Biogas steam reforming and the main factors affecting its performance, which can be
improved by the use of catalysts and, at the same time, can affect the performances of
catalysts in some respects.

• The role of catalysts in biogas steam reforming, including the main catalysts used, the
foundations, mechanisms, and main deactivation processes (and how to avoid them
or, at least delay them).

• The main techno-economic analyses and patents carried out on this subject, paying
attention to the role of catalysts.

Thus, a thorough review was carried out, which aims to clarify the role of catalysts in
biogas steam reforming and all the details affecting their performance, paying attention to
the research carried out in the last five years.

1.5. Scope and Bibliometric Analysis

In order to carry out this review work, Scopus was investigated for all entries in
the literature on the topics of biogas (including keywords such as catalysts and steam
reforming) for the last 20 years, with special attention to the last 5-year period (2018–2023),
where there has been a considerable increase in published papers and innovative research
in this field. The search, which was made from May to October 2023, returned 6968 results,
from which up to 281 articles were considered for their inclusion in this work, including
the information of about 148 published works (mainly research works, reviews, and, to a
lesser extent, proceeding papers and patents) in the final paper.

2. Use of Catalysts in Biogas Steam Reforming

As briefly explained in the previous section, the role of catalysts in steam reforming in
general, and in methane or biogas (whose majority compound is methane) in particular, is
essential for the implementation of a competitive technology at an industrial level.

2.1. Main Considerations

In general, the catalyst is located inside a tubular reactor, which can be arranged as
a fixed or fluidized bed. The most studied/used configuration is the fixed bed, due
to its simplicity and reproducibility, However, it is possible that the deactivation in
this configuration is higher than that of the fluidized bed [55], because carbon deposi-
tions (between catalyst particles/pellets) are less prevented as the catalyst is immobile.
To highlight the recent appearance of new types of reactors in this type of reactions, the
photo-thermal ones [56], which can reach H2 production velocities of 17.4 μmol s−1 with an
STH efficiency of 22.5% and CO selectivity of 1% in the optimal design under concentrated
light irradiance of 16 kW·m−2 in the lab, these reactors are positioned as an alternative to
be developed to solve the great disadvantage of energy input.

When studying SMR, it is important to keep in mind that the diffusion of feed biogas
and water is homogeneous. For this, the water feed can be performed in liquid form and
vaporize inside the reactor, a fact that can lead to a gradient in the concentration of water
along the catalytic bed. Another way to introduce water is in the vapor phase, a fact that

180



Catalysts 2023, 13, 1482

implies having a vaporizer and a steam flow controller prior to entering the reforming
reactor, in addition to avoiding condensation in the steam conduction.

What is perhaps one of the most influential parameters in the effectiveness of the
reforming process is the activity of the catalyst. The order of catalytic activities on active
metals for SRM has been reported: Rh > Ru > Ni > Ir = Pd = Pt > Co > Fe. In addition, other
studies have calculated the TOF in DRM for various metals and showed that the order
differs for Al2O3 support and SiO2 support. The order of TOF of the methane reaction rate
on each support is presented below [57]: Ni > Ru > Rh, Ir (SiO2 support); Rh > Ni > Ir > Pt,
Ru > Co (Al2O3 support). Recent studies have assessed the activity of several composite
structured catalysts, showing the following decreasing activity: Rh > Ru > Pt > Ni [58].
In any case, for SRM and DRM, it is common to use Ni catalysts, which are active and
inexpensive, supported on metal oxides such as Al2O3, which have a high heat resistance.

Generally, the catalyst consists of an active phase dispersed on a support. The active
phase in catalysts for biogas reforming is commonly composed of nickel, whereas the
support is usually an aluminosilicate. These materials are normally used due to their
catalytic activity, resistance to operating conditions, commercial availability, and versatility.
Within aluminosilicates, many types can be found commercially, and in different forms, like
powder, spheres of various sizes, and pellets, etc. This variety allows for a great adaptability
to the type of reactor, since it is possible to adjust some parameters such as the contact time,
charge loss within the reactor, and deactivation, etc. In the following sections, these aspects
will be covered.

2.2. Kinds of Catalysts and Their Preparation

Different catalysts can be used in biogas steam reforming, like the following [59]:

• Monometallic catalysts: they are mainly Ni-based catalysts, which are very popular in
the literature due to their great catalytic activity and relatively low cost compared to
other equivalent catalysts. However, they have some negative effects (which will be
explained in detail in following sections) during steam reforming, such as deactivation
due to coke deposition or poisoning.

• Catalysts with promoters: the abovementioned catalysts can be considerably improved
by adding promoters (such as B, Ir, La, or Mg) that can help to improve the global
performance during SRM thanks to the improvement of metal–support interaction or
the ability to promote a higher dispersion compared to traditional catalysts. Recent
works point out the relevance of adding some promoters (La and Mg) to typical
Ni/Al2O3 catalysts, in order to improve their catalytic performance. Thus, these
additives improved the stability and dispersion of the active phase, with a better
deactivation resistance [60].

• Bimetallic or polymetallic catalysts: to avoid deactivation derived from sintering
or coke deposition, the use of combined metallic catalysts could present a positive
effect. Bimetallic catalysts are mainly based on Ni or Co combined with noble metals,
non-noble metals, or metalloids, whereas polymetallic catalysts are combinations of
different metals, like: Ni, Cu, and Zn; Ni, Co, and Ce; and Ni, Ru, and Mg. These
combinations can present not only additive, but synergistic effects [30,61].

The main characteristics of these catalysts will be explained in further detail in the
following sections, paying attention to different factors such as the catalyst support, active
phase, and the interaction between them, which will determine the catalytic performance
during methane or biogas steam reforming. For instance, the activity of the resulting
catalyst and its resistance to sintering will vary depending on the use of different promoters.
In that sense, the preparation of a certain catalyst is vital to understanding some of the final
properties of this product. There are different ways to prepare catalysts for this purpose,
such as impregnation, co-precipitation, and the sol–gel method.

In the impregnation method (Figures 6 and 7a), a precursor solution is combined with
an active solid support phase, and then the solvent is removed by drying. In the application
of this method, the solid and the solution are contacted in two ways: wet impregnation (WI)
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and incipient wet impregnation (IWI) (see Figure 6). In addition, there are dual mechanisms
depending on the impregnation method used. WI involves a diffusion process, whereas IWI
uses a capillary action method that allows the solution to penetrate pores in the support.

Figure 6. Different stages for catalyst preparation, including images of the most representative ones:
(a) catalyst support; (b) wet impregnation with a Ni solution; and (c) calcination.

In wet impregnation, an excess solution is used which is separated from the solid by
drying for a certain period of time. During the diffusion process, the composition of the
solution changes, forming a residue of impurities and releasing heat due to adsorption in a
short time interval. The wet impregnation method is effective for the preparation of the
metal catalysts used in methane reforming processes, achieving a high yield and catalyst
microstructure. This is the reason why this is the majority catalyst preparation according
to the literature. However, a drawback of this method is sintering, especially on catalysts
with high oxide loading. In wet impregnation, the metals are dispersed on the surface
because the precursor is distributed on the support. This results in high use rates but a low
dosage of active metal on the surface, which can result in a non-uniform dispersion of the
catalysts [62].

Impregnation by incipient wetting, also known as dry or capillary impregnation, is a
method in which the pore volume of the active phase/support is approximately equal to or
slightly larger than the volume of the solution. To explain the mechanism of the capillary
action of the incipient wetting impregnation method, several reactions occur at different
rates. The selective adsorption of charged or uncharged species occurs via H-bonds, van
der Waals, or Coulomb forces. Ions are then exchanged between the electrolyte and the
charged surfaces, resulting in the polymerization/depolymerization of the ions deposited
on the surface. This is followed by the partial dilution of the solid on the surface. After the
impregnation of the catalyst into the solid support/active phase, drying and calcination
(at different temperatures according to the nature of the active phase) are performed to
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obtain the desired catalyst material. The products of the impregnation processes are highly
dependent on the precursors used, and the parameters that can influence the final mixture
include the pH of the solution, the type of solvent, the concentration, and the nature of the
dissolved solids [63].

 

Figure 7. Main steps for different catalyst developments: (a) impregnation; (b) precipitation; and
(c) sol–gel.

183



Catalysts 2023, 13, 1482

Co-precipitation (Figure 7b) is a versatile method that can be applied to the synthesis
of simple, mixed, or supported catalysts [62,64]. Coprecipitation, often referred to as the
“one-pot method”, is a conventional approach for synthesizing catalysts in the context of
methane steam reforming. The formation of metallic precipitates occurs from oversaturated
solutions of their salts. Consequently, all precipitation methods share common components,
specifically a soluble source of divalent or trivalent cations and a strong base, such as
sodium hydroxide (NaOH), which promotes the precipitation of ions. This process involves
mixing metal salts in an aqueous phase with alkaline solutions, resulting in the formation
of insoluble metal hydroxides and/or carbonates. During the combination stage, reaction
parameters such as temperature, evaporation, salt concentration, and pH stimulate the
precipitation process.

These parameters can modify the growth and size of crystallites. The precipitation
method consists of five steps: dissolution, precipitation, filtration, drying, and calcina-
tion. During the dissolution stage, the active-phase precursors (in salt form) dissolve or
hydrolyze in a medium (normally water) to obtain hydroxides in a homogeneous solution.
Subsequently, filtration and drying steps are needed, allowing the solids to filter and dry at
the boiling temperature of the medium. The dried sample is then crushed, and a binder
is added. The appropriate binder is selected to promote easy conversion into vapor and
CO2 during calcination and the subsequent activation. The calcination stage uses air (at an
optimal temperature) to convert the material from its hydroxide or salt form into oxides.
Several publications have resorted to the precipitation method to synthesize the catalyst
support, and the catalyst for methane reforming processes [65–68].

The sol–gel method (Figure 7c) presents a different approach to prepare new materials.
Conventional sol preparation involves the hydrolysis and condensation of metal precursors,
resulting in a colloid suspension comprising various systems. Colloids are generated when
one phase disperses into another, and the dispersed molecules have a dimension between 1
nm and 1 μm [62]. Depending on the kind of solvent, there are two pathways for using the
sol–gel method: the aqueous sol–gel method, which refers to the use of water in the reaction,
and the non-aqueous sol–gel method, which refers to the use of an organic solvent. In the
aqueous method, O2 from water decomposition is necessary for metallic oxide formation.

This method is advantageous due to the high affinity of most precursors for water.
However, the main reactions (hydrolysis, condensation, and drying) occur simultaneously,
making it difficult to control the particle morphology and process reproducibility. However,
this disadvantage is insignificant when preparing metal oxides in bulk.

Thus, the aqueous method can be utilized for preparing bulk metal oxides as opposed
to small-scale preparation [69]. In the non-aqueous method, also known as the non-
hydrolytic method, the required O2 is provided by solvents (like ketones and alcohols) or
metal precursors. The organic solvent also contributes to modifying the process to refine
the final properties of the material, such as the morphology, particle size, temperature,
and humidity.

Most sol–gel processes use tetraethoxysilane (TEOS) in an aqueous solution, which
forms SiO2. This hydrolytic medium is required for hydrolysis and condensation reactions
to occur. Hydrolysis is a chemical reaction where silanol (Si-OH) is generated from the
reaction between water and an alkoxide (Si-OR), such as TEOS. Si-OH and Si-OR are respon-
sible for the subsequent condensation reactions in the process, resulting in the formation of
siloxane in a complex system of competition between hydrolysis and condensation during
the intermediate steps of the sol–gel process [70].

Furthermore, the influence of acidic and basic conditions should be considered, as they
compete and have their respective peculiarities. The acidic route allows for the syntheses
of more branched compounds, whereas the basic route allows for the production of more
spherical and compact materials. These parameters are defined around the point of zero
charge (PZC), which is determined by the material’s structure and porosity. The pH range
of silica is between 1.5 and 4.5, and the condensation of silica species has a limited influence.
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Pechini [71] patented a preparation method that adopted the principles used in the
sol–gel method with modifications, which employs small molecules and chelating ligands.
Initially, a homogeneous solution of metal/citrate complexes is formed in the method and
the mixture is then converted into a covalently bonded polymeric matrix, thereby trapping
the metal ions. The principle of the Pechini method is to slow down the thermal decom-
position of the organic structure to control the resulting material. The primary reaction
in this method is the transesterification that occurs between ethylene glycol and citric
acid [72]. The Pechini method offers some benefits, including its simplicity, independence
from process conditions due to the resulting material’s ion positivity, and the use of a low
temperature for precursor treatment, resulting in complete sintering elimination. However,
its drawbacks involve the use of toxic ethylene glycol and a significant amount of organic
reagents per mass unit [62].

There are other preparation methods that provide interesting catalysts, such as ion
exchange, plasma synthesis, or the combination of solution combustion synthesis (SCS)
with the wetness impregnation (WI) technique, offering high activities in Rh-based catalysts
under typical SR operating conditions [53].

It should be noted that catalytic performance is highly influenced by the preparation
method, as the catalyst dispersion and interaction with the support depend on the corre-
sponding procedure, as observed in dry reforming [73]. Consequently, these methods aim
to obtain a catalyst with specific characteristics, as explained in the following subsection.

Firstly, the selection of a suitable catalyst support is essential due to its surface charac-
teristics, but also on account of its thermal or mechanical resistance. Also, strong interac-
tions with the active phase are desired to delay deactivation processes.

Second, the active phase will play an essential role in biogas steam reforming, promot-
ing this reaction, as explained in detail in following sections. In that sense, the distribution
of this phase on the catalyst support is important, which will be determined by the sur-
face characteristics of the support (pore size distribution) and the preparation method.
For instance, in impregnation processes, the concentration of the active-phase precur-
sor in the dilution will determine the final distribution of the active phase to a greater
extent, as high concentrations could promote the agglomeration of the active phase, ob-
taining bigger active sites that usually imply a decrease in the surface area of the final
catalyst, with a subsequent lower CH4 conversion. On the other hand, lower concentra-
tions would imply fewer active sites on the surface, which would decrease the hydrogen
production. In a sense, an intermediate solution is suitable, taking into account the pore
volume of the support and the concentration of the precursor required to cover the surface,
avoiding agglomeration.

Finally, the use of bimetallic, trimetallic, or polymetallic catalysts is also advisable to
complement the characteristics of typical active sites such as Ni. Also, the use of promoters
(who are not directly involved in catalytic activity, but contribute to a suitable performance)
is necessary, in order to promote a strong interaction between the active phase and the
support. In this sense, the introduction of these components could change the development
of the catalyst, as observed in Figure 6 in the case of impregnation, where successive steps
should be carried out to introduce the promoter.

2.3. Characteristics of Catalysts

One of the key factors concerning the catalytic steam reforming of biogas is the
main characteristics of the catalyst used. As in any field where catalysts are used, their
properties should be perfectly adapted to the requirement of the corresponding conversion
process. In this case, concepts such as the support (including shape or geometry), active
phase (including the interaction with the support, which will determine the sintering or
coke deposition resistance), or surface area should be taken into account, as observed
in further subsections. It should be noted that the interaction between the active phase
and the support is essential for understanding the catalytic performance during biogas
steam reforming, as it will determine the resistance of the final catalyst to some factors
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such as poisoning, carbon deposition, or sintering, among others. Also, the combination
of multiple metals in the active phase could improve some properties in the resulting
heterogeneous catalyst, especially concerning some factors such as a longer useful life or
selectivity towards hydrogen production.

2.3.1. Catalyst Support

The support plays an important role in a suitable catalytic design, as it holds the active
phase where the catalytic conversion will take place. In that sense, concerning biogas steam
reforming, the nature of this support (normally alumina or silica), its porosity, mechanical
resistance, and geometry will allow for a maximum interaction of the gas phase with
the solid catalyst, depending on operating conditions such as flow rate and pressure, etc.
Figure 8 shows the different shapes of the catalyst supports used for these purposes, with a
great interest in spheres and hole catalysts, according to the literature. In any case, other
shapes are equally used, proving the versatility of catalytic steam reforming.

 

Figure 8. Different shapes of catalyst supports: (a) amorphous pellets; (b) extrudates (solid, hollow,
trifolium, and quadrifolium, etc.); (c) sphere carriers, including holes; (d) hollow supports, with
single hole cylinders, ribbed cylinders or with multiple holes; and (e) ceramic foam.

As commented in previous subsections, and according to Table 5, impregnation and
co-precipitation seem to be the most popular ways of preparing catalysts for methane steam
reforming, offering a wide range of surface areas, from around 100 to 500 m2/g.
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Table 5. Catalysts for SRM, with typical supports and BET surface area.

Catalyst Preparation BET Surface, m2/g Use Reference

Ni/Al2O3 (10%)

Co-impregnation
with cobalt on
mesoporous

alumina

103.84 SRM [74]

Ni/Al2O3 (20%) Impregnation on
alumina spheres 188.80 SRM [75]

Ni/Al2O3 (13%) Co-impregnation
with cobalt 171.20 SRM [76]

Ni/C
Impregnation on

commercial
activated carbon

516 SRM [77]

Ni/Mg-Al and
Ni/La-Al Co-precipitation 233 and 215 SRM and DRM [60]

Also, there are other alternative supports, like CeO2, which contribute to a better
catalytic activity. Recent studies have carried out the combined steam and dry reforming of
biogas using a Ni/CeO2-Al2O3 catalyst with a bimodal porous structure. When the CeO2
concentration was 5%, a great catalytic activity was found, thanks to the more intimate
contact with alumina and the higher metal–support interaction, preserving it from carbon
deposition by 70% [78].

These differences in shapes offer a wide range of SRM conditions. In any case, the
maximum interaction between biogas and catalyst is highly desired, trying to avoid the
free passage of gas as much as possible. Also, another aspect to be taken into account is
the surface of the supports, as it plays a vital role both in catalyst preparation and their
corresponding final performance.

Thus, the pore size distribution of different supports (see Figure 9 for different ex-
amples in SEM images) can influence the impregnation of active phases during catalyst
preparation, whereas the performance of the final catalysts and (including some processes
such as coke deposition or sintering) is highly determined by the pore size, whose profile
should be selected to favorize a long useful life of the catalyst.

Equally, there are other characteristics of the support that should be considered, like
its thermal and mechanical stabilities, which are essential in biogas steam reforming for
different reasons. Firstly, due to the high temperatures taking place in this process, thermal
stability is an ideal prerequisite to avoid surface or even structural changes in catalysts
due to thermal shocks. Also, mechanical stability is important to avoid catalyst breakup
due to different factors such as friction or high pressures, reducing the amount of detritus
within the reactor and subsequent blockages. In that sense, the use of resistant materials
like Al2O3 or SiO2 is common, whereas other catalysts based on carbonaceous materials
could present some challenges in that regard.

In this regard, innovative works have been carried out where the role of the support is
essential. For example, metal-foam-coated Pd–Rh catalysts with variable CeZrO2–Al2O3
support compositions were used in biogas steam reforming, resulting in higher CH4
conversion with the extent of CeZrO2 in the catalyst, a decreasing H2/CO ratio, suppressed
coke deposition due to oxygen storage, and an improvement in oxygen reducibility, with
an improvement in resistance to the deterioration of surface area, pore structure, and
active-phase dispersion [79,80]. Mesoporous catalysts prepared via a reverse precipitation
method, Ni2xCe1−xO2 (x = 0.05, 0.13, 0.2), were compared with a commercial catalyst (R67),
obtaining a higher H2/CO ratio and excellent activity [81].
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Figure 9. SEM images of a sphere catalytic support (a) and its surface (b), and comparison with other
different surfaces: dried sewage sludge (c) and pyrolyzed sewage sludge (d).

2.3.2. Active Phase

Generally, catalysts consist of an active phase, usually a noble metal or acid/base site,
deposited and dispersed on a porous support such as alumina, silica, or other material.
The solid catalyst’s active phase has a high affinity for molecules of specific reactants.
Initially, the molecules chemically attach themselves to the active surface before reacting
each other. This way, the activity of catalysts is normally proportional to the number of
active sites on the surface. In the case of metal-supported catalysts, the active sites are
represented by the exposed metal surface.

Nickel (a transition metal) is commonly used as an active phase in SRM processes
due to its availability, low cost, and high activity. However, due to sintering and coke
deposition, Ni-based catalysts are subject to rapid deactivation [82].

In addition to nickel, noble metals such as rhodium (Rh), ruthenium (Ru), palladium
(Pd), platinum (Pt), and iridium (Ir) show promising potential as candidates for SMR
due to their exceptional catalytic abilities and resistance to carbon deposition. Several
experimental and numerical studies have reported that the catalytic activity of noble metals
could be ordered as Rh∼Ru > Ir > Pt∼Pd [30].

It is important to consider different factors to make the addition of an active phase
efficient. This way, catalysts with high activity, low concentrations of active phase, and
subsequently high dispersion are desirable for carrying out high conversions in biogas
upgrading into syngas. For this purpose, recent studies have proven different Ru-based
catalysts (with different supports), with Ru/MgO showing an excellent catalytic perfor-
mance in the bi-reforming of model biogas due to Ru dispersion with an ultra-small particle
size [83]. Consequently, the use of nanoparticles seems to offer a promising outlook in
this field. Also, the role of multi-metallic active phases is important for obtaining spe-
cific and interesting properties, as in the case of poisoning resistance. Thus, a catalyst
(NiCeSnRh/Al2O3) was used in the bi-reforming of biogas, offering a high resistance to
sulfur compounds [84].
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2.3.3. Advantages and Disadvantages

There is such a wide range of catalysts that can be developed that it is difficult to
cover the advantages and disadvantages related to their use. Nevertheless, there seems to
be some common patterns, mainly to do with the active phase, which, in many cases, is
the main limiting factor when it comes to producing an economically feasible catalyst. In
that sense, the role of catalyst in techno-economic assessments in biogas steam reforming
is important, as explained in the corresponding section. Essentially, it is a matter of cost–
benefit analysis, paying attention to the benefits offered by a specific catalyst and its relative
abundance. Regarding the active phase, Ni-based catalysts are popular for this reason, as
they offer acceptable catalytic activity at a relatively low cost compared to other metals.
However, there are other factors such as a higher propensity for deactivation processes,
which could imply operational problems in the medium term, which could be solved with
other more expensive catalysts based on Ru or the use of promoters such as La. In other
words, life cycle assessments of catalysts for biogas steam reforming are, as in many other
cases, essential for obtaining a cost–benefit balance.

Despite their advantages, noble-metal-based catalysts are limited due to their high
prices. One way to keep the excellent performance of noble metals while maintaining a
reasonable price is to combine two or more types of metals, using cheap transition metals
(usually nickel or cobalt) as a base and noble metals as promoters, chemicals that are added
to the catalyst in order to improve its catalytic properties. Bi/polymetallic catalysts have
gained increasing attention in recent years, and the synergistic effect between commonly
used metallic elements has been investigated experimentally and numerically. Numerical
studies focus on the reaction pathway and the activation energies of certain reaction steps
(specifically, C-H bond breaking during CH4 decomposition), as well as the adsorption
energies of atomic or molecular species on the catalyst surface, which are indicators of the
catalytic activity and stability of the material [30].

Cobalt is also considered to be a promising promoter in SRM due to its good activity
for the WGS reaction, which helps shift the equilibrium towards H2 production. However,
a problem related to the use of Co is its tendency to oxidize when the temperature and
vapor partial pressure are in the range used for SMR. Alloying it with Ni is a possible
solution to this problem while preserving the advantages of both elements [82].

Compared to the relatively simple mono and bimetallic systems, the application of
catalysts containing three or more types of active metals in SMR has not been investigated
in detail. The existing literature mainly examines Ni-based materials with the addition of
two or three commonly used elements, such as Co, Cu, Pt, and Ru, etc. [30].

2.3.4. Catalytic Performance in Biogas Steam Reforming

Thus, after considering the relationship between the support and the active phase,
the typical catalytic steam reforming of methane is explained in Figure 10, where the main
steps that take place during the process are included.

Thus, the kinetic model of methane reforming, shown in Figure 8, is based on the
following steps:

• H2O is adsorbed on the catalyst and dissociates, giving rise to adsorbed oxygen atoms
and H2 in the gas phase.

• CH4 is adsorbed on the catalyst and dissociates, generating CH2 radicals and adsorbed
H atoms.

• The adsorbed CH2 radicals and oxygen react, with bonds being formed and breaking
at the same time, generating a transition state (CHO) and H2.

• The adsorbed CHO dissociates into adsorbed CO and H or reacts with adsorbed
oxygen to produce CO2 and H in parallel (controlling stage).

• The adsorbed CO reacts with adsorbed oxygen to form CO2, or is desorbed to give
gas-phase CO.

This way, and according to recent works found in the literature (see Table 6), different
operating conditions with the subsequent methane conversion are included.
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Figure 10. Stages taking place during catalytic steam reforming in a reactor. Example for a Ni-Al2O3

catalyst.

Table 6. Catalysts for SRM, including operating conditions and methane conversion.

Catalyst T, ◦C
Pressure,

bar
S/C

CH4

Conversion,
%

Reference

Ni/Al2O3 850 7 1.2 99 [85]
Ni-La/Si 800 1 0.8 90 [86]
Mo2C-Ni/ZrO2 700 1 0.8 74 [87]
Ni-hydrotalcite 900 5 2.0 98 [88]
Ni-Al2O3 800 1 1.77 <80 [89]
Ni-CaO/Al2O3 750 1 2.2 <90 [90]
Pt/Al2O3 800 1 3.0 <90 [91]
Ni/MgO 750 1 1 91.5 [92]
Ni/Al2O3 800 1.7 3 100 [93]
Ni based 700 1 3.5 98.3 [94]
Ni/γ-Al2O3 700 1 2 98.1 [47]
Ni/CeO2 900 1 3 99.7 [95]
Pd-Rh/CeZrO2-Al2O3 850 1 1.5 99.1 [96]
Ni/SiO2 700 1 3.5 96 [97]
Ni/TiO2 700 1 1.2 92 [98]
Pd/Ni-CaO-mayenite 750 1 4 97.8 [99]
Ni-MgO-CeZrO2 750 1 1.5 >90 [100]
Ru/MgxAlO 800 1 2.6 >90 [83]

As observed in Table 6, the operating conditions allowed for methane conversions
exceeding 90% in most cases, which usually implies a considerable hydrogen production in
the obtained syngas. Ni and Pt catalysts are the most popular choices in these cases, adding,
in some cases, promoters to improve the catalytic performance. In any case, these catalysts
usually present long stabilities and a high coke resistance, with the possible softening of
operating conditions within the range explained in previous sections. Regarding tempera-
ture, some studies have achieved very low values (under 800 ◦C), whereas pressure could
be considerably decreases (up to 1 bar), with relatively low steam to carbon ratios, which
could imply a considerable reduction in the fixed energy costs related to steam generation.
All these improvements could mean an increase in the efficiency of biogas steam reforming.
However, there are some challenges related to catalytic performance, mainly related to
catalyst deactivation, which will be explained in the following section. Another emerging
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research line in catalytic steam reforming is the use of nano-catalysts supported on different
materials. As previously explained, the dispersion of catalysts is essential to maximizing
catalytic activity by increasing the effective active phase area, also avoiding negative effects
like coke deposition. In that sense, as observed in Table 5, there are new research trends
focused on the synthesis and performance of this kind of catalysts.

3. Catalytic Deactivation

One of the main aspects that should be taken into account for a suitable catalytic
performance is the life cycle of catalysts during biogas steam reforming, especially in
cases such as those with Ni-based catalysts and other heterogeneous catalysts. Indeed,
deactivation can be caused by several factors due to mechanical, thermal, or chemical
processes [101], that will be explained in following subsections. To a lesser extent, the
durability of a catalyst can be affected by other factors, like its kind and shape, or operating
conditions like steam to carbon ratio, pressure, or temperature [102].

3.1. Sintering

This is a process due to the agglomeration and growth of metal crystallites of the
active phase, occurring at high temperatures. Considering that SRM usually requires high
temperatures (above 600 ◦C), this is an event that should be considered. In that sense,
Hüttig and Tamman temperatures determine the atom or crystallite migration for a certain
metal, one third and one half of the melting point of the corresponding metal, respectively.
Considering the typical operating conditions for biogas SR, the reaction temperatures for
this process are high enough to provoke surface and bulk atom migration. Consequently,
as included in Figure 11, there are three different stages in sintering on support’s surface.

Figure 11. Different stages during sintering of active phase on catalyst support (catalyst support in
black and metal particles in grey): (a) migration (red arrows); (b) collision (red arrows); (c) spreading
(blue arrows); and (d) blockage (also in (b,c)).

First, atomic migration takes place, with a detachment from the crystallites and migra-
tion on the support’s surface, generating bigger metal particles (Figure 11a). Afterwards,
these bigger particles or crystallites can also migrate and collide, obtaining bigger particles
(see Figure 11b). The process ends with particle spreading on the catalyst surface, as
observed in Figure 11c, and blocking active sites.

This way, this phenomenon is related to a decrease in catalytic activity due to two
main causes. First, sintering implies a decrease in the surface area of active sites, reducing
the efficiency of the catalysts. Second, as observed in Figure 11d, crystallite growth can
block pores on the catalyst support, containing further active sites that otherwise would be
available for SRM [24,101].
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Sintering can also be influenced by other aspects such as the catalyst structure and its
porosity and metal–support interactions, promoting strong metal–support interactions that
could decelerate the sintering [102].

3.2. Poisoning

Poisoning is due to a strong chemisorption of chemical species on catalytic sites,
blocking them and avoiding SRM. There is a wide range of chemical products that can
poison catalysts in biogas steam reforming. Among them, one of the most important ones
is hydrogen sulfide (H2S), whose content in biogas after biodigestion processes is not
negligible, ranging from few ppm up to 1%. High H2S content, apart from a poisoning
effect, could be harmful or even deadly, promoting corrosion in industrial facilities, and
decreasing the heating value of fuel gas. As a consequence, H2S removal before biogas
steam reforming is necessary to avoid a decrease in the global yield [103,104].

Depending on the kind of catalyst, this negative effect could be more noticeable. For
instance, Ni is very sensitive to poisoning (see Equation (3)), whereas other metals like Co
seem to offer a lower affinity for sulfur, with possible and interesting uses in bimetallic
catalysts. Equally, other metals can react with H2S, like Ag, Cu, Fe, Ru, or Pt [105].

M + HsS ↔ MS + H2 (3)

where M can be any abovementioned metal. As a consequence of the interaction of
hydrogen sulfide with the active site (through sulfidation), the catalyst cannot take part in
steam reforming, partially or completely reducing its activity during the process.

In that sense, adsorption and absorption seem to be suitable techniques for removing
hydrogen sulfide before biogas steam reforming, requiring low concentrations for this pur-
pose (up to 5 ppm) before biogas processing in steam reforming facilities [102]. Specifically,
the use of alkanolamines (such as methyl ethanolamine or methyl diethanolamine), alkaline
salts, organic solvents, deep eutectic solvents, or ionic liquids for absorption, as well as zeo-
lites, metal oxides, or carbon-based sorbents for adsorption, could be interesting treatments
for removing H2S under ambient pressure and low operating temperatures [104,106–108].
It must be borne in mind that, as previously explained, sewage sludge reuse as an active
carbon (obtained through pyrolysis and gasification processes) to adsorb H2S could be an
interesting starting point for implementing a circular economy in wastewater treatment
plants. Finally, recent studies have proposed a simplified heterogeneous fixed-bed reactor
model to simulate the influence of H2S poisoning on Ni-Al2O3 catalysts for methane steam
reforming, with a good agreement between the simulated and experimental experiences
if an order of deactivation (n = 1) is assumed [109]. These kinds of simulations are quite
useful, as they can be easily adapted to different H2S concentrations in biogas and GHSV.
Also, the use of bimetallic catalysts to increase poisoning resistance is another interesting
aspect to be taken into consideration, as explained in previous studies where the use of a
Rh-Ni/Ce-Al2O3 catalyst showed a higher resistance to poisoning, being reversible by us-
ing regeneration processes, after which, the catalyst did not show selectivity to the reverse
WGS reaction, allowing for high H2 yields [110].

3.3. Carbon Deposition

Coking could represent another negative factor, related to the physical formation
of carbon deposits due to gas-phase chemical reactions like methane cracking or CO
disproportionation [102]. Carbon deposition can imply the deactivation or blockage of
active sites, which decreases the effectiveness of the active phase over reaction time. As
observed in Figure 12, successive phases take place during carbon deposition, with different
effects depending on its degree of severity.
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Figure 12. Different stages during coke deposition (coke in red, active phase in grey, and support in
black): (a) coke production and chemisorption; (b) coke spreading with the subsequent encapsulation;
and (c) active sites and pore blockage.

This way, coke chemisorption or adsorption takes place on active sites (Figure 12a),
reducing their access to reactants. In further stages, coke diffusion or dispersion to generate
active site encapsulation occurs (as observed in Figure 12b), completely blocking the
active sites to reactants, and pore blockage takes place (Figure 12c), hampering the SRM
reaction on the available active sites. This fact takes place especially when the CO and CH4
decomposition is faster than the carbon removal.

To avoid this phenomenon, the use of promoters to strengthen the metal–support
interactions could present a positive effect. Also, the particle size of the active phase could
play an important role in controlling coke deposition [102].

4. Key Points to Improve the Performance of Biogas Steam Reforming

Considering the previous section, it is essential to take steps to solve deactivation
processes, which hinders a suitable catalytic performance (with high methane conversions)
and long service life. These steps could be taken, as observed in Figure 13, before, during, or
after biogas steam reforming. As mentioned earlier (as it will be discussed throughout this
text), every detail counts when it comes to contributing to a better catalytic performance
in this process. Each stage is explained in the following subsections. It should be noted
that these steps directly affect the performances of catalysts during steam reforming, but
other aspects related to this process could be equally improved, such as the membrane
reactor performance (by reducing the coke deposition or hydrogen sulfide content) or
the maintenance of steam reforming facilities (delaying corrosion with a decrease in H2S
content). Nonetheless, other factors could be affected, implying efficiency loss and increases
in costs.
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Figure 13. Steps carried out to improve the performance (through better conversion or longer useful
life) of catalysts in steam reforming.

4.1. Steps before Steam Reforming (Biogas Production and Upgrading)

Regarding the previous steps, there are many processes that could improve methane
production during the anaerobic digestion of biomass, as well as biogas upgrading to
increase methane concentration, avoiding undesirable compounds such as hydrogen sul-
fide. As explained in the introduction section, there are plenty of measures for increasing
the efficiency of biogas production and quality. Thus, the use of additives (such as mi-
croorganisms, enzymes, or inorganic compounds) could facilitate different steps during
anaerobic digestion by removing inhibitors (such as ammonia, long-chain fatty acids, and
acidification caused by VFAs, etc.) and creating suitable conditions for microorganism
proliferation [4]. In this sense, the use of active carbons obtained from digestates could be
interesting (such as sewage sludge, whose active carbon obtained through hydrothermal
carbonization could be a promising starting point for valorizing this waste, as explained
in previous works [38]), as it could be an example of an applied circular economy during
biodigestion. On the other hand, biogas upgrading is essential for removing H2S (which
could deactivate catalysts through poisoning) and for increasing the CH4 concentration in
biogas (which is desirable for carrying out a more efficient SRM). For the former, adsorption
systems are usually selected (for instance, activated carbons or nanoparticles), although
there are many techniques for retaining H2S, such as biological desulfurization, membrane
separation (with polymeric membranes, normally capable of retaining CO2 and H2S [32]),
or absorption with inorganic solutions (many of them based on iron) [103,104,111,112].
Also, some techniques such as PSA can be used to upgrade biogas by increasing methane
content [113].

4.2. Steps during Steam Reforming (Catalyst Design, Chemical Conditions, Use of
Membrane Reactors)
4.2.1. Catalyst Design (Promoters and Bi-Metallic Catalysts)

Regarding the catalyst design, if a certain catalyst is selected, with the aim of achieving
the maximum conversion and stability, the catalyst should present as much dispersion of
the active phase as possible, as there is not a minimum particle size from which a decrease
in activity is found.

Another important factor is avoiding active-phase mobility and agglomeration, pro-
moting that the active phase is dispersed enough to reduce the possibility of collision
with other particles and the subsequent agglomeration. It is achieved by reducing the
active phase concentration, whereas the number of active sites decrease. The typical Ni
concentration in catalysts is 20% w/w, obtaining particle sizes from 10 to 100 nm.

In addition, feeding should be considered in catalyst design. In other words, catalyst
deactivation by the pollutants included in biogas should be reduced. To reduce the effects
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related to coke deposition, the active phase surface on the support should be maximized,
so that the diffusion of gas is enough to avoid a reducing atmosphere that allows for CO
and CO2 decomposition, producing carbon which is placed on the active phase surface and
generating carbide and coke.

The use of promoters in the active phase has been studied and reviewed, with some
common additives such as alkalis (K and Na), transition metals (La, Zr, and Zn), and
non-metals (Al and B) [114,115].

An interesting issue with room for improvement is the resistance of catalysts to
poisoning due to H2S. This compound is usually removed through previous adsorption
before steam reforming in a reactor [116], and few scientific articles have dealt with an
increase in the resistance of catalysts to this pollutant. Some studies have focused on
reviewing the influence of sulfur content in feeding for several processes [117]. As a
conclusion, Ni seems to be a catalyst with a difficult direct protection from poisoning,
with noble metals offering better results, except for Rh. On the other hand, there is a
possibility of using metals from groups 4 to 6, through bifunctional catalysts, which could be
a promising alternative.

4.2.2. Operating Conditions

There are several influences on catalytic performance depending on the operating
conditions, mainly related to the promotion of deactivation processes [40]. Taking into
account that methane steam reforming is an endothermic reaction (see Equation (1)), the
effect of temperature is clear, with higher CH4 conversions with temperature (as observed
in specific cases such as the catalytic steam reforming of biogas with a Rd catalyst) [31].
However, intermediate solutions should be achieved, as extra energy costs associated with
keeping the reactor temperature should be avoided, as explained in following sections.

Concerning steam addition, high S/C ratios (at least 1.5, achieving excess of feed vapor)
are recommended to avoid coke deposition, among other factors like high pressure [100,118].
However, from an economic point of view, the production of large quantities of superheated
vapor would imply a considerable increase in costs [42]. Additionally, some studies
have pointed out the possible catalyst deactivation on time-on-stream, especially at high
temperatures, observing a direct correlation between deactivation rates and high S/C,
mainly due to the steam-induced metal–support interaction, resulting in an inactive spinel
phase and not due to metal reoxidation [89].

Also, as previously explained, temperature presents opposite effects. On the one hand,
high temperatures would imply a sintering effect, whereas low temperatures could promote
coke deposition. In the case of steam and temperature, optimization and intermediate steps
should be considered, because intermediate conditions to meet both low energy costs and
high methane conversions should be obtained (apart from the obvious effects on catalytic
performance in biogas steam reforming).

Equally, the CH4/CO2 ratio in biogas seems to present an influence on catalytic
performance. In that sense, according to recent studies using two different catalysts
(4% Ni/NiAl2O4/Al2O3 and 3.1% Ru/Al2O3), an increase in CO2 implied a decrease in
H2/CO ratio and H2 yield, finding an optimal CH4/CO2 ratio of 1.5/1 [119]. Therefore,
CH4/CO2 ratios above 1 are advisable for a suitable catalytic performance, as explained
in previous studies for Ni-based catalysts, possibly due to a CO2-promoted Boudouard
reaction, implying further coke deposition [120].

At this point, it is essential to consider the optimization and modelling of steam
reforming for any specific case, as will be discussed in future sections.

4.2.3. Membrane Reactors

The use of membrane reactors is another interesting starting point for improving the
performance of hydrogen production from biogas through steam reforming. Thus, the aim
of this technology is to purify the hydrogen obtained during steam reforming using thin
membranes (the selective layer is usually made of Pd and Ag on different kinds of supports,
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like stainless steel or alumina) where H2 permeates, to obtain a final gas with a high purity
(up to 95–99%) [121,122]. Figure 14 shows the different stages that take place during biogas
(or methane, in a simplified form in this case), including the reactant inlet, H2 permeation
through the membrane, and, finally, the retentate and permeate outlets [123].

Figure 14. Scheme of a standard membrane reactor for hydrogen production during methane steam
reforming.

It should be noted that the catalyst is usually put into contact with the membrane, in
order to assure that the chemical reactions (and the subsequent products, like H2) are as
close as possible to the membrane.

This way, the chemical balance of the reactions observed in Equations (1) and (2)
could be oriented towards product generation, as hydrogen is rapidly removed from
the reaction medium to be delivered in a highly pure gas stream (permeate), whereas
the rest of the products (mainly CO and CO2, along with unreacted CH4 and H2O) are
separated in another stream (retentate), which can be further treated to obtain higher yields
in hydrogen [124]. This fact is very interesting, as some chemical conditions could be
softened to obtain a higher efficiency during biogas steam reforming.

In that sense, temperature and pressure could be lowered, whereas the catalyst design
can vary (for instance, the active phase in catalysts could be reduced, with the subsequent
savings for this process). Regarding temperature decrease, it could imply a positive aspect
for catalyst deactivation, as sintering effects could be delayed at lower temperatures, and
hydrogen recovery in a membrane reactor is usually improved [125].

However, coke deposition could be promoted at low temperatures, which could
present a reverse impact in methane steam reforming [126]. As in the case of many cat-
alysts, H2S present negative effects in membrane reactors, as Pd poisoning (the most
popular element used in membranes) would provoke a progressive loss in separating
performance [121,122].

4.3. Steps after Biogas Steam Reforming (Hydrogen Purification)

Even though there is not a clear and direct link between purification processes once
biogas is converted into synthesis gas (a mixture of H2 and CO, among other compounds)
and their influence on catalyst performance, some indirect positive effects could be found.

As observed in Figure 15, there are different biogas steam reforming configurations
to carry out hydrogen production with a high purity. In that sense, considering the first
route (Figure 15a), the use of membrane reactors in situ could contribute, as explained
in the previous subsection, to shifting the reaction balance towards product generation,
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with the subsequent possibility of decreasing chemical conditions such as temperature and,
consequently, a delay in deactivation processes such as sintering.

 

Figure 15. Different routes for biogas steam reforming to obtain high-purity hydrogen: (a) through
membrane reactors; and (b) through PSA.

However, in Figure 15b, the purification process (in this case, PSA, where an adsorbent
is used to bind molecules depending on the gas component, type of adsorbent material,
partial pressure, and operating temperature [25,127]) takes place after the products are
obtained, with no direct effect on the chemical balance.

Also, other configurations (due to economic adaptations of previous steam reform-
ing facilities) could couple membranes after steam reforming to obtain pure hydrogen,
presenting a similar situation compared to the use of PSA.

In these situations, an improvement in chemical conditions can be equally found,
considering the high-quality product obtained (normally >98% hydrogen, which is highly
valuable in the energy market). In this context, lower reaction temperatures or catalyst
concentrations could be used, offsetting the lower conversion with a valuable final product
and with the possibility of recirculating gas waste in the same process or other processes.
Also, biogas can be converted to synthesis gas, which can be used in other processes such
as Fischer–Tropsch, where different H2/CO ratios (even at lower temperatures compared
with normal steam reforming conditions to optimize hydrogen production) can be used
to obtain, for instance, liquid fuels [128]. Under these circumstances, the catalyst could be
less deactivated, especially if these steps are combined with the use of a suitable catalyst
support or the use of promoters, which could equally improve the final conversion of
methane in biogas.

5. Techno-Economic Analyses and Patents Derived from Catalytic Biogas
Steam Reforming

As expected for such a mature technology, its implementation at an industrial level
is highly extended, including research studies and patents for the application of steam
reforming of methane (and biogas) about the feasibility of implementation (paying attention
to techno-economic aspects) of this technology. In that sense, in general, there has been a
considerable increase in hydrogen production patents focused on catalysts, especially at
the beginning of this decade [26].

Firstly, the potential for the production of biogas, electricity, and heat from waste is
important, as a wide range of electricity yields (from 52 to 850 kWh) could be obtained from
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1 ton of biodegradable waste [35]. Previous studies recommend large-scale productions of
biogas (at least 400 tons per day, and not recommending productions below 50 tons per day),
especially for energy consumption due to steam generation [42]. It should be noted that, to
make biogas steam reforming economically feasible, previous and further steps should be
equally considered. As explained in the literature, biogas production and quality can be
interrupted or reduced depending on some problems related to anaerobic digestion, such
as over-acidification or foaming, which could lead to repeated and extended shutdowns of
these units and the subsequent biogas production losses (up to 50%) [4]. Consequently, if
biogas steam reforming is considered as a coupled technology related to biogas production
(for instance, in WWTPs [38]), every aspect concerning the improvement of the stability
and efficiency of biogas production will imply a better economic performance of biogas
treatment on the whole. In that sense, the use of a circular economy (as seen in Figure 2,
where the use of digestate to improve anaerobic digestion could be an interesting way of
reusing waste with difficult management) could be resourceful, as well as the addition of
macro, micronutrients enzymes, or carbon-based materials (for instance, hydrochar). Also,
biogas upgrading should be considered, and an increase in the efficiency of contaminant
removal, as well as an improvement in the service life of adsorbents (for instance), will
have a positive repercussions for biogas steam reforming, allowing for the acquisition of
more advanced equipment if global amortization takes place at an earlier economic stage.

Specifically, when it comes to the direct conversion of methane included in biogas,
many factors are taken into account, especially the role of catalysts in this process, which
will allow for softening some operating conditions (implying, for instance, a decrease in
temperature reaction or steam addition) that could cheapen some permanent operating
costs. Also, technological improvements in SRM are focused on the development of
catalysts to contribute to an increase in hydrogen yield and a decrease in greenhouse gas
emissions, with a reduction in energy consumption [26]. In other words, these works are
devoted to minimize the main challenges related to SRM, like carbon dioxide production
and energy costs [25].

Equally, regarding the treatment of gaseous gas obtained in biogas or methane steam
reforming, there are plenty of choices to valorize biogas steam reforming. Obviously, in
most cases, there must be a considerable initial investment, with the subsequent techno-
logical coupling or upgrading of biogas steam reforming facilities, as observed in Figure 2
in the case of Fischer–Tropsch synthesis, the use of membrane reactors, or PSA coupling
(see also Figures 14 and 15). Nevertheless, the final added-value product (liquid fuels
in the case of Fischer–Tropsch or pure H2 in the case of membrane reactors and PSA)
would offset this initial investment in the long run. Again, and even though these are
technologies not directly related to biogas steam reforming by themselves, they can present
a strong and positive influence, in a comprehensive manner, on the economic performance
of this process.

Finally, a long, useful life of catalysts, as well as low concentrations (when possible),
can positively contribute to an improvement in the economic performance of biogas steam
reforming. As previously explained, the role of promoters is mainly focused on these
purposes, as observed in previous studies where the use of nanosized Ni-Rh bimetallic
clusters allowed for reducing the Ni content to 3% (as the size and distribution of the
active phase was considerably improved compared to traditional Ni-based catalysts), with
a considerable increase in catalytic stability and activity, which could contribute to a fixed
cost reduction [129]. Thus, other works included in Table 7 follow a similar trend, where the
use of promoters or even a change in the reactor disposition can make a reduction in catalyst
addition (as well as other operating conditions like temperature) possible, with subsequent
cost savings. As explained in previous sections, the role of some factors such as the use
of membrane reactors can improve the economic performance of SR systems, including
a reduction in catalyst amount or useful life. It should be noted that the works included
in Table 7 are heterogeneous, dealing with facilities of different sizes (from the laboratory
to semi-industrial level) and focusing on different aspects (from a direct improvement in
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catalysts through the use of promoters to the optimization of membrane reactors). In that
sense, further studies about techno-economic assessments in this field will be really useful,
enriching the current literature. Other works dealing with techno-economic research on
biogas steam reforming are devoted to the use of PSA units [127,130,131], simulations and
their comparisons with plant-scale experiences [132–134], or the whole process in general
(in some cases. from biogas production to biogas steam reforming) [135,136], with an
indirect role of the catalyst.

Table 7. Main techno-economic studies related to biogas steam reforming.

Study Details Comments Reference

Performance and stability of
doped Ceria-Zirconia catalyst

for steam reforming

A quartz microreactor in a ceramic tube
furnace was used, at atmospheric

pressure, 800 ◦C, and 120,000 h−1 space
velocity (GHSV). The gaseous mixture
flows were adjusted for the different
reactions: SR (steam to carbon mole

fraction S/C = 2.5)

Doped catalysts doubled catalytic
activity (from 55 to 100 h) [137]

Performance of Ce-Ni catalyst

T= 600–850 ◦C; P = 1 atm; gas flow rate
= 200 mlN/min; CH4:CO2:H2O:He

mole ratio = 1:0.8:0.4:2.8; 0.5 g of
catalyst with a grain size of 0.3–0.8 mm

was used

At 850 ◦C, 20 wt.%
Ce0.2Ni0.8O1.8/Al2O3-SG catalyst

provided 100% hydrogen yield and full
CH4 conversion, with 85% CO2

utilization, obtaining a more efficient
catalyst

[138]

Catalyst rearrangement for
improving hydrogen

production in biogas SR

Study of hydrogen production through
SR by improving the design of SR
reactor and catalyst (nickel- and

yttria-stabilized zirconia) disposition to
increase efficiency

Higher effectiveness was achieved,
allowing a decrease (above 40%) in the

amount of catalyst used
[139]

Techno-economic analysis of
swine manure biogas through

SR

A complete study of a pilot-scale
installation, covering the analysis of

hydrogen production

After process flow modeling based on
mass and energy balance, the plant

produced 250 kg/h of H2 from
1260 kg/h of biomethane from purified

biogas (4208 m3/h). Biomethane
conversion offsets high investment

costs

[140]

Optimization of a small-scale
hydrogen production plant

The use of membrane reactors using a
rhodium-based catalyst is optimized in

order to assess the efficiency of SR at
different levels

A reduced percentage of active phase
(20%) was required, reducing 80% of

the catalyst cost
[141]

Techno-economic analysis of a
biogas SR plant

Membrane reactors as well as Ni-based
catalysts are considered in the final

configuration of the plant

Compared to biomethane, biogas is
recommended from economic point of

view at the current price
[142]

Design and operational
considerations of a

packed-bed membrane reactor
for SRM

An experimental and computational
study about the design of a membrane

reactor for SRM was carried out,
emphasizing geometrical scale of the

reactor and catalytic activity

The optimum conditions were:
GHSV = 1134 h−1; S/C = 2; P = 30 atm;

T = 773.15 K. The key limiting factor
was catalytic activity, which points out

the importance of improving its
performance

[143]

Techno-economic analysis of
an hydrogen production
system including biogas

reforming

Steam reforming of biogas was carried
out to produce hydrogen from landfill

gas by using PSA and CA

Simulation results were compared in
terms of Levelized Cost of Hydrogen,

which was below 2 €/kgH2 and feasible
according to 2030 horizon

[144]
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Table 7. Cont.

Study Details Comments Reference

Energy and exergy analyses
for hydrogen production from

biogas

Biogas steam reforming and
autothermal steam reforming are

compared

The steam-reforming-based
configuration achieved the best

performance regarding H2 production
energy-based efficiency (59.8%). If

co-production of heat and H2 is
considered, this value increased up to

73.5%

[145]

Technical, economical, and
ecological aspects of biogas
steam reforming to produce

hydrogen

Investment, operation, and
maintenance costs were analyzed

H2 production cost achieved the value
of 0.27 US$/kWh with a payback
period of 8 years. An ecological

efficiency of 94.95% was obtained,
proving the feasibility of the process

[146]

Optimization of biogas steam
reforming

A steam reforming plant is optimized
regarding electricity, freshwater, H2,

and cooling

The plant can generate 86.04 kW,
0.9662 kg/s, 958.2 kW, and

704.573 kg/h of electricity, fresh water,
cooling, and hydrogen, respectively,

with an improvement in exergy (19.9%)
and energy efficiency (24.5%)

[147]

Multi-objective optimization
of biogas steam reforming for

multi-generation system

A design of a multi-generation
integrated energy system powered by
biogas energy is proposed, assessed,

and optimized

The proposed plant generated
108.7 kW, 888.7 kW, and 703.3 kg/h,
power, cooling load, and hydrogen,
respectively. The energy and exergy
efficiencies were 31.51% and 31.14%,

respectively

[148]

Techno-economic modelling
of a poly-generation system

based on biogas

The system is devoted to power, H2,
freshwater, and ammonia production

The system provided 687.4 kW of
power, 0.9662 kg/s of freshwater,

0.15 kg/s of hydrogen, and 1.149 kg/s
of ammonia

[149]

Simulation of steam reforming
of biogas in an industrial

reformer

A simulation of steam reforming and
its comparison with an industrial-scale

performance was carried out

Total molar feed rate of 21 kmol/h,
steam to methane ratio of 4.0,

temperature of 973 K, and pressure of
25 bar, obtaining high

CH4 conversion (>93%) and H2 yield

[150]

Another interesting proof of the feasibility of this process at the industry level is the
proliferation of patents about this subject. As observed in Table 8, there are plenty of
patents whose main objective is the improvement of biogas (or methane) steam reforming
performance, in many cases focused on the role of catalysts, which is to be expected, as
they usually reduce the activation energy of the process, allowing for optimizing methane
conversion into hydrogen. In any case, different aspects related to catalytic performance
should be considered, such as their durability and stability, which would determine the
subsequent stable and efficient hydrogen production. Also, other patents are focused on
the abovementioned technologies to improve SRM performance, like the use of biogas
upgrading through PSA to increase methane concentration, the use of membrane reactors
or PSA for biogas purification or syngas upgrading (which can contribute to a reduced
use of catalysts or an increase in stability, for instance), or possible alternatives for the
produced syngas, like Fischer–Tropsch synthesis to obtain hydrocarbon products. As
observed, practically all the techniques explained in previous sections are directly or
indirectly applied in these patents, which proves the correlation between scientific works
and applied research. On the other hand, these patents are focused on an increase in SRM
efficiency, which usually implies an improvement in economic and energy costs, as well as,
for instance, an improvement in catalytic performance with a higher stability.
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Table 8. Current patents focused on catalytic biogas steam reforming.

Description Comments Reference

Method for preparing
hydrogen from biogas

Use of a reactor filled with catalyst, introducing
biogas and water to obtain H2 and CO. The
catalyst is bifunctional, catalyzing methane
steam conversion and CO2 dry reforming
reaction at the same time.

[151]

Method for producing
hydrogen from biogas

A catalyst is used for steam reforming to
produce syngas obtaining H2 and CO. CO is
oxidized in through carbon monoxide shift
reaction, obtaining pure hydrogen in an
adsorption device through pressure adjustment.

[152]

Biogas conversion to synthesis
gas to produce hydrocarbons

This system offers different alternatives for
biogas steam reforming, with a possible
purification unit and an interesting alternative
like the use of Fischer–Tropsch synthesis unit to
produce hydrocarbons.

[153]

Method for producing
hydrogen from biogas
biomass

A method based on biogas steam reforming,
with previous purification of biogas through
desulfurization and PSA to obtain higher CH4
concentration, and a final H2 purification from
syngas through another PSA system.

[154]

System for biomethane and
syngas production from
biogas stream

A plant for producing biomethane and syngas
from biogas is proposed, with purification units
to purify the biogas stream, steam reforming
unit, and a membrane separation unit to produce
biomethane stream.

[155]

Method for producing
hydrogen from biogas

Production of hydrogen through biogas steam
reforming, purifying biogas and final syngas
produced by using PSA, offering a more efficient
performance.

[156]

Method and plant for the
production of synthesis gas
from biogas

A more economic and efficient biogas steam
reforming system is presented, with a previous
H2S and CO2 removal.

[157]

Efficient use of biogas carbon
dioxide in liquid fuel
synthesis

Biogas is obtained through anaerobic digestion
of different wastes, obtaining synthesis gas
through steam reforming and converting CO2 in
biogas to synthesis gas by combining the CO2
reforming reaction with steam reforming or
partial oxidation.

[158]

Method and system for
coupling biogas reforming
with natural gas combined
cycle based on solar energy
driving

A method and system for coupling biogas
reforming with natural gas combined cycle
based on solar energy driving is presented,
offering a higher efficiency thanks to the support
of combined renewable energies.

[159]

Biogas and solar energy
complementary two-stage
preparation system and
method for synthesis gas

The biogas steam reforming system consists of a
desulfurization unit, and two SR reactor and
heat regenerators, coupled to solar energy.
Consumption of water was reduced, and the
economic efficiency of biogas and solar energy
use was improved.

[160]

6. Conclusions and Future Trends

Biogas steam reforming is a reality for obtaining high yields of hydrogen from wastes
with difficult environmental management such as sewage sludge, with multiple emerging
techniques that might be promising in the near future. Indeed, according to the scientific
interest from many different and multidisciplinary research teams, it represents the future
and, also, the present of biogas and methane processing for obtaining hydrogen.
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In that sense, the role of catalysts is vital to make this process more effective, effi-
cient and, therefore, suitable at an industrial scale. High yields and selectivity values for
hydrogen production have been obtained according to the literature, but there are some
challenges to be solved, especially concerning the durability of these catalysts, which can
be diminished by factors such as poisoning, coke deposition, or sintering.

This way, cutting-edge research works, focused on a wide range of aspects related to
biogas steam reforming, have recently been carried out.

With regard to the catalytic steam reforming of biogas, the use of innovative catalyst
formulations offers a wide range of possibilities, including the use of bi-metallic, multi-
metallic catalysts, or promoters. In that sense, a resistance to coke deposition, sintering, and
poisoning is essential by enhancing the interactions between the active phase and support
surface or improving the catalytic performance of the active phase. Equally, the role of
nano-catalysts, as well as innovative supports such as ceramic foams, are interesting, as
increases in surface interaction and selectivity are usually found.

Also, the optimization of the process is essential, as many factors can influence on the
catalytic performance. In that sense, temperature and steam optimization, as well as biogas
quality control (especially with a low H2S content) should be taken into account.

Finally, concerning techno-economic assessments, recent studies seem to point out
improvements to reduce costs related to catalyst addition (mainly reducing its amount
and increasing its durability and useful life) and its performance (which could allow for
softening chemical conditions, especially temperature). Equally, better hydrogen conver-
sions could imply higher benefits (including softening of chemical conditions), as the final
gas obtained (regardless of the subsequent purification processes) will be highly valued.
Concurrently, patents are focused on similar topics, which points out the relevance of the
catalytic steam reforming of biogas at industrial level.
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Abbreviation Term
AD Anaerobic digestion
BET Brunauer–Emmett–Teller
CA Chemical absorption
DRM Dry reforming of methane
GHSV Gas hourly space velocity
IWI Incipient wet impregnation
PSA Pressure swing adsorption
PZC Point of zero charge
S/C Steam to carbon ratio
SS Sewage Sludge
SR Steam reforming
SRM Steam reforming of methane
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VFAs Volatile fatty acids
WGS Water–gas shift
WI Wet impregnation
WWTP Wastewater treatment plant
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