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José Marı́a Encinar Martı́n

University of Extremadura

Spain

Sergio Nogales Delgado

University of Extremadura

Spain

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Catalysts

(ISSN 2073-4344) (available at: https://www.mdpi.com/journal/catalysts/special issues/biomass

hete homo cata).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-0908-2 (Hbk)

ISBN 978-3-0365-0909-9 (PDF)

Cover image courtesy of Sergio Nogales Delgado.

© 2021 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
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José Marı́a Encinar, Sergio Nogales-Delgado, Nuria Sánchez and Juan Félix González 
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The replacement of petrol products for environmentally-friendly ones is a reality today, as many
governments and international organizations are promoting the implementation of renewable energy
sources and natural feedstocks in industrial activity. The multiple advantages of using bio-based
products instead of their equivalent material of mineral origin are well known, like lower associated
emissions, higher biodegradability, and a sustainable economic development of poor regions or
developing countries, among others. In addition, the performance of these products, compared to the
traditional ones, is acceptable, even showing some competitive advantages in certain cases. However,
the implementation of technologies for environmentally-friendly production is sometimes worrisome,
because it usually requires high costs. In these cases, the use of catalysts in order to improve the yield
during production is vital to make green processes more competitive from an economic point of view.

In this special issue, we have tried to focus on the performance of homogeneous and heterogeneous
catalysts applied in biomass processing, paying attention to the main advantages and challenges
related to each kind of catalyst. Indeed, these challenges are opportunities to develop new research
lines which can be fruitful in the near future. Thus, the use of homogeneous catalysts tends to be
really useful to obtain acceptable product yields, whereas their management (including separation,
among other steps) is generally difficult. On the other hand, heterogeneous catalysts can prevent this
kind of problem, but their effectiveness compared to homogeneous ones is lower. That is, the yield is
usually lower and therefore higher temperature or longer reaction times are required. In addition,
their reusability is generally poor, not allowing many cycles.

Thus, we can note, in this special issue, the wide range of uses (or approaches) of homogeneous
and heterogeneous catalysts, from the production of fatty acid amides [1] to the production of fatty
acid esters for biodiesel or biolubricant use through different techniques and catalysts [2–4]. This fact
points out that the use of homogeneous and, especially, heterogeneous catalysts has a wide range
of possibilities in biomass processing, which will be a promising research line in the medium and
long term.

Indeed, the role of enzymes as biocatalysts is important, even taking part in pre-harvest conditions
of biomass. This way, soil respiration was studied under different irrigation levels (with and without
aeration) in a greenhouse tomato system, showing differences in root length as well as dry biomass of
leaf, stem or fruit [5].

This special issue has not only focused on the production of typical biofuels like biodiesel.
As abovementioned, there were different and specific processes where the use of catalyst was vital to
make the process feasible in a large-scale industry. For instance, the production of fatty acid amides
from natural triglycerides through amidation was considered. Fatty acid amides have multiple uses
(like surfactants, lubricants, and detergents) in various industries (in cosmetic industry, in biodiesel
development technology, etc.), and the use of heterogeneous catalysts (Zn-doped CaO nanospheroids)
for its production was studied by Kumar et al. [1], obtaining high efficiency and excellent reusability
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without losing much catalytic activity (one of the main drawbacks related to the use of heterogeneous
catalysts or enzymes).

On the other hand, Hameed et al. reviewed the use of metal-based catalysts for the catalytic
aerobic oxidation of biomass to produce 2,5-furandicarboxilic acid (FDCA), which has multiple uses
(especially the replacement for terephthalic acid, PTA). The main challenges are the improvement of
selectivity for FDCA when non-noble metals were used, and the performance of the catalysts was
dependent on properties like the support, the active phase, or particle size, among others [6].

Another application of catalysts in biomass could be upgrading bio-oils in order to improve
their performance in engine fuels or as fuel additives. Xue et al. assessed the performance of an
active trimetallic Ni-Cu-Co/Al2O3 catalyst for hydrodeoxigenation of bio-derived phenol, showing a
high catalytic activity compared to their monometallic and bimetallic equivalents and obtaining high
cyclohexane yields (over 98%) [7].

On the other hand, the use of enzymes in many processes like food, bioremediation, and industrial
biotechnology is also important. Gafar et al. studied the optimization of the production of keratinase
using feathers as the only source of carbon and nitrogen, being the starting point for the treatment of
other wastes like waste bagasse or palm mill oil effluent, among others [8].

This way, another waste such as paper sludge is an attractive biomass feedstock for bioconversion
to ethanol, and Malgas et al. used a recombinant cellulose cocktail for the saccharification of this waste
to produce fermentable sugars. Thus, the enzymatic cocktail was optimized, and its performance was
comparable to commercial preparations for paper sludge saccharification [9].

Searching natural replacements for synthetic nanofillers in order to reinforce polymeric matrices
could be another important aspect to be covered. Pandurangan et al. studied the effect of cellulose
nanofiber (CNF) from banana fibers on curing characteristics, structure, thermal, and mechanical
properties in epoxy polymer matrix. This way, CNF could be a promising green nanofiller for the
epoxy matrix, possibly acting as a curing catalyst during epoxy gelation [10].

Last, but not least, furfural is an intermediate step for the generation of many pharmaceutical
and chemical products, mainly obtained from xylose in agricultural wastes. The use of lignin-based
activated carbon-supported iron catalysts for that purpose was studied by Rusanen et al., being a
feasible alternative for FeCl3, with furfural yields up to 57%, although their reusability should be
improved [11].

As a conclusion, the use of homogeneous and heterogeneous catalysts contributed to the
improvement of the performance of many different processes, in order to produce bio-fuels or
bio-based materials. Indeed, new trends were observed, like the use of natural feedstocks to take part
in the catalytic process. In any case, the improvement of the performance of these green processes
seems to be a promising research line in the medium or long term. Thus, as pointed out in Figure 1,
catalysts can play an important role in the replacement of fossil fuels and its derivatives for natural
feedstocks (like the ones covered in this special issue).

Figure 1. Main prospects for the implementation of green technologies.
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Thus, catalysts can contribute to the implementation of new feedstocks used in biorefineries in
order to obtain environmentally-friendly products. Moreover, one of the main challenges would be the
replacement of artificial catalysts for bio-based catalysts, which would make currents technologies
“greener”, if possible.
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Abstract: N,N-Bis(2-hydroxyethyl) alkylamide or fatty acid diethanolamides (FADs) were prepared
from a variety of triglycerides using diethanolamine in the presence of different transition metal-doped
CaO nanocrystalline heterogeneous catalysts. The Zn-doped Cao nanospheroids were found to
be the most efficient heterogeneous catalyst, with complete conversion of natural triglycerides to
fatty acid diethanolamide in 30 min at 90 ◦C. The Zn/CaO nanoparticles were recyclable for up to
six reaction cycles and showed complete conversion even at room temperature. The amidation
reaction of natural triglycerides was found to follow the pseudo-first-order kinetic model, and the
first-order rate constant was calculated as 0.171 min−1 for jatropha oil aminolysis. The activation
energy (Ea) and pre-exponential factor (A) for the same reaction were found to be 47.8 kJ mol−1 and
4.75 × 108 min−1, respectively.

Keywords: nanospheroids; zinc-doped CaO; natural triglycerides; aminolysis; heterogeneous
catalyst; recyclability

1. Introduction

The rapid depletion of fossil fuel resources and global warming has motivated researchers to
expand different technologies that utilize renewable energy sources [1–3]. Natural triglycerides [4,5]
and lignocellulosic biomass [6–8] have been converted in various platforms to value-added products.
Triglycerides in vegetable oils and animal fats have been used in industries as a feedstock for the
preparation of fatty amides, nitriles, amines, and alcohols, which in turn are useful for the preparation
of various commodity chemicals such as surfactants and different types of polymers [9].

Fatty acid amides have a wide range of applications, viz. in surfactants, cosmetics, fungicides,
lubricants, foam-control agents, water repellents, shampoos, detergents, corrosion inhibitors, and
antiblocking agents, in plastics processing technologies [5,10,11]. Fatty acid amides possess
better ignition properties than simple esters and hence are more useful in biodiesel development
technology [12]. Moreover, fatty acid amide derivatives of natural triglycerides (vegetable oils or
animal fats) or fatty acids have been found to be free from sulfur or any other aromatic compounds
and thus help to lessen the greenhouse effect, showing an improvement in cetane number and cold
flow properties and a beneficial effect on particulate matter emissions [12]. The industrial synthesis
of fatty acid amides involves a two-step process: first, the conversion of triglycerides into fatty acid
methyl/ethyl esters, followed by a high-temperature treatment to prepare fatty acid amides [5].

Due to their great importance, some methodologies to prepare fatty acid amides from fatty acids
or fatty acid alkyl esters or triglycerides through treatments with different amines have been proposed

Catalysts 2019, 9, 774; doi:10.3390/catal9090774 www.mdpi.com/journal/catalysts5
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previously [13,14]. At the industrial level, homogeneous catalysts such as sodium ethoxide [15], sodium
methoxide [16], and calcium chloride [17] are used for the preparation of fatty acid amides. Enzymes
have been frequently reported [18,19] as a heterogeneous catalyst for amidation reactions, though they
require a longer reaction duration. In addition, solvent-free conditions [20,21], SmIII complexes [22],
SnIV complexes [23], the Deoxo-Fluor reagent [bis(2-methoxyethyl)amino-sulfur trifluoride] [24], and
other chemicals [25] have been utilized to obtain the desired amide. However, a few drawbacks are
associated with these methods, viz. low product yields, a longer reaction duration, difficult product
separation, a lack of catalyst reusability, a large molar excess of reactants, contamination of the product,
and the creation of stoichiometric amounts of undesired products. Therefore, it is necessary to extend
new, efficient, environmentally friendly, ecologically correct, and reusable catalytic methods for the
amidation of fatty acids and triglycerides [26–28]. In the recent past, heterogeneous catalysts have
attracted considerable attention, as they are nonhazardous, have good selectivity and recyclability, and
are easy to separate from reaction medium [29–31].

In the present report, zinc-doped CaO, MgO, and ZnO were prepared in nanoparticle form using
an incipient-wetness impregnation method and were used as heterogeneous catalysts for solvent-free
direct amidation of natural triglycerides. The effect of transition metal ion impregnation on CaO
activity and calcination temperature was also studied by preparing a series of catalysts with Fe, Co,
Cu, Zn, and Cd doped on CaO.

2. Results and Discussion

2.1. Brunauer–Emmett–Teller (BET) Surface Area and Hammett Indicator Test

The basic strength (pKBH+) and surface area of prepared catalysts were analyzed using the
Hammett indicator test and Brunauer–Emmett–Teller (BET) surface area measurement, respectively.
The basic strength of CaO was found to be increased from 9.8–10.1 to 11.1–15.0 after 2 wt% doping
of Zn, which further increased to a maximum of 18.4 after calcination at 400 ◦C. However, a further
increase in calcination temperature decreased the basic strength. The improvement of the basic strength
of CaO after zinc ion doping with an increase in calcination temperature up to 400 ◦C could have
been due to the partial dehydration and strong increase in the surface area [32]. An increase in the
Zn ion concentration did not improve the basic strength. However, after Zn doping on MgO and
ZnO, the basic strength was increased to the range of 15.0–18.4 (Table 1). The BET surface area was
another critical factor that had a direct impact on catalytic efficiency. Bare CaO had a surface area of
3.56 m2/g, which improved to 16.87 m2/g after 2 wt% doping of Zn along with calcination at 400 ◦C.
However, calcination at high temperatures, viz. 600 ◦C and 800 ◦C, caused a reduction in surface area
to 10.12 m2/g and 5.25 m2/g, respectively, which could have been due to the sintering of material at high
temperatures. The doping of the Zn ion on MgO and ZnO also caused an increase in surface area from
10.4 m2/g to 14.89 m2/g and 4.72 m2/g to 12.13 m2/g, respectively (Table 1). Hence, the doping of the Zn
ion and calcination were critical factors responsible for the increase in basic strength and surface area.

2.2. Structural Analysis of Catalyst

The effect of calcination temperature, Zn ion concentration, and different Zn doping on different
metal oxides was studied by powder XRD analysis (Figure 1 and Figure S1 in Supporting Information).
The presence of the cubic phase of CaO was confirmed by peaks at 2θ values of 32.27◦, 37.47◦, 53.89◦,
and 67.39◦ (JCPDS (Joint Committee on Powder Diffraction Standards) card no. 821691), as shown in
Figure 1a. After zinc doping (2 wt%) and calcination at 200 ◦C (2-Zn/CaO-200), the cubic phase of CaO
was converted into a hexagonal form of Ca(OH)2, as supported by the peaks at 18.05◦, 28.6◦, 34.17◦,
47.17◦, 50.78◦, and 62.57◦ (JCPDS 84-1276), as shown in Figure S1a. A further increase in the calcination
temperature to 400 ◦C showed the coexistence of both the cubic and hexagonal phases, which might
have been the reason for the abrupt enhancement in the basic strength of 2-Zn/CaO-400. However,
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a further increase in calcination temperature to 600 ◦C showed the presence of only the cubic phase.
The increase of the Zn ion concentration had no impact on the structure of Zn/CaO-400 (Figure S1b).

Table 1. Effect of calcination temperature, Zn ion concentration, and different oxides on the basic
strength, surface area, and crystallite size. BET: Brunauer–Emmett–Teller.

Catalyst Type Basic Strength (pKBH+) BET Surface Area (m2/g) Average Crystallite Size (nm)*

CaO 9.8 < pKBH+ < 10.1 3.56 108
2-Zn/CaO-100 11.1 < pKBH+ < 15.0 4.51 35
2-Zn/CaO-200 15.0 < pKBH+ < 18.4 6.03 37
2-Zn/CaO-400 18.4 < pKBH+ 16.87 33
2-Zn/CaO-600 15.0 < pKBH+ < 18.4 10.12 35
2-Zn/CaO-800 11.1 < pKBH+ < 15.0 5.25 55
1-Zn/CaO-400 11.1 < pKBH+ < 15.0 11.72 37
3-Zn/CaO-400 15.0 < pKBH+ < 18.4 16.24 34
4-Zn/CaO-400 15.0 < pKBH+ < 18.4 16.54 39
5-Zn/CaO-400 15.0 < pKBH+ < 18.4 14.36 35
2-Zn/MgO-400 15.0 < pKBH+ < 18.4 14.89 35
2-Zn/ZnO-400 15.0 < pKBH+ < 18.4 12.13 38

* on (200) plane by Debye–Scherrer method [33].

 
Figure 1. Comparative powder XRD patterns of (a) CaO with 2-Zn/CaO-400, (b) MgO with
2-Zn/MgO-400, and (c) ZnO with 2-Zn/ZnO-400.

XRD patterns for the 2-Zn/MgO-400 catalysts showed sharp diffraction peaks at 2θ = 36.89◦,
42.92◦, 62.28◦, 74.58◦, and 78.53◦, which were attributed to the crystalline phase of the MgO (JCPDS
4-829) (Figure S1b). The XRD analysis of 2-Zn/ZnO-400 showed the presence of a hexagonal phase of
ZnO (JCPDS: 80-0075), as indicated by the peaks at 31.79◦, 34.51◦, 36.2◦, 47.55◦, 56.65◦, 62.84◦, 66.31◦,
67.9◦, and 69.03◦ (Figure 1c). The diffraction pattern of Zn was not observed in any XRD spectrum,
which might have been due to its high degree of dispersion on CaO/MgO/ZnO or it being below the
detection limit of XRD. The particle size of prepared nanoparticles was also calculated from powder
XRD analysis data using the Debye–Scherrer method [33]. Bare CaO particles were found to have a
108-nm size, and after Zn doping, it was found to decrease to 33–39 nm in range (Table 1). However,
a change in Zn ion concentration and calcination temperature was not found to alter the particle
size significantly.

Dynamic light scattering analysis (DLS) was performed for the measurement of the particle
size distribution of CaO and 2-Zn/CaO-400 and showed that the average particle size of CaO
and 2-Zn/CaO-400 was 115 nm and 35 nm, respectively (Figure 2a,b). The particle size and surface
morphology of the prepared catalyst were analyzed through field emission scanning electron microscopy
(FESEM), and the average particle size was observed in the range of 100–200 nm, with irregular surface
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morphology (Figure 2c). The same particles were analyzed using transmission electron microscopy
(TEM) for clear observation of the particle size, and it was found that the 2-Zn/CaO-400 nanoparticles
had an average particle size of ~30 nm with an oblate spherical shape (Figure 2d).

 
Figure 2. Particle size distributions of (a) CaO and (b) 2-Zn/CaO-400: (c) field emission scanning
electron microscopy (FESEM) and (d) transmission electron microscopy (TEM) images of 2-Zn/CaO-400.

2.3. Aminolysis Reaction

The amidation of a variety of natural triglycerides, such as virgin soybean oil (VSO), waste
soybean oil (WSO), jatropha oil (JO), animal fat (AF), Karanja oil (KO), and fatty acid methyl esters
(FAMEs) derived from these oils, as well as methyl laurate (ML) with different molar concentrations of
diethanolamine and different catalyst amounts, was performed at 90 ◦C. All amidation reactions for
studying various reaction parameters were carried out with diethanolamine in the presence of 4 wt%
of the 2-Zn/CaO-400 catalyst at 90 ◦C for 0.5 h (Scheme 1). The schematic for the FAMEs derivation
from vegetable oils was performed with methanol (9:1 methanol/oil molar ratio) by using 5 wt% of the
same catalyst at 65 ◦C (Scheme S1, Supplementary Materials).

The progress of the amidation reaction was monitored by taking out samples from the reaction
mixture and analyzing them with FTIR and 1H-NMR (Nuclear Magnetic Resonance) techniques.
The catalyst nanoparticles were removed by simple centrifugation of the final reaction mixture at
7000 rpm, and the organic layer was then washed with distilled water and dried over sodium sulfate.
The amide derivatives thus obtained were further analyzed by FTIR (Figure 3A) and 1H-NMR (Figure 1B)
analysis techniques. The final reaction product obtained from the methyl laurate amidation reaction was
also characterized by mass spectrometry (Figure S4, Supporting Information) along with the 1H-NMR
and FTIR studies. A shifting of the ester carbonyl peak to the ester amide peak from 1739 cm−1 to
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1617 cm−1 indicated the formation of fatty acid diethanolamine (FAD) (Figure 3A). The formation of a
diethanolamide derivative was also supported by the presence an –OH group peak at 3406 cm−1.

 
Scheme 1. (a) Waste soybean oil or jatropha oil; (b) vegetable oil-derived fatty acid methyl esters
(FAMEs); and (c) methyl laurate-derived fatty acid diethanolamide preparation in the presence of a
Zn/CaO solid catalyst.

On the other hand, in the 1H-NMR spectrum, the appearance of a multiplet at 3.48 and 3.78 ppm due
to -NCH2- and -CH2OH protons (Figure 3Bb) and the disappearance of characteristic glyceridic proton
signals at 4.13 and 4.30 ppm (Figure 3Bi) supported the conversion of triglyceride to corresponding
FAD. Furthermore, in the case of a FAD derivative of JO-derived FAMEs and methyl laurate, the
disappearance of a methyl ester proton signal at 3.65 ppm (Figure 3Biii,v) and the appearance of amide
proton signals at 3.48 and 3.78 ppm (Figure 3Bd,f) (corresponding to -NCH2- and -CH2OH protons)
confirmed the formation of respective FAD.

2.3.1. Optimization of Different Parameters

The prepared nanocrystalline catalysts with different transition metals and different metal oxides
were utilized for the amidation of natural triglycerides with diethanolamine. However, jatropha oil
(JO) was selected for the optimization of parameters, as it has a high level of free fatty acid contents
(8.2 wt % free fatty acids).

A series of transition metals was used for the doping in CaO to test their impact on the catalytic
activity of CaO for amidation, and it was found that Mn/CaO, Fe/CaO, Co/CaO, Ni/CaO, Cu/CaO,
Zn/CaO, and Cd/CaO showed 18%, 24%, 16%, 58%, 15%, 99%, and 25% FADs, which were yielded
in 0.5 h at 90 ◦C. Bare CaO-400 was also tested and was found to have a 10% FAD yield (Figure 4a).
Among all the prepared catalysts, Zn/CaO was found to be the most efficient, and it was selected
for further optimization studies. Further, for the selection of a metal oxide as a base material, Zn
was doped in CaO, MgO, and ZnO, as all of these metal oxides have been extensively reported to be
efficient catalysts for different reactions. For the amidation of JO, Zn/CaO was found to be the most
effective, with a 99% conversion yield for FADs, whereas Zn/MgO and Zn/ZnO also showed significant
conversion rates, with 84% and 76% FAD yields, respectively (Figure 4b). The high surface area was
the deciding factor for the catalytic activity.
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Figure 3. Comparative (A) FTIR spectrum and (B) 1H-NMR spectrum of (a) waste cotton seed oil,
(b) fatty acid amide of waste cotton seed oil, (c) waste soybean oil (WSO)-derived FAMEs, (d) a fatty
acid amide of WSO-derived FAMEs, (e) methyl laurate, and (f) an amide derivative of methyl laurate.
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Figure 4. Effect of (a) different transition metal doping on CaO, (b) Zn ion doping on different metal
oxides, (c) Zn ion concentration in CaO, and (d) calcination temperature in Zn/CaO on the amidation of
jatropha oil (JO).

To optimize the concentration of Zn ions for a higher reaction rate, a series of aminolysis reactions
was carried out by varying the Zn2+ concentration from 0.5 to 5 wt%. There was a significant increase
in the FAD yield from 20% to 99%, as the Zn2+ concentration increased from 0.5 to 2 wt %, respectively.
A further increase in Zn ion concentration had no effect on the reaction rate, and hence 2 wt% was
chosen as an optimized amount of Zn for maximum efficiency (Figure 4c). The Zn/CaO nanoparticles
prepared at different calcination temperatures were also used for the amidation of JO, and it was
observed that the FAD yield was enhanced from 47% to 99% as the calcination temperature increased
from 100 to 400 ◦C, respectively. Interestingly, calcination at a higher temperature such as 600 ◦C and
800 ◦C caused a reduction in the reaction rate as the FAD yield lowered to 85% and 68%, respectively.
This could have been due to the fact that high temperatures caused the sintering of particles, which in
turn decreased the surface area and basic strength (Table 1).

Different catalyst amounts from 1 to 10 wt % and a range of reaction temperatures from 30 to
130 ◦C were tried to figure out the optimized catalyst amount and reaction temperature. The FAD yield
was increased from 25% to 99% when the catalyst amount was enhanced from 1 to 4 wt%. A further
increase in the catalyst amount had no impact on the reaction rate (Figure 5a). Similarly, when the
reaction temperature was increased from 30 ◦C to 90 ◦C, the FAD yield increased significantly from
24% to 99%, respectively. A higher reaction temperature did not show any effect on the reaction rate
(Figure 5b). The optimization of the reaction temperature parameter was carried out by taking out
samples at 5-, 15-, and 30-min time intervals and analyzing them through FTIR and 1H-NMR analysis.
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After 90 ◦C, there was no change in the reaction rate, and hence 90 ◦C was used as the optimized
reaction temperature.

Figure 5. Effect of (a) catalyst concentration, (b) reaction temperature, and (c) the diethanolamine
(DEA)/JO molar ratio on the complete aminolysis of used cotton seed oil (reaction time = 0.5 h).
(d) The effect of different feedstock on the time required and the fatty acid diethanolamine (FAD)
yield for the amidation reaction. Reaction conditions: diethanolamine/feedstock = 5:1 (m/m), catalyst
amount = 4 wt % of feedstock, temperature = 90 ◦C.

Six different molar ratios of diethanolamine and JO were used to optimize the diethanolamine
(DEA) amount for maximum conversion in the minimum time. As the molar ratio increased from 3:1 to
5:1, the FAD yield also increased from 44% to 99%, respectively, in 0.5 h (Figure 5c). A diethanolamine/JO
molar ratio of 5:1, a 4 wt% catalyst amount, and a 90 ◦C reaction temperature were the final optimum
reaction conditions for the complete conversion of JO to fatty acid diethanolamides in the minimum
possible time (0.5 h). However, the Zn/CaO nanospheroids were found to convert JO to FADs
completely, with a 3:1 diethanolamine/JO molar ratio and a 1 wt% catalyst amount at room temperature
(35 ◦C), but the reaction time increased to 4 h.

A variety of triglycerides, which included natural triglycerides as well as methyl laurate, were
tested with an amidation reaction to check the efficiency of the prepared Zn/CaO nanospheroids.
Zn/CaO was found to convert all of the triglycerides to FADs, where it took 30 min to complete the
reaction in the case of JO, KO, WSO, and AF; and it took only 20 min for VSO and ML. The low free
fatty acid (FFA) content was the reason for the lower reaction time for VSO (FFAs = 0.2%) and ML,
whereas Zn/CaO was found to be highly efficient for high FFAs containing feedstock, viz. AF (1.4),
WSO (2.1), KO (4.4), and JO (8.2). The high FFAs (free fatty acids) caused the partial deactivation of the
catalytic sites of Zn/CaO.
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To examine the reusability of Zn/CaO nanospheroids, after being recovered from the final reaction
mixture through centrifugation, Zn/CaO was washed with hexane and dried at 400 ◦C. The recovered
catalyst was tested for the six catalytic runs under the same reaction conditions and regeneration
technique. The recycled and regenerated catalyst was also found to complete (>99 %, m/m) the
amidation of JO, though it required 35 min for the second catalytic recycle and 70 min for the sixth
catalytic run (Figure S2, Supplementary Materials). The partial loss of catalytic activity could have
been due to the loss of Zn/CaO particles during successive centrifugation and the partial leaching of
active species.

2.3.2. Kinetic Study

To calculate the reaction rate, the samples from the Zn/CaO-mediated amidation of JO were
withdrawn regularly every 10 min and then centrifuged to remove the catalyst; the rotary evaporated
was used to remove any remaining amount of diethanolamine; and the samples were finally subjected
to FTIR studies to analyze the fatty acid diethanolamide yield. As the reaction progressed, the intensity
of the ester carbonyl peak at 1739 cm−1 decreased regularly, and the intensity of the fatty acid amide
carbonyl band at 1617 cm−1 increased due to the conversion of triglyceride to corresponding amide
(Figure S3, Supplementary Materials). The amidation of JO in the presence of Zn/CaO was found to
follow pseudo-first-order kinetics, and the reaction rate constant (k) could be given as

k = −ln{(1 − XFAD)/t}, (1)

where XFAD is the fatty acid diethanolamide yield at time t.
The kinetics of the Zn/CaO-catalyzed amidation of JO were studied at a 5:1 diethanolamine/JO

molar ratio in the temperature range of 30–90 ◦C. The linear nature of the −ln(1 − XFAD) versus t
(time) plots (Figure 6a) supported the idea that the reaction followed pseudo-first-order kinetics.
The rate constant values were calculated as 0.171, 0.043, 0.019, and 0.011 min−1 at 90, 70, 50, and
30 ◦C, respectively.

 

°
°
°
°

Figure 6. (a) Plot of −ln(1 − XFAD) versus kt at different reaction temperatures for the
2-Zn/CaO-400-catalyzed aminolysis of JO. (b) The Arrhenius equation curve for the aminolysis of JO.
Reaction conditions: diethanolamine/JO = 5:1 (m/m), catalyst amount = 4 wt%, temperature = 90 ◦C.

To calculate the activation energy (Ea) and the pre-exponential factor (A) for the amidation reaction,
an Arrhenius model was used, as given in Equation (2):

ln k = −Ea/RT + lnA, (2)
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where R = the gas constant (8.31 J K−1 mol−1), and T is the reaction process temperature in kelvin.
The values of Ea and A calculated from the graph between 1/T and ln k were found to be 47.8 kJ mol−1

and 4.75 × 108 min−1, respectively (Figure 6b). The resulting activation energy (47.8 kJ mol−1) for the
amidation of JO was observed within the range for the heterogeneous catalysis (33–84 kJ mol−1).

3. Materials and Methods

All chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) and were used
without further purification. Transition metal-doped CaO, MgO, and ZnO catalysts were synthesized
in nanoparticle form by following a modified incipient-wetness impregnation method.

3.1. General

Nitrates of Mn, Fe, Co, Cu, Ni, Zn, and Cd; zinc acetate; CaO; methanol (99.8%); methyl laurate
(99%); and diethanolamine (99%) were purchased from Sigma-Aldrich, USA, and were used as such
without further purification. Waste soybean oil was collected from local restaurants located in Jeonju.
Scanning electron microscopy (SEM) was performed on a JEOL JSM 6510LV (JEOL Ltd., Akishima,
Tokyo, Japan) to collect the SEM images, and transmission electron microscopy (TEM) was performed
on a HITACHI 7500 to record TEM images. Scanning microscopy-energy-dispersive X-ray analysis
(SEM-EDX) was performed for the qualitative analysis of the catalysts. Fourier-transform–nuclear
magnetic resonance (FT–NMR) spectra of vegetable oils, fatty acid methyl esters (FAMEs), and fatty
acid amides were recorded on a Bruker Avance-II (400 MHz) spectrophotometer (Bruker Corporation,
Billerica, MA, USA). The presence of amide functional groups was supported with the help of
FTIR spectra recorded on a Thermo Scientific Nicolet iS10 spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA). Mass spectra of methyl laurate and the amide derivative of methyl laurate
were recorded on a Waters Micromass Q-ToF Micro mass spectrophotometer (Waters Corporation,
Milford, MA, USA) equipped with electrospray ionization (ESI) and atmospheric pressure chemical
ionization (APcI) sources with a mass range of 4000 amu in quadruple and 20,000 amu in ToF
(Time-Of-Flight). The free fatty acids (FFA), saponification, iodine values, and moisture content of the
virgin soybean oil (VSO), animal fat (AF), waste soybean oil (WSO), Karanja oil (KO), and jatropha oil
(JO) were determined by following methods reported in the literature [34] (Table S1).

3.2. Experimental Section

3.2.1. Preparation of Catalyst

Transition metal-doped CaO, MgO, and ZnO catalysts were synthesized in nanoparticle form
by following a modified incipient-wetness impregnation method [35]. In a typical preparation, metal
oxide (CaO or MgO or ZnO) slurry (10 mg/40 mL ethanol) was sonicated for 1 h, and then 10 mL of
transition metal (Fe or Co or Cu or Zn or Cd) solution in ethanol of a desired concentration was added
dropwise into the metal oxide slurry and stirred moderately for 3 h at 25 ◦C. The resulting mixture was
then dried and calcined at varying temperatures from 100 to 800

◦
C for 12 h. The solid then obtained

was characterized by BET surface area measurement ((ASAP 2010, Micromeritics, USA)), a Hammett
indicator test, powder-XRD, DLS (Brookhaven Instruments Corporation, Austin, TX, United States),
FESEM, and TEM.

3.2.2. Aminolysis Reaction

Aminolysis reactions of a variety of feedstock (viz. WSO, AF, VSO, KO, and JO), FAMEs derived
from them, and methyl laurate (ML) with varying molar concentrations of diethanolamine and catalyst
amounts were performed at 90◦ C. All reactions were carried out until the completion of the reaction
by varying one parameter at a time in order to establish the reaction conditions required for complete
aminolysis in the minimum possible time. The amide derivative produced during the aminolysis
reaction was characterized by FTIR and proton NMR and quantified by FTIR spectroscopy. The amide
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derivative of methyl laurate was additionally analyzed using a mass spectroscopic technique. FAMEs
prepared through the transesterification of a variety of vegetable oils and mutton fat were characterized
and quantified by proton NMR spectroscopy.

Fatty acid amide derivative of WSO: yield > 99%. FTIR (cm−1): 3406 (νOH), 1617 (νC=O);
1H-NMR (CDCl3, δ ppm): 5.3 (m, -CH=CH-), 3.77 (m, -CH2OH), 3.46 (m, -NCH2-), 2.7 (m,
-CH=CH-CH2-CH=CH-), 2.31 (m, -CH2-CO-), 2.0 (m, -CH2-(CH2)n-CH-), 1.6-1.25 (m, -(CH2)n- ),
0.95 (m, -CH=CH-CH3), 0.87 (m, -CH2-CH3).

Fatty acid amide derivative of fatty acid methyl ester of WSO: yield > 99%. FTIR (cm−1): 3406
(νOH), 1617 (νC=O); 1H-NMR (CDCl3, δ ppm): 5.3 (m, -CH=CH-), 3.78 (m, -CH2OH), 3.48 (m, -NCH2-),
2.7 (m, -CH=CH-CH2-CH=CH-), 2.3 (m, -CH2-CO-), 2.0 (m, -CH2-(CH2)n-), 1.6-1.25 (m, -(CH2)n- ),
0.95 (m, -CH=CH-CH3), 0.87 (m, -CH2-CH3).

Fatty acid amide derivative of animal fat: yield > 99%. FTIR (cm−1): 3406 (νOH), 1617 (νC=O);
1H-NMR (CDCl3, δ ppm): 5.34 (m, -CH=CH-), 3.77 (m, -CH2OH), 3.46 (m, -NCH2-), 2.3 (m, -CH2-CO-),
2.0 (m, -CH2-(CH2)n-), 1.6-1.25 (m, -(CH2)n- ), 0.87 (m, -CH2-CH3).

Fatty acid amide derivative of fatty acid methyl ester of animal fat: yield > 99%. FTIR (cm−1):
3406 (νOH), 1617 (νC=O); 1H-NMR (CDCl3, δ ppm): 5.3 (m, -CH=CH-), 3.75 (m, -CH2OH), 3.47 (m,
-NCH2-), 2.3 (m, -CH2-CO-), 2.0 (m, -CH2-(CH2)n-), 1.6-1.25 (m, -(CH2)n- ), 0.87 (m, -CH2-CH3).

Fatty acid amide derivative of Karanja oil: yield > 99%. FTIR (cm−1): 3406 (νOH), 1617
(νC=O); 1H-NMR (CDCl3, δ ppm): 5.3 (m, -CH=CH-), 3.77 (m, -CH2OH), 3.46 (m, -NCH2-), 2.7 (m,
-CH=CH-CH2-CH=CH-), 2.31 (m, -CH2-CO-), 2.0 (m, -CH2-(CH2)n-CH-), 1.6-1.25 (m, -(CH2)n- ), 0.95
(m, -CH=CH-CH3)0.87 (m, -CH2-CH3).

Fatty acid amide derivative of fatty acid methyl ester of Karanja oil: yield > 99%. FTIR (cm−1):
3406 (νOH), 1617 (νC=O); 1H-NMR (CDCl3, δ ppm): 5.3 (m, -CH=CH-), 3.78 (m, -CH2OH), 3.48 (m,
-NCH2-), 2.7 (m, -CH=CH-CH2-CH=CH-), 2.3 (m, -CH2-CO-), 2.0 (m, -CH2-(CH2)n-), 1.6-1.25 (m,
-(CH2)n- ), 0.95 (m, -CH=CH-CH3), 0.87 (m, -CH2-CH3).

Fatty acid amide derivative of jatropha oil: yield > 99%. FTIR (cm−1): 3406 (νOH), 1617
(νC=O); 1H-NMR (CDCl3, δ ppm): 5.3 (m, -CH=CH-), 3.77 (m, -CH2OH), 3.46 (m, -NCH2-), 2.7 (m,
-CH=CH-CH2-CH=CH-), 2.31 (m, -CH2-CO-), 2.0 (m, -CH2-(CH2)n-CH-), 1.6-1.25 (m, -(CH2)n- ), 0.95
(m, -CH=CH-CH3)0.87 (m, -CH2-CH3).

Fatty acid amide derivative of fatty acid methyl ester of jatropha oil: yield > 99%. FTIR (cm−1):
3406 (νOH), 1617 (νC=O); 1H-NMR (CDCl3, δ ppm): 5.3 (m, -CH=CH-), 3.78 (m, -CH2OH), 3.48 (m,
-NCH2-), 2.7 (m, -CH=CH-CH2-CH=CH-), 2.3 (m, -CH2-CO-), 2.0 (m, -CH2-(CH2)n-), 1.6-1.25 (m,
-(CH2)n- ), 0.95 (m, -CH=CH-CH3), 0.87 (m, -CH2-CH3).

Fatty acid amide derivative of methyl laurate: yield > 99%. FTIR (cm−1): 3406 (νOH), 1617
(νamide-C=O); 1H-NMR (CDCl3, δ ppm): 3.8 (m, -CH2OH), 3.5 (m, -NCH2-), 2.3 (m, -CH2-CO-), 1.6-1.25
(m, -(CH2)n- ), 0.87 (m, -CH2-CH3); EI-MS (electron ionization mass spectrometer) (m/z) (intensity (%),
fragment): 287.2 (3, M), 270.3 (100, M-H2O), 227.22 (10, M-CH3(CH2)3), 175.2 (10, M-CH3(CH2)7), 132.2
(12, M-CH3(CH2)10), 114.2 (5, M-CH3(CH2)10OH).

3.2.3. Synthesis of Fatty Acid Methyl Esters

In order to yield FAMEs for aminolysis, the same catalyst was also utilized for the transesterification
of a variety of triglycerides (waste cotton seed oil, jatropha oil, and animal fat) with methanol, as
shown in Scheme 2. All transesterification reactions were carried out in a refluxing unit consisting of
a two-necked round-bottom flask (100 mL) fitted with a water-cooled condenser, an oil bath, and a
magnetic stirrer. In a typical transesterification process, vegetable oil or animal fat (triglyceride) was
mixed with methanol (in a 9:1 molar ratio with respect to triglyceride) with 5 wt % of Zn/CaO and
heated at 65 ◦C until the completion of the reaction.

The catalyst was removed from the reaction mixture by centrifugation (at 8000 rpm) after the
completion of the reaction, the rotary evaporated was used to recover the excess methanol, and then
everything was kept in a separate funnel for 12 h to separate the FAMEs from the glycerol. The FAMEs

15



Catalysts 2019, 9, 774

were thus obtained, further analyzed, and quantified through methods reported in the literature [32]
using 1H-NMR data.

The FAMEs were synthesized through the transesterification of a variety of triglycerides with
methanol (9:1 methanol/oil molar ratio) by using 5 wt % of the same catalyst at 65 ◦C (Scheme 2).

Scheme 2. Transesterification of triglycerides using the 2-Zn/CaO-400 nanocatalyst.

4. Conclusions

Zn-doped CaO nanospheroids were prepared by utilizing a simple method and were used
as a heterogeneous catalyst for the amidation of a variety of natural triglycerides. Zn/CaO-400
nanospheroids were found to have a ~30 nm size, more than an 18.4 in basic strength, and 16.87 m2/g of
surface area. All of these factors made it a highly efficient catalyst in amidation, as it took only a 4 wt %
catalyst amount for the complete conversion of high FFAs containing JO triglyceride, with a 5:1 molar
ratio of DEA/JO at 90 ◦C. The Zn/CaO nanocatalyst was also found to be efficient at room temperature
(35 ◦C) for amidation reactions of JO. The Zn/CaO-400 nanospheroids were found to be most efficient
when compared to other transition metal-doped CaO nanomaterials (Mn, Fe, Co, Ni, Cu, and Cd).
In addition, CaO was found to be the most effective support material compared to MgO and ZnO.
The presence of both CaO and Ca(OH)2 phases in Zn/CaO-400 made it the most efficient heterogeneous
catalyst for the aminolysis of various triglycerides and FAMEs derived from them. Zn/CaO-400 was
also found to have excellent recyclability, as it was used for six consecutive reaction cycles without
losing much catalytic activity. The high reaction rate of 0.171 min–1 with 47.8 kJ mol–1 of activation
energy and 4.75 X 108 pre-exponential factors made it a highly efficient heterogeneous catalyst.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/9/774/s1
(FTIR and NMR data), Scheme S1: Transesterification of triglycerides using 2-Zn/CaO-400 nanocatalyst, Figure S1:
Comparative XRD spectrum of (a) CaO with Zn/CaO calcined at different temperatures and (b) Zn/CaO with
different doping percentages of zinc ion; Figure S2: Recyclability studies of the catalyst in the aminolysis of JO;
Figure S3: Progress of aminolysis using FTIR; Figure S4: Mass spectra of fatty acid amide derived from methyl
laurate; Table S1: The chemical analysis of vegetable oils.
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Abstract: The transesterification of rapeseed and castor oil methyl esters with different alcohols
(2-ethyl-1-hexanol, 1-heptanol and 4-methyl-2-pentanol) and titanium isopropoxide as a catalyst,
to produce biolubricants, was carried out. Parameters such as temperature, alcohol/methyl ester molar
ratio, and catalyst concentration were studied to optimize the process. The reaction evolution was
monitored with the decrease in FAME concentration by gas chromatography. In general, the reaction
was almost complete in two hours, obtaining over 93% conversions. All the variables studied
influenced on the reaction yields. Once the optimum conditions for the maximum conversion and
minimum costs were selected, a characterization of the biolubricants obtained, along with the study
of the influence of the kind of alcohol used, was carried out. The biolubricants had some properties
that were better than mineral lubricants (flash points between 222 and 271 ◦C), needing the use of
additives when they do not comply with the standards (low viscosity for rapeseed biolubricant,
for instance). There was a clear influence of fatty acids of raw materials (oleic and ricinoleic acids as
majority fatty acids in rapeseed and castor oil, respectively) and the structure of the alcohol used on
the final features of the biolubricants.

Keywords: fatty acid methyl esters; 2-ethyl-1-hexanol; 1-heptanol; 4-methyl-2-pentanol; viscosity;
flash and combustion points; methyl oleate; methyl ricinoleate

1. Introduction

The main objective of lubrication is the protection of surfaces in close proximity and moving
relative to each other. This protection is carried out by interposing a substance (lubricant) between the
abovementioned surfaces. This way, the use of lubricants is important to reduce wear, avoiding corrosion
and reducing oxidation in surfaces [1]. Consequently, lubricants are essential in industrial processes.
However, petro-based lubricants, which are extensively used, contribute to many environmental and
sustainability problems [2]. In addition, the scarcity of crude oil reserves provokes the increase in
prices, which makes sustainability and development of poor areas more difficult. This way, the search
for alternative, sustainable, and biodegradable products is becoming more and more necessary. Thus,
biolubricants (mainly derived from vegetable oils) are gaining in importance, as they can be used in
many applications, being environmental friendly (that is, biodegradable, with low ecotoxicity and not
contributing to volatile organic chemicals) [1–3]. Moreover, the fatty acid component of biolubricants
can form layers and a stable film on the surfaces of rubbing zones, avoiding the contact between
surfaces and therefore, corrosion and wear [4]. Many raw materials (such as rapeseed or castor) could
contribute to the sustainable development, being an alternative to rotate typical crops in many regions
and being an alternative to petroleum fuels or products and, consequently, a key for the development
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of local economies [5–8]. Indeed, they have been used as raw materials for biolubricant production
from different ways [1,9,10]. However, the low temperature properties and oxidation stability of these
biolubricants make extensive use difficult [11]. In general, vegetable oils are mainly composed of
fatty acids. Thus, oleic, linoleic, linolenic, or ricinoleic acid play an important role in some typical
vegetable oils, such as rapeseed, safflower, sunflower, corn, or castor oil. Thus, the specific composition
of these vegetable oils can vary depending on the kind of oil or pre-harvest conditions such as soil,
climate, etc [2]. Consequently, the characteristics of these vegetable oils (and their derivatives, such as
fatty acid methyl esters), especially some properties such as viscosity or oxidative stability, depend on
the percentages of these components [1,5,12–14]. Oleic acid, with one unsaturation in its molecular
structure, promotes high oxidative stabilities, whereas ricinoleic acid increases viscosity due to the
hydroxyl group in its structure. As a result, many properties of these fatty acids depend on the
stereochemistry of the molecular chains, the length and degree of branching or unsaturation, among
other factors [2,15–17]. Concerning biolubricant production, there are plenty of chemical reactions
to obtain them, especially epoxidation and double transesterification (from triglycerides to fatty acid
complex esters, through fatty acid methyl esters) [1,13,18]. Thus, transesterification is a chemical
reaction between an ester and an alcohol to transform the former into another ester by interchanging
alkyl groups. It can be classified into acid or base-catalyzed reactions, depending on the catalyst used.
The complexity of the final ester obtained (and their characteristics as a biolubricant) is dependent
on the nature of the alcohol used for the chemical reaction [1]. Thus, the use of catalysts is necessary,
especially when the alcohol used in this transesterification is complex (especially when biolubricants
are produced), which makes transesterification difficult. The aim of this research work was to optimize
temperature, alcohol/FAME ratio, and catalyst concentration for the suitable production of biolubricants
from two typical vegetable oils in Spain, assessing the effect of the raw material and the kind of
alcohol used in biolubricant features. This research work could lead to a sustainable production of
biolubricants from local feedstocks.

2. Results and Discussion

2.1. Raw Material Characterization

In order to determine the biolubricant yield, gas chromatography coupled to FID detection was
carried out. In this case, the decrease in total FAME content over time was used to determine the yield
of biolubricant production. FAME distribution, after the first transesterification (see Figure 1), was
similar to previous studies with the same oils, observing slight differences [6,12,16,19]. For rapeseed
oil, the majority ester was methyl oleate (63.07%), followed by methyl linoleate (21.15%), and linolenate
(8.71%). On the other hand, other FAMEs (methyl myristate, palmitoleate, and erucate) hardly
constitute 0.5%. Initially, total FAME content was 96.59%. On the other hand, castor oil presented high
proportions of methyl ricinoleate (over 88%), and the other FAMEs were scarce, with methyl linoleate
being the second most abundant one (4.5%).

Figure 1. FAME profile of biodiesel from rapeseed and castor oils.
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In general, fatty acid methyl ester distribution, as it occurred in biodiesel composition, could play
an important role in the behavior of the subsequent biolubricants [14,16,20]. This is important in the
case of castor oil where, as indicated, there was a notorious majority in methyl ricinoleate. Effectively,
according to Table 1, there were clear differences between the samples, especially concerning viscosity.
For rapeseed oil methyl esters, similar values for methyl oleate (between 3.73 and 4.51 cSt) were found
in the literature. It must be pointed out that methyl oleate is the main FAME in rapeseed oil biodiesel,
and many of its physical and chemical characteristics could influence rapeseed biodiesel. In addition,
methyl linoleate, with a double unsaturation, could contribute to low viscosity values [16]. On the other
hand, castor oil FAMEs had an extremely high viscosity. This fact could be explained by the structure
of the main FAME after the first transesterification. That way, viscosity increases proportionally with
the presence of hydroxyl groups, which is the distinguishing characteristic of ricinoleic acid. As it
is the main fatty acid in castor oil, this could explain the high viscosity found for the corresponding
FAMES of this oil [16].

Table 1. Characteristics of FAMES from rapeseed and castor oils.

Parameter Rapeseed FAME Castor oil FAME

Density (kg/m3 at 15 ◦C) 878.23 916.20
Viscosity (cSt at 40 ◦C) 5.32 15.8

Acid number (mg
KOH/g) 0.175 0.875

2.2. Influence of Temperature

Concerning the influence of temperature on biolubricant yield (Figure 2), it can be seen that the
worst performance was related to 150 ◦C, obtaining 89% at the end of the experiment. For 160 ◦C and
170 ◦C, over 90% of the reaction was completed after 60 min, reaching in both cases similar final yields
(94.26% and 95.38%, respectively), albeit the reaction at 170 ◦C was kinetically faster. Moreover, after
60 min, an asymptotic behavior was observed for these experiments. This way, a clear influence of
temperature was observed, not only on final yield, but also on kinetics, especially if temperatures were
too low. Accordingly, from an economic point of view, 160 ◦C was the recommended temperature for
further studies.

Figure 2. Biolubricant production depending on temperature ([Catalyst] = 1% w/w; alcohol =
2-ethyl-1-hexanol; molar ratio = 3:1).

2.3. Influence of Catalyst Concentration

The influence of catalyst concentration (see Figure 3) was determined at 150 ◦C, considering that
at low temperatures, the concentration of catalyst would be more decisive. From a kinetic point of
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view, the concentration of catalyst exerted a positive effect on the reaction rate. Taking into account the
biolubricant yield, with 0.5% catalyst (w/w), the final conversion was too poor (under 80%) compared
to 1% and 2% (89.40% and 90.18%, respectively). For 1% and 2% of catalyst, the reaction was almost
complete after two hours, reaching an asymptotic curve from then on. There seemed to be a maximum
catalyst concentration, from which no improvement in conversion was observed. On this basis,
the most suitable catalyst concentration was 1% w/w.

Figure 3. Biolubricant production depending on catalyst concentration. (Temperature = 150 ◦C; alcohol
= 2-ethyl-1-hexanol; molar ratio = 3:1).

2.4. Influence of Alcohol/FAME Molar Ratio

With respect to 2-ethyl-1-hexanol/FAME molar ratio, there were differences, especially for 1:1
molar ratio (Figure 4). With this value, hardly 50% conversion was achieved, whereas for 2:1 and 3:1,
the yield was better (81.71% and 89.40%, respectively). These results confirmed that the concentration
of alcohol strongly affected the equilibrium, displacing the reaction towards the formation of the
biolubricant. Concerning kinetics, the influence of alcohol concentration was positive, increasing the
formation rate of the final product. For this reason, some authors recommend, for transesterification
reactions using FAME as substrate, an amount of alcohol slightly higher than 1:1 molar ratio [21].
In this case, the most suitable molar ratio was 3:1.

Figure 4. Biolubricant production depending on alcohol/FAME molar ratio. ([Catalyst] = 1% w/w;
alcohol = 2-ethyl-1-hexanol; temperature: 150 ◦C).

In summary, and taking into account the above-mentioned discussion and the relationship
of commitment between yield and economic criteria, the selected values for the final biolubricant
production were the following: 160 ◦C, 1% catalyst (w/w), and 3:1 molar ratio.
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2.5. Biolubricant Characterization

Once the final biolubricant was produced under these conditions (160 ◦C, 1% catalyst (w/w),
2-ethyl-1-hexanol and 3:1 molar ratio), a thorough characterization was carried out, obtaining for
rapeseed oil biolubricant the following values: saponification number, 148.5 mg KOH/g; iodine number,
55.5% w/w; moisture, 0.026% w/w; and cold filter plugging point, 0 ◦C. The low value for iodine number
could imply a better stability of this biolubricant during storage, as the amount of unsaturations (that is,
reactive points to increase oxidation) is considerably lower to those found in the literature for FAME [5].

2.6. Influence of Raw Material on Biolubricants

For the rest of parameters, a comparison between rapeseed (RB), castor (CB) and two commercial
lubricants (L1 and L2) was carried out; the results are shown in Table 2. The commercial lubricants
were mainly composed of aliphatic hydrocarbons, and their main use was for hydraulic systems,
turbines, and gears. As can be observed, both biolubricants (obtained by transesterification of FAMEs
with 2-ethyl-1-hexanol) were obtained with adequate yields (94–97%) and similar density values,
close to the values typically found in the literature and the commercial biolubricants. There were
considerable differences in viscosity values, as mentioned earlier for the respective biofuels (especially
for CB, much higher than the rest of the samples). For rapeseed oil, a viscosity of 11 cSt at 40 ◦C was
found, which does not meet most requirements of ISO norms, whereas castor oil amply complies with
these requirements with 208.25 cSt at 40 ◦C, exceeding the lower limit of the ISO VG100 norm (90.0 cSt
at the same temperature). These values were similar to those found in the literature for other vegetable
oils used as biolubricants or derivatives [18,22]. It was possibly due to the fact that the fatty acids of
biolubricants derived from rapeseed and castor oils kept a similar chemical structure, especially paying
attention to the hydroxyl group in ricinoleate (majority in castor oil biolubricant), which increases its
polarity and, therefore, its viscosity both at 40 ◦C and 100 ◦C [16,17]. Concerning flash and combustion
points, they were high in both biolubricants, especially for castor oil. This fact implies that they are
safe when it comes to storage and management, exceeding most requirements for this parameter in
the case of rapeseed oil, and improving the results of the commercial lubricants [18]. Regarding the
viscosity index, it could be said that both biolubricants showed multigrade characteristics (exceeding
140, being suitable for industrial purposes), and therefore, viscosity is less variable over temperature
for these products, compared to the commercial lubricants, which showed lower viscosity indexes
(below 100) [23,24].

Table 2. Comparison of rapeseed and castor biolubricants *.

Parameter RB CB L1 L2

Yield (%) 96.59 93.80 - -

Density (kg/m3 at 15 ◦C) 873 930 845 860
Viscosity (cSt at 40 ◦C) 10.04 208.25 7.0 13.8
Viscosity (cSt at 100 ◦C) 4.09 26.74 2.1 3.4

Viscosity index 377 163 97 95
Pour point (◦C) <−10 <−16 −30 −18

CFPP (◦C) 0 - −27 −18
Flash point (◦C) 222 271 150 180

Combustion point (◦C) 236 285 - -
Acid number (mg KOH/g) 0.39 0.45 0.38 0.50

Oxidative stability (h) 0.94 - - -

* Experimental conditions: Temperature = 160 ◦C; [Catalyst] = 1% w/w; 2-ethyl-1-hexanol/FAME ratio = 3:1

For CFPP and pour point, it could be said that, in general, the commercial lubricants showed
lower (and better) values compared to the biolubricants obtained, with the values of the latter being
comparable to other biolubricants [18]. The oxidative stability (data available for rapeseed biolubricant)
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was low, not exceeding one hour. Nevertheless, according to the literature, this value is in a similar
order of magnitude to other biolubricants [18,24].

2.7. Influence of Alcohol Structure on Biolubricants

Finally, and comparing the same raw material for the production of biolubricants with
different alcohols for transesterification, castor FAMEs were used with 2-ethyl-1-hexanol, 1-heptanol,
and 4-methyl-2-pentanol (Table 3). In this case, there were clear differences between the biolubricant
obtained by the reaction of castor FAME with 2-ethyl-1 hexanol and the rest of the alcohols. It has already
been reported that the number of carbons or branching in the alcohol chain structure could also influence
properties such as viscosity [17,25]. However, some authors do not consider this fact as a determinant,
finding some functional groups (such as phenyl) more influential [10]. Thus, the complexity of
2-ethyl-1-hexanol structure is able to promote more intermolecular bonds, increasing viscosity.

Table 3. Comparison of biolubricants from castor oil FAMEs by using 2-ethyl-1-hexanol (A),
1-heptanol (B), and 4-methyl-2-pentanol (C).

Parameter A B C

Density (mg/ml at 15 ◦C) 0.930 0.908 0.912
Viscosity (cSt at 40 ◦C) 208.25 39.96 34.47

Viscosity (cSt at 100 ◦C) 26.74 7.11 6.13

* Experimental conditions: Temperature= 160 ◦C, 150 ◦C, and 120 ◦C for A, B, and C, respectively; [Catalyst] = 1% w/w;
alcohol/FAME ratio = 3:1

3. Materials and Methods

3.1. Raw Materials and Experimental Design

The raw materials, rapeseed and castor oil, were provided by the Research Center
“La Orden-Valdesequera” (Badajoz-Spain) Section of Non-Food (CICYTEX). These vegetable oils
were the starting point of the experimental design, being quite different in physical and chemical
features. An overview of the experimental design is shown in Figure 5.

 

w w

Figure 5. Experimental design.

The first transesterification produced fatty acid methyl esters (FAMEs or biodiesel), which were
obtained by using optimum parameters. Afterwards, the second transesterification was carried out
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to produce fatty acid complex esters (biolubricants), assessing different temperature values, catalyst
percentages, alcohol/FAME ratios, and kinds of alcohol. The characterization of the biolubricant
obtained was carried out, paying attention to viscosity.

3.2. First Transesterification

As an intermediate stage, fatty acid methyl esters (FAME) were produced from rapeseed and
castor oil. In this reaction, the triglycerides that constitute the vegetable oils react with three moles of
methanol to produce three moles FAME and glycerol.

This reaction is reversible, and therefore parameters such as temperature, catalyst concentration,
and molar ratio are important to obtain better FAME yields.

For this purpose, a reactor coupled to a condenser and supplied with temperature and stirring
rate control was used. The reaction conditions, optimized in previous studies [26], were as follows:
a reaction temperature of around 65 ◦C was used (to avoid excessive methanol evaporation); the reaction
took place for 60 min (to make sure that the FAME proportion in the final product was over 96.5%);
the methanol/oil ratio was 6:1 (according to previous studies, additional methanol was not necessary);
the catalyst (potassium hydroxide) added was 1% w/w (of the total reaction medium). Following these
steps, the FAME content of the product was over 96.5%, complying with the standard and making
it a suitable reagent for the next step (the second transesterification for biolubricant production).
Details of the experimental procedure, methodology, and analytical methods can be found in previous
works [6,26].

3.3. Second Transesterification Reaction (Biolubricant Production)

Concerning biolubricant production, different alcohols (such as 2-ethyl-1-hexanol, 1-heptanol, and
4-methyl-2-pentanol; see Table 4), FAME (obtained earlier), and titanium isopropoxide (as a catalyst)
were used for the second transesterification reaction (again, a reversible reaction; see Figure 2). These
alcohols were chosen on account of their different structure, with different branching levels (see Table 4),
in order to obtain different viscosity values for the products obtained. On the other hand, titanium
isopropoxide was chosen due to its effectiveness and the use of titanium catalysts in industry, especially
as the precursor of other catalysts such as TiO2 [27–29].

Table 4. Structure of the different alcohols used for the second transesterification.

Alcohol Structure Boiling Point ◦C

2-ethyl-1-hexanol
 

180

1-heptanol  176

4-methyl-2-pentanol
 

131.6

As can be observed in Figure 6, methanol was released along with the biolubricant and its removal
contributes to better biolubricant production.

Figure 6. Second transesterification.
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As was observed in Figure 7, the experimental facility was similar to that described for the FAME
production, except for the Dean Stark trap, which collects (and therefore removes from the reaction
medium, improving the yield of the biolubricant) the methanol that is evolved during the second
transesterification process, and the sampling point (with the aim of taking samples to analyze the
FAME content evolution by gas chromatography).

Figure 7. Experimental arrangement for biolubricant production.

In the second transesterification reaction, temperature, catalyst concentration, and molar ratio,
in addition to the alcohol type, were studied for biolubricant yield optimization. Table 5 shows the
range for these variables. The second transesterification process was carried out near the corresponding
boiling point for each alcohol. This way, the temperature was as high as possible, not exceeding each
boiling point, so that the alcohol is conserved in the reaction medium and not evaporated. In order to
remove the surplus alcohol after the reaction, vacuum distillation was carried out. Figure 8 shows the
experimental setup for this purpose.

Table 5. Experimental design for the optimization of biolubricant production.

Experiment Temperature (◦C) Catalyst Concentration (%) Alcohol */FAME Molar Ratio

Influence of temperature 150, 160 and 170 1 3:1
Influence of catalyst

concentration 150 0.5, 1 and 2 3:1

Influence of molar ratio 150 1 1:1, 2:1 and 3:1

* For variable optimization, 2-ethyl-1-hexanol was used.

Figure 8. Biolubricant purification.
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Thus, the installation was composed of heating and stirring systems (where the lubricant is
heated to remove surplus alcohol at approximately 120–150 ◦C), temperature probes, a condenser,
the corresponding Erlenmeyer flask to collect the alcohol, a trap flask (to protect the pump), and a
vacuum pump.

To measure the decrease in FAMEs during the second transesterification reaction (implying the
increase in biolubricant yield), a VARIAN 3900 chromatograph, provided with a FID, and a silica
capillary column (30 m length, 0.32 mm ID, and 0.25 mm film thickness) was used. The carrier gas was
helium (0.7 mL/min flow rate), and heptane was used as a solvent. The injector temperature was kept
at 270 ◦C and the detector temperature at 300 ◦C.

Temperature ramp started at 20 ◦C, and then went 20 ◦C/min up to 220 ◦C. A calibration curve
was done for each FAME, using its corresponding standard (Sigma-Aldrich). The calibration was
carried out by using an internal standard (methyl heptadecanoate).

3.4. Biolubricant Characterization

Once the biolubricant was obtained and purified, it was characterized. For this purpose, several
determinations were carried out. Density determination was obtained by using a pycnometer. Viscosity
is determined following the ISO 3104:1994 standard [30] with an Ostwald viscometer. For viscosity
index, the ASTM D2270 standard was used [31]. Pour point was measured according to ATSM D-97
standard [32]. To determine cold filter plugging point (CFPP), the EN 116 standard was consulted [33].
For flash and combustion point determination, the Cleveland open-cup method was used (UNE
51-023-90) [34]. For moisture, a Metrohm 870 trinitro plus equipment was used, using the Karl-Fischer
method (UNE-EN ISO 12937:2000) [35]. The saponification number was determined following the
UNE-EN 55012 standard [36]. The acid number was determined according to the UNE-EN 12634:1999
standard [37]. For Iodine number, the UNE-EN 14111:2003 standard was followed [38]. The oxidative
stability was obtained for biolubricant, according to the Rancimat test [39]. Thus, three grams of
the sample was placed in a test tube, bubbling air (10 L/h) into the sample, and heating it at 110 ◦C.
The resulting stream of air, after passing through the sample, bubbled 50 ml of deionized water.
To monitor the whole process, the conductivity of this deionized water was measured. As the sample
was oxidized, some by-products were developed and dissolved into the deionized water, increasing the
conductivity of the latter. Thus, the induction point was determined at the time when the conductivity
increased considerably.

4. Conclusions

The production of biolubricants (kinetics and conversion) was influenced by temperature,
concentration of catalyst (titanium isopropoxide), and alcohol/FAME molar ratio. Thus, temperature
slightly increased the final yield, with notorious kinetic changes at higher temperatures. Equally, the
final conversion was higher, as catalyst concentration increased from low values to intermediate ones,
apparently reaching a point (1% w/w) where it was not dependent on concentration. Finally, as the
molar ratio alcohol/FAME was higher, the yield was better. In order to meet both yield and economic
factors, intermediate values for temperature and catalyst concentration (T = 160 ◦C, [Catalyst] = 1%
w/w) and the highest alcohol/FAME ratio (alcohol:FAME = 3:1) were considered to be suitable for
biolubricant production. Once the main parameters were optimized for biolubricant production,
the yield obtained for rapeseed and castor oils was acceptable, exceeding 93% in both cases.

The raw materials studied, rapeseed and castor oils, presented different fatty acid profiles. For the
former, the majority fatty acid was oleic acid, whereas for the latter, it was ricinoleic acid. Therefore,
the kind of seed selected, among other factors such as pre-harvest conditions, make this initial
characterization necessary. Consequently, the proportion of fatty acids (especially the majority one),
plays an important role in biolubricant features. Thus, the structure of these fatty acids, including
unsaturations, length of the chain, and hydroxyl groups, influenced many parameters of the final
biolubricant. For example, the presence of a hydroxyl group in ricinoleic acid could explain the high
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viscosity of castor oil and its corresponding biodiesel and biolubricant, compared to rapeseed oil.
Both biolubricants showed (in general) suitable properties, sometimes better than in the case of the
commercial lubricants that were studied.

The kind of alcohol used in biolubricant production seemed to influence some of its characteristics,
especially viscosity. The longer and more branched the molecule chain, the higher the viscosity.
Consequently, the right choice of the alcohol could optimize the performance of the biolubricant,
especially concerning tribology.

For further studies on this subject, analyses to complete characterization of the final biolubricant
produced are necessary, paying special attention to IR, mass spectrometry, etc.
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Abstract: The use of biodiesel and the requirement of improving its production in a more efficient
and sustainable way are becoming more and more important. In this research work, castor oil was
demonstrated to be an alternative feedstock for obtaining biodiesel. The production of biodiesel
was optimized by the use of a two-step process. In this process, methanol and KOH (as a catalyst)
were added in each step, and the glycerol produced during the first stage was removed before the
second reaction. The reaction conditions were optimized, considering catalyst concentration and
methanol/oil molar ratio for both steps. A mathematical model was obtained to predict the final ester
content of the biodiesel. Optimal conditions (0.08 mol·L−1 and 0.01 mol·L−1 as catalyst concentration,
5.25:1 and 3:1 as methanol/oil molar ratio for first and second step, respectively) were established,
taking into account the biodiesel quality and an economic analysis. This type of process allowed cost
saving, since the amounts of methanol and catalyst were significantly reduced. An estimation of the
final manufacturing cost of biodiesel production was carried out.

Keywords: catalyst; sodium hydroxide; fatty acid methyl ester; central composite rotatable design;
operational conditions

1. Introduction

Nowadays, fossil fuel depletion and the increase in atmospheric carbon dioxide concentration
are two of the main reasons to promote sustainable alternatives for petroleum products. Biodiesel
can be considered as a real alternative for diesel because of its renewable character and its use in
any compression ignition engine [1]. The most commonly used route to obtain biodiesel is through
transesterification of vegetable oils (or other sources such as animal fats) with methanol as an alcohol
and NaOH, KOH, CH3ONa, or CH3OK as catalysts [1–3]. Non-edible vegetable oils such as castor
oil could be considered as appropriate raw material because it is not used in human diet, its plants
can grow in agronomically poor soils, and its oil yield is higher than in the case of other energy
crops [4]. The main component of this oil is the triglyceride formed of the unsaturated hydroxyl-fatty
acid, ricinoleic acid [(9Z, 12R)-12-hydroxy-9-octadecenoicacid]. This compound is the main cause of
the high viscosity and polarity of castor oil [4]. Such properties would limit its use as a biodiesel;
nevertheless, as is usually done for other biodiesel samples [5], mixtures with castor oil biodiesel show
good properties when mixed with conventional diesel or other less viscous biodiesels [6], and can also
be used in mixtures as oil [7]. In addition, castor oil shows high solubility in alcohols, which favors
transesterification [8].

Biodiesel production from castor oil was studied in mixtures with soybean oil. Nevertheless,
nonsignificant substrate preference was observed [9]. On the other hand, the use of co-solvents was
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an additional method for improving castor oil biodiesel yield [10]. In this case, hexane was used as a
co-solvent and biodiesel yield was not significantly affected by the presence of this compound. A high
alcohol/oil molar ratio, 20:1, was also necessary. The transesterification of castor oil using methanol was
done with ultrasound; the highest ester content was 93.3% [11]. Solid catalysis was also tested in castor
oil transesterification [12]. The catalyst was composed of Ag salts and 29:1 methanol/oil molar ratio,
60 ◦C, and a reaction time of 3 h were necessary to reach 90% biodiesel yield. As seen in previous works,
the effort to enhance the results of the conventional method did not lead to completely satisfactory
conclusions. The highest ester content, 97%, was obtained with homogeneous basic catalysis and
conventional heating. However, 18.8:1 methanol/oil molar ratio was necessary [8].

The transesterification is a reversible reaction. When enough catalyst is present in the reaction
medium, chemical equilibrium is reached. Methanol is usually added in higher ratios than the
stoichiometric ratio (3:1) in order to shift the equilibrium position of the reaction towards the product
side. However, this fact strongly increases the final cost of the process due to the fact that methanol
expenses are higher. Therefore, the optimization of the process is vital to reduce environmental impacts
and costs [13]. In this research work, a process with two steps was proposed to obtain castor oil
biodiesel with high methyl ester content and decrease costs. In this way, two reactions were carried out
and, before the second one, the glycerol produced in the first reaction was removed. The removal of
this product promoted a change in the equilibrium position towards the products. The aim of this work
was to assess the best transesterification conditions to improve the process and reduce production costs.
The operation conditions were optimized to obtain high methyl ester yields and the best conditions
were economically evaluated. Some economic assessments have been carried out for industrial plants
of biodiesel production [14–18]. However, there was little information when castor oil was used as a
feedstock [19]. Therefore, the global process of biodiesel production from castor oil in an industrial
plant was evaluated, and the final cost of biodiesel production was calculated for the analyzed plant.

2. Results and Discussion

2.1. Raw Material

Oil properties and its corresponding fatty acid content are shown in Table 1. The oil content
of the feedstock used was equivalent to the composition of a typical castor oil: 90% ricinoleic acid,
4.5% linoleic acid, and 3.6% oleic acid [20]. Ricinoleic acid, with a hydroxyl group, shows very
different properties compared to other fatty acids, that is, regarding density and viscosity, it was
highly hygroscopic and had a low iodine value and high solubility in alcohols. The latter is the most
interesting characteristic considering transesterification to obtain biodiesel because it promotes this
chemical reaction at low temperatures [21,22]. Compared with other vegetable oils, there were clear
differences in fatty acid profile, with oleic acid being the majority fatty acid for rapeseed and sunflower
oils. This difference in fatty acid composition could explain the difference in observed properties.

The low acid value of this oil made the use of basic catalysis possible for transesterification [23].
This way, potassium hydroxide was selected, as basic catalysts are suitable for oils with low acid
values [21,24].
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Table 1. Castor oil fatty acid profile and properties and comparison with other biodiesel from
vegetable oils.

Oil Castor Rapeseed [25] Sunflower [25]

Fatty acid profile, %

C16:0 palmitic 1.30 4.92 4.88
C18:0 stearic 1.22 1.63 4.78
C18:1 oleic 3.61 66.59 67.66

C18:2 linoleic 4.58 17.08 21.26
C18:3 linolenic 0.39 7.75 0.09

C18:1–OH ricinoleic 88.9 N.D. N.D.

Physical and chemical properties

Density at 15 ◦C, kg·m−3 961 919 918
Viscosity at 40 ◦C, cSt 262 38.5 38.3

Water content, % 0.31 0.06 0.06
Acid value, mgKOH·g−1 1.19 0.71 1.90

Acid number, % 0.55 0.36 0.95
Iodine value, gI2·(100 g)−1 80.5 101.1 93.5

Saponification value, mgKOH·g−1 179 193.2 184.0

N.D. = not detected.

2.2. Reaction Conditions and Variables of the Design

In previous works, castor biodiesel was obtained using a one-step reaction process, achieving
97% methyl esters [8]. This ester content was suitable for its use as biodiesel; however, a very high
concentration of alcohol was necessary. The methanol/oil ratio was 18.8:1. In addition, the used catalyst
was CH3OK, which means high costs and preventive measures to avoid contact with atmospheric
moisture. In this work, two serial transesterification reactions were proposed to decrease MeOH
concentration and to avoid the use of CH3OK as a catalyst because it would involve higher costs in
an industrial process [14,16,19,26]. In this case, KOH was used as a catalyst because it is cheaper and
easier to use.

The transesterification reaction has five important operational conditions: catalyst percentage,
methanol/oil molar ratio, temperature, time, and stirring speed. The high solubility between castor oil
and methanol was to avoid mass transfer problems. A stirring speed of 700 rpm was maintained in order
to ensure thermal homogeneity, and based on previous works with the same system [8,25–28]. Regarding
reaction temperature, this parameter was maintained at 45 ◦C as this was the optimal temperature in
previous works with castor oil, and its variation showed just slight effects in transesterification [8,29,30].
In the literature, the reaction time is usually 1–2 h; however, the equilibrium is normally reached
during the first minutes of reaction [29,31,32]. In addition, previous work carried out with castor oil
showed 10 min was a suitable reaction time [8]. Hence, 10 min was chosen for the first and second step
in this work.

On the other hand, catalyst and methanol concentrations have been the most influencing factors
in transesterification, and their effects are related each other [8,33,34]. Therefore, these variables for
the first and second stages were considered in the experimental design. The ranges of these variables
were established based on previous reactions. In the first stage, 0.02–0.10 mol·L−1 KOH and 3:1–6:1
molar ratio of CH3OH/oil were used. Regarding second stage, the ranges of operation variables were
0.01–0.05 mol·L−1 KOH and 1:1–5:1 molar ratio of CH3OH/oil.

2.3. Regression Model Development

The experimental conditions of the runs by the coded levels of the variables are shown in
the Materials and Methods section. As previously mentioned, the studied variables were catalyst
concentration in the first step (A), CH3OH/oil molar ratio in the first step (B), catalyst concentration in
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the second step (C) and CH3OH/oil molar ratio in the second step (D). These variables were analyzed
by central composite rotatable design and the experimental conditions of the runs by the coded levels
of the variables are shown in Table 2. The response variable was the biodiesel ester content achieved
for each reaction, and these data were also collected in the table. The central conditions of the design
produced biodiesel with average ester content of 93.0%. The results were analyzed through multiple
regressions, testing various models such as linear, two-factor interaction, three-factor interaction, two
and three factor interaction, cubic, quadratic, and cubic plus quadratic models, with the quadratic
one best fitting real data as was seen for the transesterification reaction in previous works [8,33,35].
Equation (1) shows the estimated response model equation for methyl ester content of biodiesel (related
to original factors).

Ester content (wt%) = 92.961 + 3.159·A + 2.940·B + 1.046·C + 2.024·D− 0.894·AB− 0.644·AC
+0.459·AD− 0.989·BC− 1.046·BD− 0.119·CD− 0.470·AA− 0.704·BB− 0.150·CC− 1.133·DD

(1)

As can be seen in Equation (1), linear terms showed positive coefficient values, quadratic terms
showed negative coefficients, and some cross-product terms were positive and some of them negative.
For this reason, the equation of the model will describe a response surface where the maximum ester
yield can be observed. The ANOVA test of the response surface is shown in Table 2. The effect of the
factors in the response variable followed this order: catalyst concentration first step > CH3OH/oil
molar ratio first step > CH3OH/oil molar ratio second step > catalyst concentration second step. The
determination coefficient pointed to the suitability of the model (0.966). The P-value of the model was
lower than 0.05, implying a statistical relation between the response surface and the variables at a
confidence level of 95%. In addition, the p-value for the parameter lack of fit was 0.0941, greater than
0.05; then, the model was appropriate to fit the actual data, there was no significant lack of fit. Most
terms of the model were significant. In conclusion, the model fits the experimental data faithfully and
can be used to predict experimental data.

Table 2. Analysis of variance table for response surface quadratic model.

Source Sum of Squares DF Mean Square F-Value P-Value

Model 676.867 14 48.348 32.190 0.0000
A 239.528 1 239.528 159.476 0.0000
B 207.446 1 207.446 138.116 0.0000
C 26.250 1 26.250 17.477 0.0007
D 98.334 1 98.334 65.470 0.0000

AB 12.781 1 12.781 8.509 0.0101
AC 6.631 1 6.631 4.415 0.0518
AD 3.367 1 3.367 2.242 0.1538
BC 15.642 1 15.642 10.414 0.0053
BD 17.514 1 17.514 11.661 0.0035
CD 0.226 1 0.226 0.150 0.7034
AA 6.326 1 6.326 4.212 0.0569
BB 14.177 1 14.177 9.439 0.0073
CC 0.646 1 0.646 0.430 0.5211
DD 36.699 1 36.699 24.434 0.0001

Error 24.031 16 1.502
Lack of fit 20.055 10 2.006 3.026 0.0941
Pure error 3.976 6 0.663
Total error 24.031 16 1.502

R2 = 0.966

In the Materials and Methods section, the predicted values from the model and the measured
values under the same experimental conditions are shown. As seen, the predicted values agreed with
the observed ones in these operating conditions. On the other hand, the residuals were randomly
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dispersed so there was no correlation between the obtained errors and the value of the response
variable. This fact can be checked in Figure S1 of Supplementary Material.

2.4. Response Surface Graphs

Response surface graphs are one of the most usual ways to show the regression equation in the
RSM. When the model considers more than two variables, two of them can be plotted, keeping the
remaining constant. In Figure 1a, the effect of catalyst concentration and CH3OH/oil molar ratio in
the first step and their interaction are shown. The conditions for second reaction were kept at the
central values of the model (0.03 mol·L−1 and 3:1 as KOH concentration and CH3OH/oil molar ratio,
respectively). As seen, the increase of catalyst and methanol concentrations led to a significant increase
of the ester content of the biodiesel. The stoichiometric molar ratio between castor oil and methanol is
3:1; however, this alcohol ratio was not enough to reach ester content greater than 95%. As seen in the
figure, when CH3OH/oil molar ratio was lower, the increase in catalyst concentration in the first step
would lead to higher ester contents, and vice versa. This behavior has been observed by other authors
when these variables were studied in one-step processes [5,34]. On the other hand, Figure 1b shows
the response surface of methyl ester yield when the catalyst proportion and methanol/oil molar ratio in
the second step were varied. In this case, the higher the catalyst or methanol concentrations, the higher
the obtained ester content. However, the effect of catalyst concentration on the second step was less
significant than in the case of the first step and, in general, changes in conditions of the second step had
less effect on the final result. According to this figure, the most suitable reaction conditions were 0.05
mol·L−1 of KOH and 4:1 CH3OH/oil ratio. Then, these conditions were kept constant and the response
surface of Figure 1c was plotted, where catalyst and methanol concentration in the first step were
varied. In this case, the maximum ester content was achieved with high catalyst concentration and low
CH3OH/oil molar ratio in the first step. The 3:1 ratio would be enough to reach high conversions, in
contrast to the results plotted in Figure 1a. Finally, the condition in the first step which maximized the
ester content in Figure 1a were considered (0.10 mol·L−1 KOH and 6:1 CH3OH/oil molar ratio), and
the response surface of Figure 1d was drawn. The optimal results differed with the previous figure
once again. Therefore, there is a need to reach the condition of equilibrium between both reactions to
determine the most suitable conditions.

2.5. Process Optimization

The most interesting aspect of the response surface graphs was their wide area of high ester yield.
This implies stability, being a desirable effect because high ester contents can be obtained under various
experimental conditions. In particular, it is possible to find lots of reaction conditions which lead to an
ester content greater than 96.5%, the minimum value specified by the European Standard UNE-EN
14214. According to Equation (1), the maximum ester content would exceed 100%; using 0.10 mol·L−1

KOH and 3:1 CH3OH/oil molar ratio in the first step and 0.05 mol·L−1 KOH and 5:1 CH3OH/oil ratio
in the second step, the predicted ester content would be 101.2% (Table 3). However, experimental ester
content higher than 98% was not obtained in any reaction. It was expected that the empirical ester
content would be close to 98% when the predicted ester content was higher than 98%. This hypothesis
was supported by the first reaction in Table 3, whose conditions led to predicted ester contents higher
than 100%, and the measured one was close to 98%. On the other hand, the second reaction of this
table was carried out under conditions which led to ester content over 96.5%, and the measured one
was also higher than 96.5%, so this biodiesel would be within the European standard.
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Figure 1. Response surface plots of ester content: (a) Catalyst concentration vs. MeOH/oil molar
ratio first step; catalyst concentration second step: 0.03 mol·L−1, MeOH/oil molar ratio second step:
3:1; (b) Catalyst concentration vs. MeOH/oil molar ratio second step; catalyst concentration first step:
0.06 mol·L−1, MeOH/oil molar ratio first step: 4.5:1; (c) Catalyst concentration vs. MeOH/oil molar
ratio first step; catalyst concentration second step: 0.05 mol·L−1, MeOH/oil molar ratio second step:
4:1; (d) Catalyst concentration vs. MeOH/oil molar ratio second step; catalyst concentration first step:
0.10 mol·L−1, MeOH/oil molar ratio first step: 6:1.

Table 3. Optimization of the process.

A B C D
Predicted Ester
Content (wt %)

Experimental Ester
Content (wt %)

Relative
Error (%)

0.10 mol·L−1 3.00:1 0.05 mol·L−1 5:1
101.2 97.6 3.6(A = 2) (B = −2) (C = 2) (D = 2)

0.08 mol·L−1 5.25:1 0.04 mol·L−1 4:1
96.7 96.9 −0.2(A = 1) (B = 1) (C = 1) (D = 1)

Since the experimental conditions to obtain biodiesel from castor oil were optimized, an economic
evaluation was carried out. For this economic evaluation, the conditions assuming that the predicted
ester content was higher than 96.5% were considered. These conditions are collected in Table S1 of
Supplementary Material. The main variable costs of the process, such as the consumed methanol,
catalyst, and neutralizer, were determined for each condition. To simplify, only the levels of the factors
integrated in the model were considered to this calculation, although similar conditions would be
expected to achieve similar results and there would be infinite options. Since four factors and five
levels were considered, 54 alternatives were evaluated. Among them, the ester content was predicted
to be greater than 96.5% under 74 conditions.

Firstly, a biodiesel plant which uses 50,000 tons of castor oil per year was considered. Since
biodiesel yield is usually close to 100%, this yield was assumed to the following calculations of this
section [19,26]. The process is composed by two heated series reactors. The biodiesel and glycerol
phase of the product of the first reactor would be separated, and biodiesel phase would be transferred
to the second reactor. Fresh alcohol catalyst solution would also be added. From the products of the
reaction, methanol would be recovered in about 90% of unreacted alcohol [2]. The neutralizer was
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H3PO4, so an input from the sale of K3PO4 to the industry of fertilizers was added. The prices to
purchase one kilogram of CH3OH, KOH, and H3PO4 were $0.47, $1.87, and $0.40, respectively. The
price of selling one kilogram of K3PO4 was $0.64. These data were obtained from local companies
and the Methanex Methanol Price Sheet [36]. According to these values, the annual cost of methanol,
catalyst, and neutralizer in the aforementioned biodiesel plant were evaluated. These expenses were
calculated for each condition (Table S1 of Supplementary Material) and they were plotted in Figure 2
as variable cost per liter of biodiesel. The cost of castor oil was not considered because it would be the
same for all conditions. The numbers in the x-axis represent the experimental conditions considered to
calculate the cost. According to the model, all of these conditions will lead to an ester content greater
than 96.5%. Among them, the reaction conditions which showed the cheapest processes in terms
of feedstock cost would be the numbers 57, 58, 39, and 65. These numbers represent the conditions
collected in Table 4. As an example, the number 57 represents 0.06 mol·L−1 as catalyst concentration
and 6:1 as MeOH/oil molar ratio for the first step and 0.01 mol·L−1 as catalyst concentration and 3:1 as
MeOH/oil molar ratio for the second step. When these conditions were used in a biodiesel plant of
50,000 tons of castor oil, a cost saving close to $400,000 could be obtained in comparison to the most
unfavorable conditions collected in Figure 2. On the other hand, the optimal conditions as shown in a
previous work, where one-step process was used, were 0.064 mol·L−1 CH3OK and 18.8:1 as catalyst
concentration and MeOH/oil molar ratio, respectively [8]. Considering these conditions and the same
biodiesel plant, close to $800,000 per year could be saved if the process with two steps were used.
Therefore, the use of two-step transesterification for this process will suppose important saving costs
for reagents.

Figure 2. Annual variable cost in millions of dollars for the selected conditions.

Table 4. Experimental conditions with the lowest variable costs per liter of biodiesel.

Run
Catalyst Concentration First

Step
CH3OH/Oil Molar

Ratio First Step
Catalyst Concentration

Second Step
CH3OH/Oil Molar
Ratio Second Step

57 0.06 mol·L−1 6.00:1 0.01 mol·L−1 3:1
58 0.08 mol·L−1 6.00:1 0.01 mol·L−1 2:1
39 0.08 mol·L−1 5.25:1 0.01 mol·L−1 3:1
65 0.06 mol·L−1 6.00:1 0.02 mol·L−1 3:1

2.6. Process Simulation

Experimental conditions related to run 39 were considered to simulate the process. Due to the
high solubility between methanol and castor biodiesel, phase separation was extremely slow when the
conditions of run 57 and 58 were used. Therefore, the third condition with lower cost was taken into

37



Catalysts 2019, 9, 864

account. The simulation of a plant of 50,000 tons·year−1 of castor oil was carried out. A continuous
process was considered because it is common in industry, especially in plants with high capacities [2].
The process flowsheet is shown in Figure 3. The simulation was carried out with the software UniSim
Design, and the properties of the main streams of the process were collected in Tables 5 and 6. The
process could be improved by energy integration and a study in-depth of the pumping system.

Figure 3. Process flowsheet.

Table 5. Properties of the main streams (part I).

Stream 1” 2 3 4 5 6 7′ 9

Temperature, ◦C 45.0 20.0 20.0 45.0 25.0 25.0 20.0 45.0
Pressure, kPa 250 101 101 250 250 250 250 250

Molar flow, kmol·h−1 6.69 20.5 3.88 42.9 30.5 12.5 20.3 50.8
Mass flow, kg·h−1 6250 56 132 7418 6449 970 652 7100

Component mass fraction

Ricinolein 1.000 0.000 0.000 0.091 0.078 0.177 0.000 0.016
Methanol 0.000 1.000 0.700 0.075 0.057 0.200 0.993 0.137

NaOH 0.000 0.000 0.300 0.005 0.004 0.009 0.006 0.004
Methyl ricinoleate 0.000 0.000 0.000 0.755 0.859 0.060 0.000 0.836

Glycerol 0.000 0.000 0.000 0.074 0.002 0.554 0.000 0.007
H2O 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Table 6. Properties of the main streams (part II).

Stream 12 15 17 18 19 22 23 25

Temperature, ◦C 50 40.0 40.1 150.0 150.0 138.8 47.5 20.0
Pressure, kPa 50 101 101 20 20 60 50 250

Molar flow, kmol·h−1 26.9 49.4 19.3 19.2 0.0285 6.74 5.50 32.2
Mass flow, kg·h−1 863 890 6017 6016 0.942 784 176 1031

Component mass fraction

Ricinolein 0.001 0.000 0.019 0.019 0.032 0.273 0.000 0.000
Methanol 0.999 0.000 0.001 0.001 0.964 0.080 1.000 1.000

NaOH 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Methyl ricinoleate 0.000 0.000 0.980 0.980 0.002 0.027 0.000 0.000

Glycerol 0.000 0.000 0.000 0.000 0.000 0.864 0.000 0.000
H2O 0.000 1.000 0.000 0.000 0.003 0.000 0.000 0.000

Firstly, the chemical components were defined for the simulation process. Methanol, glycerol,
NaOH (instead of KOH) and water were available in the software component library. The
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castor oil feedstock and biodiesel were defined as the triglyceride of ricinoleic acid and methyl
ricinoleate, respectively. Both compounds were added as hypothetical components [19,37]. Due
to the presence of highly polar components, non-random two liquid (extended NRTL) was
recommended as thermodynamic model. In addition, liquid–liquid equilibrium data for the system of
methanol–glycerol–methyl ricinoleate were faithfully provided by the model [38,39].

Plant capacity was established as 50,000 tons·year−1 of castor oil transformed to biodiesel; therefore,
6.25 tonnes·hour−1 were considered (8,000 annual operating hours) [10]. As shown in Figure 3, castor
oil and fresh methanol were fed to the process by stream 1 and 2, respectively. The stream 3 was a
30% catalyst solution in methanol. Conditions and compositions of these streams are shown in Tables 5
and 6. Methanol was added in excess, so the surplus was recovered and purified, and 89.2% of unreacted
methanol was recycled. In the first reactor, the reaction was carried out with a 5.25:1 methanol/oil molar
ratio, 0.08 mol·L−1 NaOH, 45 ◦C, and 10 min as residence time. In the second reactor, composition and
flow of the streams were regulated to use a 3:1 methanol/oil molar ratio, 0.01 mol·L−1 NaOH, 45 ◦C, and
10 min as residence time. These conditions were the established in run 39, Table 4.

The reactors used in the simulation were conversion reactor models with 89% oil conversion in the
first reactor (CRV-100) and 77.5% remain oil conversion in the second reactor (CRV-101). As previously
checked by other authors, the presence of the theoretical reaction intermediates, diacylglycerols and
monoacylglycerols, was only observed in the initial stages of the reaction, due to high methanol to oil
ratios [40].

In the process flowsheet (Figure 3), the product of the first reactor was led to a liquid–liquid
separator (V-100). In the process design, a high-speed disc bowl centrifuge was considered because
this separation is very slow for castor oil biodiesel and glycerol [41]. Biodiesel rich phase was led to
the second reactor and fresh catalyst and methanol were also added. After this reaction, the product
was a monophasic mixture. Methanol was recovered by two in series vacuum distillation (V-101 and
V-102) at 50 kPa. The temperatures of these operations were 150 ◦C in the first separator and 50 ◦C in
the second one. The recycled stream had 99.9% methanol.

The streams of biodiesel from the separators were washed in a water washing column (T-100)
with hot water (40 ◦C). It was a column with four theoretical stages at atmospheric pressure [2,40], and
in this step, the total removal of the remaining catalyst, methanol, and glycerol was achieved.

Final biodiesel refinement was conducted through vacuum distillation, in order to obtain biodiesel
which was within the EN 14214:2013 standard. According to these specifications, water and methanol
contents were lower than 0.05% and 0.20%, respectively. The final amount of biodiesel obtained in the
process was 6016 kg·h−1, with a yield of 96.3% based on the initial oil.

Glycerol rich phase was neutralized with H3PO4 and this operation was simulated by the tool
“Component Splitter” (X-100). This tool allowed for the separation of NaOH. The real operation
requires a reactor where H3PO4 reacts with KOH and a following step for the separation of the
synthesized salts [2]. Finally, a distillation column (T-101) was used for methanol recovery and glycerol
purification. The design of this column was carried out according to previous works [40,42] and using
the “Short Cut Distillation” software. The achieved glycerol purity was 86.4%, but depending on its
desired use, additional purification could be necessary.

2.7. Cost Evaluation

Once the production process was established, a cost evaluation was carried out. Firstly, the main
units were identified and their sizes calculated. To determine the volume of the transesterification
reactors, the volumetric flow of reagents and their residence time were considered; the reactor was
a stirred tank with 0.5 as a fill factor. The size of the high-speed disc bowl centrifuge was estimated
based on the flow of product that had to be separated. Flash distiller sizes were obtained according to
the guidelines established by Silla [43]. The evaporator V-101 was a vertical vessel with cylindrical
shape, 4.5 m3 as total volume and 3 as the length/diameter ratio. The design of V-102 was carried out
considering that the inlet stream was mainly composed of vapor. In this case, the length to diameter
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ratio was 2 and its volume was 0.70 m3. The most suitable shape of the distiller V-103 was a horizontal
cylinder with 50% as liquid level and 10 min as residence time. Under these assumptions, the volume
of the vessel was 2.7 m3.

The cost of the water washing column and the neutralization and salt removal units was estimated
based on the inlet flow rate [16,40]. Regarding the distillation column for glycerol purification (T-101),
design criteria for this type of unit were used [44]. A packed column was chosen instead of a plate
column, because of its short dimensions. The packing material was INTALOX®, 1”. The diameter and
length of the column were 0.30 and 5.2 m, respectively, considering 65% efficiency [43–45]. The cost of
the reboiler and condenser were considered in the heat exchanger section.

The costs of the processing units were calculated based on its size and previous data. In addition,
the exponential rule of economy of scale was applied, following Equation (2), where S0 and CS0 are the
capacity and cost of the known unit, respectively, and S and CS are the capacity and cost of the unit
of which the cost is unknown. Exponent, δ, is characteristic of each technology and δ = 0.65 for the
estimation of tanks, reactors, and columns, and δ = 0.80 for the pumps [46].

CS = CS0

(
S
S0

)δ
(2)

This rule was also applied to determine the cost of the equipment in an additional plant. A plant
which used 16,000 tons·year−1 of castor oil was also evaluated. This plant was considered because the
production of castor oil could be smaller in some areas. Fifty thousand tons of castor oil and about
one-third of this amount were considered. The cost of the equipment has to be updated, following
changes in the value of money due to inflation and deflation according to the chemical engineering
plant cost index. Equation (3) was employed, where CA and CB are the current capital cost and the
cost in the base period, respectively, and CEPCIA and CEPCIB are the index published in Chemical
Engineering Journal. The costs of the major processing units are presented in Table 7.

CA = CB
CEPCIA

CEPCIB
(3)

Table 7. Estimation of equipment costs.

Equipment
Cost, Thousands of Dollars

50,000 t·year−1 16,000 t·year−1

Reactor (CRV–100) 163.13 77.78
Reactor (CRV–101) 158.06 75.37
Centrifuge (V–100) 31.34 14.94

Flash distiller (V–101) 89.41 42.63
Flash distiller (V–102) 52.84 25.19
Flash distiller (V–103) 530.80 253.09

Washing column (T–100) 31.10 14.83
Neutralization and removal of the catalyst (X–100) 138.35 65.97

Distillation column (T–101) 123.00 58.65
Heat exchangers 410.71 195.83

Pumps and valves 112.86 53.81
Tanks 2056.71 980.66

Total equipment cost 3898.30 1858.76

The total capital cost of the plant was estimated by the method of factors developed by Lang and
improved by Peter and Timmerhaus [47]. This method was based on the cost of the major processing
units. In Table 8, factors and capital costs of the plant were collected. As seen in this table, the cost of
the plant increased because of the increase of capacity, however, one plant was more than three times
bigger than the other, while its cost was only double.
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Table 8. Estimated fixed capital cost (year 2015).

Concept Factor, %
Cost, Thousands of Dollars

50,000 t·year−1 16,000 t·year−1

Equipment costs 100 3898.30 1858.76
Installation 47 1832.20 873.62

Instrumentation and controls 18 701.69 334.58
Piping 66 2572.88 1226.78

Electrical systems 11 428.81 204.46
Buildings 18 701.69 334.58

Civil & structure 10 389.83 185.88
Service facilities 70 2728.81 1301.13

Total direct cost 13,254.23 6319.78

Engineering supervision 33 1286.44 613.39
Construction costs 41 1598.30 762.09
Total indirect cost 2884.74 1375.48

Legal expenses and contractors fee
(about 5% of direct and indirect costs) 21 818.64 390.34

Contingency
(about 10% of direct and indirect costs) 42 1637.29 780.68

Total capital cost (TCC) 18,594.91 8866.28

The price of castor oil was considered as an average price of this oil for the European region.
However, this price strongly depends on Indian producers, because this country accounts for more than
60% of the global yield [48]. The prices of the rest of the raw materials were also obtained. As shown
in Table 9, the costs of the utilities, and fixed costs were collected to obtain the final manufacturing cost
of biodiesel in plants with capacity of 50,000 and 16,000 tonnes·year−1.

Table 9. Annual manufacturing costs.

Concept Price, $·kg−1 Cost, $·kg−1 Biodiesel

50,000 t·year−1 16,000 t·year−1

Castor oil 0.948 0.9849
Methanol 0.393 0.0490

KOH 1.87 0.0203
H3PO4 0.40 0.0006
Water 0.0017 0.0002

Raw material costs 0.5023
K3PO4 0.64 0.0017

By-product 0.0017
Waste treatment 0.21 0.0433

Energetic streams 0.024 0.0144
Electricity 0.157 0.0295

Energy costs 0.0439
Variable costs, $·kg−1 biodiesel 1.1405

Depreciation 0.10·TCC 0.0386 0.0576
Repair 0.03·TCC 0.0116 0.0173

Administrative costs 0.03·TCC 0.0116 0.0173
Personal 530,000 $·year−1 0.0111 0.0344

Fixed cost, $·kg−1 biodiesel 0.0729 0.1265
Total manufacturing cost, $·kg−1 biodiesel 1.2134 1.2670
Total manufacturing cost, $·L−1 biodiesel 1.1163 1.1657

As seen in Table 9, vegetable oil represents 81% of the biodiesel costs in the plant of 50,000
tons·year−1 and 78% in the smallest plant. Castor oil can be a promising raw material for biodiesel
production on account of the low production requirements. Castor bean can be grown in poor or low
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fertile lands with low rain indexes, making it a good option for poor regions. However, this oil shows
high price on the international market, possibly due to its dependence on the Indian market and its
use as lubricant and in the chemical industry. The issue of this type of biodiesel is its high viscosity,
which make its direct use in injection engines difficult. However, there are some works where castor
oil is used to obtain biodiesel because it has good behavior in engines when it is mixed with other
biofuels or diesel [4,49].

3. Materials and Methods

3.1. Materials

Castor oil was supplied by INTERFAT (Barcelona, Spain), and transesterification was carried out
by using methanol (MeOH 99.6%, Panreac, Barcelona, Spain), and the catalyst used was potassium
hydroxide (85%, Alfa Aesar, Kandel, Germany). Sulfuric acid (95%–98%, Panreac, Barcelona, Spain)
was used to neutralize the catalyst. For oil characterization, all the reagents (Panreac, Barcelona, Spain)
were of recognized analytical grade. Methyl ester standards from Merck (Darmstadt, Germany) were
used in chromatographic analysis.

3.2. Transesterification Reaction

Transesterification reactions were carried out in a 500 mL spherical glass reactor connected to a
condenser, which had a sampling outlet and stirring, heating, and temperature control systems. The
process was composed of two successive transesterification reactions which were carried out in the
same experimental setup. For the first step, oil was preheated to 45 ◦C, the reaction temperature, and
a solution with the desired amount of methanol and KOH was added to the reactor. For the second
step, after 10 min, the mixture of reaction was separated in a decantation funnel, removing glycerol.
Biodiesel phase was put into the reactor again, it was heated (45 ◦C) and a new solution of catalyst
and alcohol was added. After the reaction time (10 min), the catalyst was neutralized with sulfuric
acid, glycerol and methanol were removed, and the biodiesel was washed with distilled water. The
remaining water was removed by heating at 110 ◦C.

To optimize the process, catalyst concentration and methanol/oil molar ratio were studied, whereas
temperature and time were set at 45 ◦C and 10 min, respectively, for both steps and every reaction.

3.3. Experimental Design and Statistical Analysis

Central composite rotatable design (that is, CCD) was used to evaluate the influence of operational
conditions on methyl ester yield. There were five levels of points and four factors for the statistical
analysis, as indicated in Table 10. The selected variables were catalyst concentration and methanol/oil
molar ratio in the first and the second step. Four factors in 24 full factorial CCD with five levels
culminated in 31 runs of experiments (2k + 2k + 7), where k represents the number of independent
variables or factors selected. Seven runs of center point experiments evaluated the pure error increased
with 8 axial and 16 factorial experimental runs. The variables were normalized in the range from −2 to
+2 to compare between variables according to Equation (4):

xi =
2(Xi −Xmin)

(Xmax −Xmin)
− 1 (4)

where xi is the normalized value of a certain variable (X) at a certain condition i; Xi is the actual value;
and Xmin and Xmax are the lower and upper limits, respectively. The range of each variable and the
decoded values are shown in Table 10. Catalyst concentration in each step was calculated considering
the total volume of reaction for each step and the methanol/oil molar ratio for both steps was based on
the initial oil amount.
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Table 10. Factors and their levels for response surface design.

Variable Symbol
Coded Factor Levels

−2 −1 0 1 2

Catalyst concentration first step (mol·L−1) A 0.02 0.04 0.06 0.08 0.10
Methanol/oil molar ratio first step B 3.00:1 3.75:1 4.50:1 5.25:1 6.00:1

Catalyst concentration second step (mol·L−1) C 0.01 0.02 0.03 0.04 0.05
Methanol/oil molar ratio second step D 1:1 2:1 3:1 4:1 5:1

Experimental reactions were performed in a random order to minimize errors due to systematic
trends in variables. The results were analyzed through RSM to fit a second-order polynomial model
(see Equation (5)):

y = β0 +
∑

i
βjXj +

∑
i
βjjX

2
j +

∑
i<jj

∑
βijXjXj + ε (5)

where y is the response factor (that is, % methyl ester); xi is the ith independent factor; β0 is the
intercept; βi is the first order coefficient of the model; βii the quadratic coefficient for i factor; βij the
lineal coefficients of the model for the interaction between i and j factors; and ε the experimental error
related to y. The quality of the model fit was assessed by ANOVA test and a confidence level of α = 5%
was used to check the statistical significance of the polynomial model. Table 11 shows the experimental
conditions, the predicted and experimental values of the response factor and the residual values for
each experiment.

Table 11. CCD, predicted and experimental ester content, and residual values of the design.

Runs A B C D
Predicted Ester
Content (wt %)

Experimental Ester
Content (wt %)

Residual Value (wt %)

1 −2 0 0 0 84.8 85.9 1.1
2 2 0 0 0 97.4 97.8 0.4
3 0 −2 0 0 84.3 84.2 −0.1
4 0 2 0 0 96.0 97.8 1.8
5 0 0 −2 0 90.3 91.3 1.0
6 0 0 2 0 94.4 95.0 0.6
7 0 0 0 −2 84.4 84.4 0.0
8 0 0 0 2 92.5 94.0 1.5
9 −1 −1 −1 −1 78.3 78.2 −0.1

10 1 −1 −1 −1 86.8 85.7 −1.1
11 −1 1 −1 −1 90.1 89.2 −0.9
12 1 1 −1 −1 95.0 96.0 1.0
13 −1 −1 1 −1 83.4 84.0 0.6
14 1 −1 1 −1 89.4 90.1 0.7
15 −1 1 1 −1 91.2 90.4 −0.8
16 1 1 1 −1 93.6 92.6 −1.0
17 −1 −1 −1 1 83.3 83.0 −0.3
18 1 −1 −1 1 93.6 94.3 0.7
19 −1 1 −1 1 90.9 89.9 −1.0
20 1 1 −1 1 97.6 95.7 −1.9
21 −1 −1 1 1 88.9 87.7 −1.2
22 1 −1 1 1 96.6 96.2 −0.4
23 −1 1 1 1 92.5 92.4 −0.1
24 1 1 1 1 96.7 96.5 −0.2
25 0 0 0 0 93.0 92.5 −0.5
26 0 0 0 0 93.0 93.5 0.5
27 0 0 0 0 93.0 92.3 −0.7
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Table 11. Cont.

Runs A B C D
Predicted Ester
Content (wt %)

Experimental Ester
Content (wt %)

Residual Value (wt %)

28 0 0 0 0 93.0 91.9 −1.1
29 0 0 0 0 93.0 93.5 0.5
30 0 0 0 0 93.0 94.2 1.2
31 0 0 0 0 93.0 92.9 −0.1

3.4. Analytical Procedure

Biodiesel was analyzed by gas chromatography, using a gas chromatograph with an FID detector
(VARIAN 3900, Varian, Palo Alto, CA, USA). A polyethylene glycol column (Zebron ZB-WAX PLUS,
Phenomenex, CA, USA) was used with the following characteristics: length, 30 m; film thickness, 0.5
μm; and i.d., 0.32 mm. Helium (1.4 mL·min−1) was used as a carrier gas, and the temperature oven for
each run was 220 ◦C for 34 min and at 245 ◦C for 29 min with a ramp of 20 ◦C·min−1. The injector and
detector temperatures were 270 and 300 ◦C, respectively. Methyl heptadecanoate and methyl erucate
were used as standards for the internal standard method for most methyl esters and methyl ricinoleate,
respectively. Ethyl acetate was used as a solvent for the standards, and calibration curves were carried
out for each standard.

4. Conclusions

The main findings in this research work are as follows:
Two-step transesterification was an effective and economic method to produce biodiesel from

castor oil. An analysis of the main variables of the process—catalyst concentration and methanol/oil
molar ratio—in both steps showed that this method was quite robust, since a lot of experimental
conditions produced a methyl ester yield in excess of 96.5%. An economic assessment of the main
variable costs of biodiesel production showed an important reduction of annual expenses when the
optimum conditions were used. This decrease was caused by the use of a two-step process instead of
one-step, and the optimization of the conditions allowed for the use of response surface methodology.
In the complete economic analysis, raw material costs accounted for a major portion of the total
manufacturing costs. For this reason, the total manufacturing costs of biodiesel in the smallest industrial
plant were close to the value in the biggest plant. The decrease in castor oil price could considerably
improve the profitability of the process.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/10/864/s1,
Figure S1: Experimental methyl ester content versus predicted values, Table S1: Experimental conditions which
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Abstract: Non-edible vegetable oils are characterized by high contents of free fatty acids (FFAs) that
prevent from using the conventional basic catalysts for the production of biodiesel. In this work, solid
acid catalysts are used for the simultaneous esterification and transesterification with methanol of
the FFAs and triglycerides contained in sunflower oil acidified with oleic acid. Molybdenum oxide
(MoO3), which has been seldom considered as a catalyst for the production of biodiesel, was used
in bulk and alumina-supported forms. Results showed that bulk MoO3 is very active for both
transesterification and esterification reactions, but it suffered from severe molybdenum leaching in
the reaction medium. When supported on Al2O3, the MoO3 performance improved in terms of active
phase utilization and stability though molybdenum leaching remained significant. The improvement
of catalytic performance was ascribed to the establishment of MoO3-Al2O3 interactions that favored
the anchorage of molybdenum to the support and the formation of new strong acidic centers, although
this effect was offset by a decrease of specific surface area. It is concluded that the development
of stable catalysts based on MoO3 offers an attractive route for the valorization of oils with high
FFAs content.

Keywords: acid catalysis; biodiesel; biofuel; esterification; fatty acid; methanolysis; molybdenum
oxide; transesterification; vegetable oil

1. Introduction

Biodiesel (a mixture of fatty acid methyl esters, FAMEs) has been the most important alternative
fuel for diesel engines for over 25 years [1]. It is typically produced by the catalytic transesterification of
refined vegetable oils such as soybean, palm and rapeseed in liquid phase (homogeneous catalysis). To
make biodiesel more cost-competitive with petroleum diesel, the use of refined oils, whose cost has been
estimated to account for 70–95% of the total costs, should be avoided by replacing them with low-cost
feedstocks, such as waste greases, brown grease, non-edible vegetable oils, dark oil generated by the
vegetable oil refining industry, or used cooking oils [1–3]. An obvious and important additional benefit
of this strategy is obtaining a more sustainable alternative fuel that contributes to reducing the CO2
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emissions to the atmosphere and the dependency of the energy system on petroleum. On the other hand,
the basic catalysts usually used in the biodiesel industry (KOH, NaOH, and potassium and sodium
methoxides) have important drawbacks [4]. Although they could be replaced by heterogeneous solid
catalysts to make their re-utilization possible, some issues concerning those materials such as the lack of
the required chemical stability are still not well solved [5–7]. Moreover, basic catalysts are not capable of
suitably processing virgin, non-edible or waste feedstocks, which are characterized by being relatively
rich in free fatty acids (FFAs), because they result deactivated and/or consumed, e.g., by the formation
of soaps that also complicate the separation of the products due to their emulsifying properties. In these
cases, acid catalysts can be used to perform a pre-esterification of the FFAs followed by base-catalyzed
transesterification giving rise to the so-called integrated process for biodiesel production from high
FFAs-containing triglyceride feedstocks [1,8]. Nevertheless, this is a multistep process that introduces
complexity, thus reducing the competitive advantage of using low-cost feedstocks. It would be more
convenient to perform the simultaneous transformation of the triglycerides and FFAs into FAMEs,
which can be in fact accomplished using heterogeneous acid catalysts [9–11].

Heterogeneous acid catalysts considered for biodiesel production comprise a large variety of
materials [8–18]. The most representative ones consist on sulfated and tungstated zirconia, niobia,
silica and alumina, bulk and supported polyoxometalates and heteropoly acids (HPAs) of e.g., Si4+ or
P5+ with W6+ or Mo6+, mixed metal oxides such as titania-zirconia and silica-zirconia, immobilized
acidic ionic liquids, sulfonic ion-exchange resins, zeolites, mesoporous silicas (SBA, MCM and KIT
series), and carbonaceous materials functionalized with sulfonic acid groups. Each of these families of
compounds presents advantages and drawbacks whereas their catalytic performance is intimately
related to their textural and acidic properties that depend on the exact composition, synthesis method,
activation conditions, etc. In this regard, the low activity reported for zeolites has been related to the
strong diffusional limitations suffered by the bulky triglyceride and FFA molecules. As for the acidic
properties, Brönsted sites are considered significantly more active than the Lewis ones [10], though the
necessity of having both strong Brönsted and Lewis sites has also been claimed [1]. Another typical
feature of the production of biodiesel through acid catalysis is that temperatures up to around 190 ◦C
are required to obtain reasonable product yields which is in contrast with the temperatures close to
the normal boiling point of methanol (65 ◦C) that are employed with the basic catalysts, even the
heterogeneous ones. This is obviously related to the well-known lower activity for this process of the
acid catalysts compared to the basic ones.

Among the several materials proposed, sulfated zirconia (SO4
2−/ZrO2) is considered a super-acid

solid exhibiting the strongest Brönsted acidity; therefore, it has been widely investigated as a catalyst
for the production of biodiesel. A significant lack of stability has been reported for SO4

2−/ZrO2 due
to sulfate leaching, as well as deactivation by fouling associated with surface deposition of reaction
products and reactants causing the blockage of the active sites [1]. On the other hand, some compounds
of tungsten and molybdenum, both metals belonging to group 6 of the Periodic Table, have been
also identified as potential catalysts for the synthesis of biodiesel. Several works can be found in the
literature showing the good catalytic performance of supported WO3 for the conversion of oils with
high contents of FFA [19,20]. As for molybdenum, their compounds have received little attention
in this field up to date. Molybdenum compounds are characterized by a remarkable versatility as
catalysts, a fact that is related to the ability of this metal to be present on the solid surface in different
oxidation states, ranging from Mo6+ to metallic Mo (Mo0) [21]. Anhydrous sodium molybdate [22],
bulk MoO3 [23], and molybdenum supported on alumina [24], silica, silica-alumina, and titania [25,26],
as well as carbon [27] have been used as esterification and transesterification catalysts for biodiesel
production from several oils, including waste oil.

In this work, both bulk (unsupported) and alumina-supported MoO3 have been used as catalysts
to convert sunflower oil with added FFAs into biodiesel. The main objective is to contribute to a better
understanding of the parameters controlling the catalytic performance of these materials in pursuit
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of the future development of an active, selective, and stable catalyst suitable for the production of
biodiesel from non-edible and waste feedstocks.

2. Results and Discussion

2.1. Catalysts Characterization

Three bulk molybdenum oxide catalysts (Mo (300), Mo (500) and Mo (700)) were prepared through
the calcination of ammonium heptamolybdate tetrahydrate (AHM) at 300, 500, and 700 ◦C. In addition,
a series of alumina-supported molybdenum oxide catalysts (s-Mo (x), where x is the MoO3 content
(wt.%)) were obtained from the incipient wetness impregnation of alumina with aqueous AHM
solutions and calcination at 800 ◦C.

The X-ray diffraction (XRD) patterns of the bulk and a selection of the alumina-supported
molybdenum catalysts are shown in Figure 1. The thermal decomposition AHM is a complex process in
which several molybdenum compounds are involved. Chithambararaj et al. [28] found that ammonium
was still present in the crystalline structures at calcination temperatures up to about 300 ◦C. According to
these authors, at relatively low temperatures AHM evolves from [NH4]4(Mo8O24.8 (O2)1.2(H2O)2)(H2O)4

at 50–75 ◦C to [NH4]8Mo10O34 between 100 ◦C and 200 ◦C; finally, [NH4]4Mo8O26 is formed near
300 ◦C. Then, MoO2.5(OH)0.5 is present between 325 and 475 ◦C that evolves to MoO2.69(OH)0.3 at ca.
575 ◦C, finally resulting MoO3−x at about 700 ◦C. It should be noted that molybdenum trioxide can
exist both as layered orthorhombic α-MoO3 and monoclinic β-MoO3 which has monoclinic rutile type
structure formed by edge-sharing MoO6 octahedra [29]. The XRD patterns of Mo (300), Mo (500) and
Mo (700) show also an evolution as the calcination temperature increases. In the case of Mo (700),
a mixture of crystalline phases is present that apparently contains MoO3 and MoO2.69(OH)0.3. On the
other hand, Mo (500) seems to contain both MoO2.5(OH)0.5 and MoO2.69(OH)0.3. As for the Mo (300)
sample, in addition to MoO2.5(OH)0.5 and MoO2.69(OH)0.3, the presence of compounds containing
ammonium cannot be ruled out.

θ [ ]

Figure 1. X-ray diffraction (XRD) patterns of the bulk molybdenum catalysts (Mo) calcined at 300, 500,
and 700 ◦C, and of the alumina-supported ones (s-Mo) containing 8, 10 and 16 wt.% MoO3 and calcined
at 800 ◦C.

In the case of the supported catalysts (calcined at 800 ◦C), no crystalline molybdenum compound
could be identified in the XRD patterns of the samples containing less than 16 wt.% MoO3 which
suggests that the supported species are very well dispersed over the alumina support. However,
new diffraction peaks appeared between 20 and 26◦ (2θ) in the XRD pattern of the s-Mo (16) sample
that could correspond to aluminum molybdate (Al2(MoO4)3) and to a series of polyoxo Mo species,
as reported in the literature for 16 wt.% MoO3 supported on alumina and calcined at different
temperatures between 527 and 827 ◦C [26]. Kitano et al. [30] investigated a series of alumina-supported
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molybdenum catalysts calcined at 800 ◦C containing between 5 and 30 wt.% MoO3. No XRD peaks
corresponding to Mo compounds were found in the diffraction patterns of the catalysts with MoO3

loadings below 11 wt.% whereas for contents above 13 wt.% Al2(MoO4)3 could be detected. The authors
estimated at 10 wt.% the MoO3 loading required to form a surface monolayer. It was proposed that
two-dimensional molybdenum oxide domains and some three-dimensional MoO3 clusters were formed
on 11 wt.% MoO3/Al2O3 whereas the MoO3 clusters were transformed into aluminum molybdate at
higher metallic contents. As can be seen, the XRD results reveal a complex nature of the Mo catalysts
that is due to the rich chemistry of this metal.

As expected for the bulk catalysts, these solids showed low specific surface areas that decreased
from 17.0 m2/g for Mo (300) to 4.9 m2/g for Mo (500) and finally 1.6 m2/g for Mo (700) as the AHM
calcination temperature increased. As for the supported catalysts, their specific surface areas (SBET) are
compiled in Table 1; all the samples, included the support, were calcined at 800 ◦C.

Table 1. Physicochemical characterization data of the supported MoO3 catalysts.

Sample SBET (m2/g) [NH3]des. (μmol/m2) 1

Al2O3 support 112 2.7
s-Mo (6) 99 2.8
s-Mo (8) 72 2.4
s-Mo (10) 63 2.4
s-Mo (13) 47 1.9
s-Mo (16) 44 2.0

1 Data obtained from the desorption peak centered at 147–150 ◦C in all cases.

It can be seen that a gradual decrease of the SBET takes place as the MoO3 loading increases up to
13 wt.%. However, the additional decrease of specific surface area taking place upon an additional
MoO3 loading increase up to 16 wt.% is low resulting in a SBET of 44 m2/g for s-Mo (16), which represents
a decrease of 60% with respect to the alumina support. This indicates a considerable blockage of the
porous network, which is not accompanied by the formation of detectable Mo crystalline phases until
a 16 wt.% MoO3 loading is reached, as evidenced by the XRD results. Following the calculations
performed by Kitano et al. [30], who assigned a cross-sectional area of 0.22 nm2 to the octahedral MoO6

unit, the molybdenum oxide required to form a monolayer over the alumina support used in this
work can be estimated at about 11 wt.%. Taking into account these results it could be suggested that
in the s-Mo (6) to s-Mo (13) series of samples, Mo oxide seems to be present mainly in the form of a
two-dimensional structure well dispersed over the support surface.

The X-ray photoelectron spectroscopy (XPS) results of the bulk molybdenum catalysts are shown
in Figure 2.

Figure 2. X-ray photoelectron spectra of the Mo 3d doublet corresponding to the bulk MoO3 catalysts.
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In all cases, the XP spectra are characterized by two well-resolved contributions at binding
energies of 233.0–233.1 and 236.2–236.3 eV that can be assigned to the Mo 3d5/2 and Mo 3d3/2 spin-orbit
components of Mo (VI), respectively. The splitting energy of this doublet (3.2 eV) agrees well with the
values reported in the literature for Mo (VI) [31]. The presence of molybdenum in oxidation states
other than Mo (VI) seems to be not significant though corresponding 3d5/2 spectral lines have been
reported at significantly lower binding energy values (231.6 eV for Mo (V)) [32]. Choi and Thompson
indicated values for the Mo 3d5/2 line of polycrystalline MoO3 between 231.6 and 232.7 eV [31].
Baltrusaitis et al. [29] compiled a series of values for Mo (VI) taken from the literature and the binding
energies reported were 233.0–233.2 eV (Mo 3d5/2) and 236.1–236.3 eV (Mo 3d3/2), which coincide
with the values found in this work. These values were measured for a layer of oxide thermally
developed on molybdenum metal under controlled O2 pressure [33] as well as for alumina-supported
cobalt-molybdena catalysts [34].

Regarding acidity, it was first measured through temperature-programmed desorption of NH3

(NH3-TPD), a technique that is not capable of distinguishing between Brönsted and Lewis sites due
to the strong basicity of ammonia. As a matter of fact, NH3 can adsorb on both Lewis and Brönsted
sites of MoO3 as molecular NH3 and ammonium ion, respectively, though adsorption on Lewis sites is
more favorable energetically [35]. The NH3-TPD patterns corresponding to the alumina support and a
selection of the alumina-supported catalysts are included in Figure 3.

Figure 3. Temperature-programmed desorption of NH3 (NH3-TPD) patterns of the samples indicated.

A main peak showing a maximum within the 147–150 ◦C temperature range characterizes the
patterns. The peaks are broad and show a long tail that extends up to 300–600 ◦C, depending on the case.
Very small peaks centered at about 240 ◦C and 375 ◦C can be observed in the alumina NH3-TPD pattern.
It is also apparent that baseline drifting complicated the integration of the peaks, which resulted in the
specific acidity values compiled in Table 1. It can be seen that the specific acidity tends to decrease as
the molybdenum oxide content increases. This result suggests that the acidity of the solids decreases
as the alumina surface becomes covered by molybdenum oxide species. Sankaranarayanan et al. [24]
found similar NH3-TPD results for a series of alumina-supported molybdenum oxide catalysts calcined
at 527 ◦C, 677 ◦C and 827 ◦C and containing 8wt.%, 12wt.% and 16 wt.% MoO3. The acidity of the
samples calcined at 827 ◦C decreased from 3.8 μmol/m2 for the sample loaded with 8 wt.% MoO3 to
2.8 μmol/m2 for the catalyst containing 16 wt.% MoO3. This last result can be compared with the value
of 2.0 μmol/m2 obtained in this work for a sample containing 16 wt.% MoO3 and calcined at 800 ◦C (see
Table 1). Accurate assessment of the acidity of the unsupported solids through NH3-TPD was difficult
due to the low specific surface area of these materials and the technical limitations of the equipment
used (see Section 3) to load high amounts of sample. Their specific acidity was somewhat lower than
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that of the supported solids, ranging between 0.6 μmol/m2 for Mo (300) and 2.0 μmol/m2 for Mo (500)
and Mo (700).

Representative FTIR spectra of adsorbed pyridine corresponding to bulk (Mo (500)) and
Al2O3-supported catalysts (s-Mo (8)) are shown in Figure 4. Pyridinium ions adsorbed over Brönsted
sites exhibit characteristic bands at wavenumbers of 1546–1548 cm−1 (ν19b), and 1638–1640 cm−1

(ν8a) [36,37]. The spectra of Mo (500) and s-Mo (8) show weak and broad bands at 1634 and 1638 cm−1

as well as at 1532 and 1542 cm−1, respectively. These bands are ascribed to Brönsted sites that due
to their different nature appear at different wavenumbers. As for the Lewis sites on molybdenum
oxide, bands of adsorbed pyridine at 1451 (ν19b) and 1611 cm−1 (ν8a) have been reported [37]. These
values are similar to the ones reported for adsorbed pyridine on Al3+ in alumina surface: 1450 and
1615 cm−1 [36]. The spectrum of the alumina-supported catalyst shows a weak band at 1616 cm−1 and
another very intense absorption signal at 1442 cm−1 that seems compatible with pyridine adsorption
on acidic Lewis sites. In the case of the bulk molybdenum oxide catalyst, the band at 1443 cm−1 is
much weaker and the broad band observed at a wavelength of 1606 cm−1 could correspond to the one
reported at 1611 cm−1 [37]. This difference in intensity indicates a lower number of Lewis sites on the
surface of Mo(500) catalyst. Moreover, the position of the band corresponding to the (ν8a) vibration
mode of pyridine adsorbed on Lewis sites is used as an indicator of the Lewis strength. Comparing
spectra in Figure 4, we can conclude that acidic Lewis sites are stronger in the supported catalyst
(1616 cm−1 compared to 1606 cm−1 in the Mo(500)) [38]. It is interesting to stress that an intense band
at 1594 cm−1, absent in the Mo(500) spectrum, is detected in the supported catalyst after pyridine
adsorption. This band may be ascribed to species formed by interaction of the probe molecule via
N-atom with a weakly acidic H from the surface (denoted as HPy) [39]. Therefore, the new Brönsted
sites (unable to protonate pyridine) appear on the supported catalyst, probably due to the interaction
of MoO3 with the alumina. It is concluded that both, bulk and supported molybdenum oxide catalysts,
have Brönsted and Lewis acid sites, though they are much more abundant and stronger in the case
of the supported solids, which is logical due to the presence of the alumina support. Moreover, new
Brönsted sites are detected in the supported solid that are not present in the unsupported one.

Figure 4. FTIR spectra of adsorbed pyridine on Mo (500) and s-Mo (8) catalysts.

2.2. Catalytic Performance

Figure 5 shows the evolution of the conversion of triglycerides (XTG) and FFAs (XFFA) with reaction
time for the unsupported Mo (300), Mo (500), and Mo (700) catalysts.
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Figure 5. Conversion of the triglycerides (XTG) and FFAs (XFFA) with reaction time for the unsupported
Mo (300) (squares), Mo (500) (circles), and Mo (700) (triangles) catalysts. Reaction conditions: 100 ◦C,
30 atm, methanol/feedstock molar ratio of 12:1, 2 wt.% catalyst referred to the feedstock mass. Feedstock:
refined sunflower oil containing 5 wt.% free oleic acid.

It can be seen that both triglycerides and FFAs reach high degrees of conversion (between
about 60 and 80%) after 240 min of reaction under the conditions indicated (see Figure 5 caption).
The conversion over Mo (300) and Mo (500) are similar, about 80–85% and 78–82% for the triglycerides
and FFAs, respectively, after 240 min of reaction. The conversion over Mo (700) is lower, about 60%
(triglycerides) and 70% (FFAs) compared to its counterparts calcined at lower temperatures. As the
catalyst concentration is fixed on a mass basis (2 wt.%) it is likely that the main cause of these results
is the large decrease of the specific surface area experienced by Mo (700) upon calcination. It is also
noteworthy that, irrespective of the catalyst used, XTG gradually increases with reaction time, whereas
FFAs conversion shows a faster initial increase until about 120 min of reaction, with a much slower
increase taking place afterward.

Regarding the yields of the several reaction products, Figure 6a shows the evolution with XTG

of the diglycerides (YDG), monoglycerides (YMG), and methyl esters produced by transesterification
(YME,trans.) (see Equations (3)–(5) in Section 3).

The evolution of the products yields is in accordance with the scheme of the triglycerides (TG)
methanolysis reaction consisting of three consecutive steps [4]. In the first step, a molecule of TG is
converted into a diglyceride (DG), which then evolves to a monoglyceride (MG) that finally gives
glycerol. In each step, a molecule of methanol is consumed and a methyl ester (biodiesel) molecule
is formed. This explains why initially, at low XTG, DG were clearly the most abundant products. As
the conversion increases, YDG also increases reaching maximum values of about 35% for XTG within
the 60–70% range; then, DG started to decline. The yield of both monoglycerides, and especially
methyl esters, increase with the conversion of triglycerides. Maximum biodiesel yields achieved are
about 30% and correspond to the highest conversions reached at the end of the catalytic runs (80–85%).
It is noteworthy that there are no significant differences among the yields provided by the three
unsupported catalysts at similar XTG, meaning that the selectivity is not affected by the calcination
temperature of the unsupported catalysts.

Ferreira Pinto et al. [23] reported a maximum FAME yield of 64.2% for an unsupported MoO3

catalyst calcined at 600 ◦C after 4 h of reaction during the methanolysis of soybean oil acidified with
10 wt.% of oleic acid. Yields were slightly lower (50–56%) for solids calcined at lower temperatures
(300–500 ◦C), and dropped to 43% for MoO3 calcined at 700 ◦C. This trend is similar to the one observed
in our work. Ferreira Pinto et al. [23] performed the catalytic tests at considerably higher temperature
(150 ◦C) and methanol to feedstock molar ratio (30:1) than in this work, being the catalyst concentration
also higher (5 wt.%), though the vegetable oil contained double FFAs concentration (10 wt.%). These
authors found a correlation between the catalytic activity and the acidity of the solids as determined

53



Catalysts 2020, 10, 158

through a titration technique in which aqueous NaOH previously contacted with the catalyst was
neutralized with HCl. It was suggested that the changes provoked by the thermal treatment affected the
acid properties of the catalysts. The lower biodiesel yields found in this work can be mainly attributed
to the milder reaction conditions and lower catalyst concentration employed. On the other hand, the
slightly higher specific acidity, developed as the calcination temperature increases, is virtually offset by
the accompanying specific surface area decrease.

 

(a) (b) 

Figure 6. Evolution with the triglycerides conversion of the yields of diglycerides (YDG), monoglycerides
(YMG), and methyl esters produced by transesterification (YME,trans.) for: (a) unsupported Mo (300)
(squares), Mo (500) (circles), and Mo (700) (triangles) catalysts; (b) supported s-Mo (6) (squares); s-Mo
(8) (circles); s-Mo (10) (triangles); s-Mo (13) (inverted triangles); s-Mo (16) (rhombus) catalysts. Reaction
conditions: 100 ◦C, 30 atm, methanol:feedstock molar ratio of 12:1, 2 wt.% catalyst referred to the
feedstock mass. Feedstock: refined sunflower oil containing 5 wt.% free oleic acid.

As for the supported solids, Figure 7 shows the conversions of triglycerides and FFAs reached
by the alumina-supported catalysts loaded with 6 to 16 wt.% MoO3. It should be noted that
experiments carried out with the alumina support under the same reaction conditions provided
negligible transesterification and esterification conversions. It merits to be highlighted that the
feedstock conversions provided by the bulk catalysts are much higher than those of the supported
ones. In this regard, after 240 min of reaction, XTG and XFFA reach values between 40–60% and 65–75%,
respectively, which are significantly lower than the conversions provided by the unsupported catalysts
under similar reaction time (see Figure 5). Final conversions after 480 min range between 55% and 75%
for XTG and 70–80% for XFFA. Concerning the effect of the MoO3 oxide content, it seems that the activity
goes through a maximum as the molybdenum oxide content increases. Indeed, both transesterification
and esterification conversions increase when passing from s-Mo (6) to s-Mo (8) which is the catalyst
providing the highest conversions. Then, the conversions decrease for s-Mo (10), s-Mo (13), and s-Mo
(16), which reach relatively similar values.

The findings that the alumina support is not active and that the unsupported catalysts are
significantly more active than the alumina-supported ones indicate that the catalytic activity is mainly
associated with molybdenum oxide species. Nevertheless, a positive effect of the support in dispersing
the active phase is also apparent because the MoO3 contents were as low as 0.12–0.32 wt.% in the case of
the supported catalysts compared with 2 wt.% for the unsupported ones. On the other hand, the acidity
of the catalyst as determined by NH3-TPD does not constitute in this case a suitable measure to predict
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the activity in the simultaneous transesterification and esterification reactions. This is because alumina
showed specific acidities comparable and even higher than those of the supported catalysts (see Table 1).
Notwithstanding, additional effects of the MoO3-Al2O3 interactions on the catalytic activity cannot
be ruled out; for instance, the presence of Brönsted acid sites of the [=Mo-O(H)-Al=] bridging type,
similar to the ones proposed for MoO3-Al2O3 catalytic systems in other works [30,34,37]. These sites
could correspond to the adsorbed pyridinium and HPy species detected by FTIR spectroscopy upon
pyridine adsorption over the supported catalysts (see previous section). As the specific surface area
decreases with the increase of the MoO3 content (see Table 1), the opposite effects of molybdenum
oxide on the textural and certain acidic properties could explain that the catalytic activity within the
s-Mo (6) to s-Mo (16) series of catalysts reaches a maximum value for an intermediate MoO3 content,
in this case, 8 wt.%.

 
Figure 7. Evolution with reaction time of the conversion of triglycerides (XTG) and FFAs (XFFA) for
supported s-Mo (6) (squares); s-Mo (8) (circles); s-Mo (10) (triangles); s-Mo (13) (inverted triangles);
s-Mo (16) (rhombus) catalysts. Reaction conditions: 100 ◦C, 30 atm, methanol/feedstock molar ratio of
12:1, 2 wt.% catalyst referred to the feedstock mass. Feedstock: refined sunflower oil containing 5 wt.%
free oleic acid.

Sankaranarayanan et al. [24] found a triglycerides conversion of about 58% (FAME yield of 47%)
after 8 h of reaction at 100 ◦C with methanol to oil molar ratio of 9 using a 16 wt.% MoO3/Al2O3

catalyst calcined at 677 ◦C at a concentration of 5 wt.%. The feedstock used consisted of refined
sunflower oil (non-acidified). This result can be compared with about 64% triglycerides conversion in
this work after 8 h of reaction at the same temperature, slightly higher methanol to oil molar ratio (12),
but significantly lower concentration (2 wt.%) of the s-Mo (16) catalyst during the methanolysis of
sunflower oil acidified with 5 wt.% of FFAs (see Figure 7). As in our case, Sankaranarayanan et al. [24]
also found that the alumina support was not active for the transesterification reaction within the
60–110 ◦C range of temperature. As for the effect of the MoO3 content of the catalysts, these authors
found that it depended on the calcination temperature. In this regard, a large increase of activity was
found when passing from 12 to 16 wt.% for catalysts calcined at 527 ◦C that greatly decreased when
the calcination temperature increased to 827 ◦C; moreover, the catalysts calcined at 677 ◦C were more
active than the ones calcined at 827 ◦C regardless the MoO3 content [24]. These results were explained
in terms of a higher specific activity of the well-dispersed molybdenum oxide species resulting at
relatively low calcination temperatures and the presence of poorly active aluminum molybdate formed
at high Mo loadings and calcination temperatures.

The yields of the several products given by the supported catalysts are presented in Figure 6b.
It can be seen that there are no significant differences among the solids, meaning that the MoO3 content
does not affect the catalyst selectivity in the transesterification reaction. The yields of methyl esters
were significantly lower than the ones reported by Sankaranarayanan et al. [24], though it should be
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remembered that these authors used non-acidified refined sunflower oil. The yields of methyl esters
and monoglycerides were also lower than the ones obtained with the unsupported catalysts when the
results are compared at the same triglycerides conversion, indicating a different performance, which is
ascribed to the different nature of the active sites in both types of solids.

2.3. Catalysts Stability

As it is well-known, a key issue in the field of biodiesel production with heterogeneous catalysts
is the chemical stability of the solids in the reaction medium, which is directly connected with both the
possibility of reutilizing the catalyst and the quality of the produced biodiesel and glycerol, in particular,
the fulfillment of the corresponding standards for their typical uses.

In this work, Mo (500) and s-Mo (8) catalysts were recovered after reaction, thoroughly washed
with tetrahydrofuran (THF), which is an excellent solvent for the reaction mixture medium [40], calcined
at their respective original temperatures (500 ◦C and 800 ◦C, respectively), and used again. Mo (500)
yielded almost the same catalytic activity results than during its first use. XRD and N2-adsorption data
evidenced that no substantial changes took place during reaction. To check the possible occurrence of
molybdenum leaching into the reaction mixture, the Mo (500) catalyst was removed after reaction by
centrifugation. The upper fraction was transferred to a rotary evaporator to remove the unreacted
methanol, resulting in a liquid that acquired an intense blue color that evidenced the presence of
molybdenum. The molybdenum concentration was measured by ICP atomic emission spectroscopy
resulting in ca. 1000 ppm of Mo. Additionally, Mo (500) was mixed with methanol for 4 h under
the typical conditions used in this work. The solid was removed afterwards by centrifugation and
the methanol was used in a reaction run. An XTG value of 75% was obtained after 4 h of reaction,
which is only slightly lower than the value of 82% achieved in the presence of the solid catalyst
(see Figure 5). Clearly, leached molybdenum species were capable of homogeneously catalyzing
the transesterification and esterification reactions. The fact that the recovered solid gives the same
feedstock conversion than the fresh catalyst is not strange provided that the solid represents a
sufficiently excess amount with respect to its solubility in the reaction medium, thus guaranteeing the
activity during several re-utilization cycles. As a matter of fact, it is likely that the concentration of ca.
1000 ppm of Mo measured is close to the solubility limit of the molybdenum species in the polar phase.
Ferreira Pinto et al. [23] reutilized unsupported MoO3 in eight consecutive cycles of acidified soybean
oil methanolysis. The catalyst was filtered from run to run and was used without washing. A very low
loss of activity was observed only during the two last cycles; however, information about Mo leaching
was not provided.

Regarding s-Mo (8), catalyst recovery, washing with THF, calcination, and reuse was repeated
four times. The XTG values recorded after 8 h of reaction are shown in Figure 8. A gradual decrease of
the triglycerides conversion takes place during the first three reaction cycles. The conversion stabilizes
at values about 40% after a fourth reaction cycle; a conversion 47% lower than the original value.

As described before for Mo (500), s-Mo (8) was mixed also with methanol for 4 h under the typical
conditions used in this work. When used in a reaction run, the recovered methanol yielded XTG and
XFFA values of 41% and 46%, respectively, after 4 h of reaction. These conversions were substantially
lower than the 60% and 73% values obtained in the presence of fresh s-Mo (8). Mo leaching after the
first reaction cycle was investigated following the procedure described above for the unsupported
catalyst. Although the Mo concentration could not be measured, the color of the liquid phase resulting
after methanol removal evidenced the presence of dissolved Mo. On the whole, the results point to
a somewhat improved stability of the supported catalysts compared to the unsupported ones that
could be attributed to the interaction established between MoO3 and Al2O3. This interaction has been
evidenced by the XRD results that showed the formation of aluminum molybdate, which seems to
contribute to an improved dispersion and anchorage of the molybdenum species. This leads to a
comparatively high activity for low MoO3 loadings and reduced leaching in comparison with the
unsupported catalysts.
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Figure 8. Triglycerides conversion (XTG) obtained after 8 h of reaction during the number of reuse
cycles indicated for the catalyst s-Mo (8). Reaction conditions: 100 ◦C, 30 atm, methanol/feedstock
molar ratio of 12:1, 2 wt.% catalyst referred to the feedstock mass. Feedstock: refined sunflower oil
containing 5 wt.% free oleic acid.

3. Materials and Methods

MoO3 was synthesized by thermal decomposition of ammonium heptamolybdate tetrahydrate
(AHM, from Merck, Darmstadt, Germany) in air (6 h) using a muffle furnace at different temperatures
(300, 500 and 700 ◦C). The resulting solids were labeled as Mo (300), Mo (500) and Mo (700), respectively.
Supported molybdenum catalysts were prepared by incipient wetness impregnation of γ–Al2O3

(Spheralite 505, Procatalyse) in powder form (particle size between 100 and 200 μm) previously calcined
at 800 ◦C (6 h) in order to remove adsorbed impurities. Different impregnating AHM aqueous solutions
were prepared to adjust the Mo salt concentration in order to obtain several MoO3 contents in the
final catalyst, namely 6, 8, 10, 13 and 16 wt.%. After impregnation, the solids were dried for 8 h at
80 ◦C and calcined for 6 h at 800 ◦C in a muffle furnace. The calcination temperature was selected in
order to promote the interaction of molybdenum species with the alumina support with the aim of
improving their resistance to leaching during the reaction. The supported catalysts were referred to as
s-Mo followed by the corresponding nominal MoO3 content between parentheses.

As for the catalysts characterization, XRD analyses were carried out in a D-Max Rigaku
diffractometer (Akishima-shi, Tokyo, Japan). Specific surface areas were measured through N2

adsorption at −196 ◦C using a Micromeritics Gemini V 2380 apparatus (Norcross (Atlanta), GA, USA).
Acidity was characterized by NH3-TPD in a Micromeritics Autochem 2920 equipment (Norcross
(Atlanta), GA, USA). Pyridine adsorption was carried out using a purpose-made quartz IR cell
connected to a vacuum adsorption device with a residual pressure lower than 10−4 Pa. The samples,
in the form of wafers, were activated and pyridine introduced into the cell at room temperature. Spectra
were recorded in a Thermo Nicolet 380 spectrophotometer (Waltham, MA, USA) with a DTGS/KBr
detector (Waltham, MA, USA) and accumulating 128 scans at a spectral resolution of 4 cm−1. X-ray
photoelectron spectroscopy (XPS) analyses were carried out on a SPECS system equipped with an Al
anode XR50 source operating at 150 W and a Phoibos 150 MCD-9 detector (Berlin, Germany). The pass
energy of the hemispherical analyzer was set at 25 eV and the energy step was set at 0.1 eV. Charge
stabilization was achieved by using a SPECS Flood Gun FG 15/40. The sample powders were pressed
to self-consistent disks. Data processing was performed with the CasaXPS program (Casa Software
Ltd., Teignmouth, UK).

Catalytic tests were carried out in batch mode in a Parr 4843 stainless steel autoclave reactor with
mechanical stirring under controlled temperature and pressure. The feedstock consisted of refined
sunflower oil (Urzante, Navarra, Spain; Acid Value of 0.07 mg KOH/g) to which pure oleic acid (Sigma
Aldrich, San Luis, MO, USA) was added until it reached an FFAs content of 5 wt.% (Acid Value of
10.0 mg KOH/g). Catalyst concentration was set at a relatively low value of 2 wt.% referred to the
feedstock (oil and FFAs mixture) mass. Simultaneous esterification of FFAs and transesterification
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of the triglycerides (TG) with methanol (Scharlau, HPLC grade, Barcelona, Spain) was carried out
at 100 ◦C and methanol/feedstock molar ratio of 12:1. The amounts of the several substances used
were: sunflower oil 60 g, FFAs 3 g, catalyst 1.26 g, and methanol 27.5 g. After reaching the reaction
temperature, the reactor was pressurized with nitrogen until reaching an absolute pressure of 30 atm.
Samples withdrawn from the reactor were analyzed by size exclusion chromatography as described
elsewhere [40]. Conversion of triglycerides (XTG) and free fatty acids (XFFA), and yields of diglycerides
(YDG), monoglycerides (YMG), and methyl esters (FAMEs) produced by transesterification (YME,trans.)
were calculated through Equations (1)–(5), respectively:

XTG =
NTG,0 −NTG

NTG,0
(1)

XFFA =
NFFA,0 −NFFA

NFFA,0
(2)

YDG =
NDG
NTG,0

(3)

YMG =
NMG
NTG,0

(4)

YME,trans. =
NME − (NFFA,0·XFFA)

NTG,0
, (5)

where NTG,0 and NFFA,0 stand for the initial number of moles of triglycerides and FFAs, respectively,
and NTG, NDG, NMG, NME, and NFFA stand for the number of moles of triglycerides, diglycerides,
monoglycerides, FAMEs and FFAs, respectively, present in a sample taken at a given reaction time.
Note that in Equation (5), in order to calculate the yield of methyl esters produced by transesterification,
the number of moles of methyl esters produced by the esterification of FFAs (NFFA,0·XFFA) is subtracted
from the total number of methyl esters present in the sample.

4. Conclusions

The MoO3-Al2O3 catalytic system has provided positive results consisting of high triglycerides
conversions into biodiesel under conditions of high FFAs content that would have made the conventional
transesterification reaction impossible in a single step with basic catalysts. Moreover, the FFAs are
efficiently converted into biodiesel as well. Compared to bulk MoO3, alumina-supported MoO3 leads
to a more efficient utilization of the active phase and enhanced stability towards molybdenum leaching
by the reaction medium. These effects likely arise from the interaction established between MoO3

and alumina that affect the textural and acidic properties of the catalysts. However, much effort is
still required to develop a sufficiently stable catalyst based on molybdenum oxide for transforming
triglycerides with high FFAs content into biodiesel.
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Abstract: Soil respiration (Rs) is one of the major components controlling the carbon budget of
terrestrial ecosystems. Aerated irrigation has been proven to increase Rs compared with the control,
but the mechanisms of CO2 release remain poorly understood. The objective of this study was
(1) to test the effects of irrigation, aeration, and their interaction on Rs, soil physical and biotic
properties (soil water-filled pore space, temperature, bacteria, fungi, actinomycetes, microbial biomass
carbon, cellulose activity, dehydrogenase activity, root morphology, and dry biomass of tomato),
and (2) to assess how soil physical and biotic variables control Rs. Therefore, three irrigation levels
were included (60%, 80%, and 100% of full irrigation). Each irrigation level contained aeration and
control. A total of six treatments were included. The results showed that aeration significantly
increased total root length, dry biomass of leaf, stem, and fruit compared with the control (p < 0.05).
The positive effect of irrigation on dry biomass of leaf, fruit, and root was significant (p < 0.05).
With respect to the control, greater Rs under aeration (averaging 6.2% increase) was mainly driven
by soil water-filled pore space, soil bacteria, and soil fungi. The results of this study are helpful for
understanding the mechanisms of soil CO2 release under aerated subsurface drip irrigation.

Keywords: aerated irrigation; soil enzyme activity; soil microbial biomass; soil respiration

1. Introduction

Subsurface drip irrigation (SDI) has been largely applied in arid and semi-arid regions to supply
water due to greater yield production and water-saving characteristics [1,2]. Nevertheless, a large
number of wetting fronts are generated near emitters, producing ethylene and CO2, which are harmful
for crop growth [3]. Aerated irrigation (AI), a modified irrigation technique that involves injecting air
into soils based on SDI, has been extensively proven to improve soil aeration, thus increasing crop yields
and fruit quality [4–6]. Even so, the effect of AI on soil environmental pollution is relatively sparse.

Soil respiration, originating primarily from heterotrophic respiration and autotrophic
respiration [7,8], is a principal component in the global carbon cycle. A few studies have reported
an increase of soil respiration under AI [6,9,10], while the cause of CO2 release needs to be further
explored. Previously, studies on drivers of soil respiration have been largely conducted on soil water
content, temperature, and the interaction of these two parameters [9,11–14]. For AI treatment, a close
correlation between soil CO2 fluxes with soil water content and temperature has been confirmed [9,10].
Soil microbes and enzymes as biocatalysts for all biochemical reactions in the soil would decompose and
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oxidize soil organic matter [15] and intrinsically affect heterotrophic respiration, while the effect of AI
on soil microbes and enzymes has been less tested [16]. Additionally, the properties of root morphology
(total length, surface area, and volume) not only determine the ability of water and nutrient absorption
but also determine the intensity of autotrophic respiration. Studies of root morphology under AI have
been conducted in multiple crops [1,17–19], but the effect of AI on roots of greenhouse vegetables is
still scarce. In recent years, researchers began to focus on the effects of soil microorganisms and plant
growth on soil respiration [14,20,21]. However, the relationship between soil respiration and biotic
components (microbes and plants) under AI remains unknown. Hence, studies of soil physical and
biotic properties under AI are of critical significance to improve our mechanistic understanding of
processes that release CO2 to the atmosphere.

To better understand the mechanism of soil respiration change under different irrigation levels
with and without aeration, soil respiration from greenhouse tomato fields, as well as soil physical
and biotic components (soil water-filled pore space, temperature, abundance of soil bacteria, fungi,
and actinomycetes, soil microbial biomass carbon, soil cellulase and dehydrogenase activity, tomato
root morphology, and plant dry biomass) were investigated in the present study. We hypothesized
that irrigation in combination with AI would increase soil respiration, soil microbes, soil enzyme
activity, and plant growth. We also hypothesized that soil respiration would be closely related to soil
physical and biotic components. Our results were used to manage irrigation measures under AI for
CO2 mitigation and to reveal the mechanism of soil respiration.

2. Results and Discussion

2.1. Environmental Variables

2.1.1. Soil Water-Filled Pore Space and Temperature

Soil water availability influences organic carbon decomposition, and soil temperature affects
microbial growth and activity. They are considered as two major factors driving the variation of soil
respiration [14].

A distinct seasonal difference of soil water-filled pore space (WFPS) and soil temperature can be
observed (Figure 1). A sharp increase of WFPS occurred before 35 days after transplanting (DAT), and a
decrease pattern was shown between 35 to 53 DAT. WFPS presented a total increase then decrease
trend from 53 to 98 DAT. There was an upward trend of WFPS since 98 DAT (Figure 1a–c). As for
soil temperature, a total decreasing trend was found throughout the whole tomato growing period
except for a general increase between 35 to 49 DAT, between 70 to 83 DAT, as well as between 133
to 141 DAT (Figure 1d–f), which coincided with the seasonal patterns of air temperature. WFPS
and soil temperature under aeration and high irrigation level were higher than the control and low
irrigation level most of the time, which were in accordance with the findings of a previous study [9].
However, analysis of variance indicated that the effects of irrigation, aeration, and their interaction on
mean WFPS and soil temperature were not significant (Table 1, p > 0.05).

Table 1. The effects of irrigation, aeration, and their interaction on mean values of soil water-filled
pore space (WFPS), temperature, the abundance of soil bacteria (cfub), fungi (cfuf) and actinomycetes
(cfua), soil microbial biomass carbon (MBC), soil cellulase activity (CA), dehydrogenase activity (DHA),
and soil respiration (Rs) using a two-way ANOVA.

Factor
Analysis of Variance (p-Value)

WFPS Temperature cfub cfuf cfua MBC CA DHA Rs

Irrigation ns ns ns ns ns ns ns ns ns
Aeration ns ns ns ns ns ns ns ns ns

Irrigation × Aeration ns ns ns ns ns ns ns ns ns

Note: ns—significance at p > 0.05.
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Figure 1. Soil water-filled pore space (WFPS) (a,b,c) and soil temperature (d,e,f) with and without
aeration under the irrigation level of 60%W (a,d), 80%W (b,e), and 100%W (c,f) (mean ± SD, n = 3).
W refers to full irrigation.

2.1.2. Soil Microbe and Enzyme Activity

Heterotrophic respiration, as a primary contributor to the soil respiration, is impacted by soil
carbon-use efficiency which varies based on soil microbial abundance and richness [22]. A previous
study demonstrated that the abundance of bacteria (cfub), fungi (cfuf), and actinomycetes (cfua) are
involved in the soil carbon cycle by decomposing organic matter, degrading cellulose, and forming
antibiotic substances [16]. Soil microbial biomass carbon (MBC), which affects the transformation of
all organic matter entering the soil, is the key and driving force of the nutrient and energy cycle in
the whole ecosystem and is also an important source and reservoir of soil nutrient transformation.
Soil cellulose activity (CA), which participates in the decomposition and release of CO2 from soil
organic substances, is the main enzyme activity in soil carbon cycle. Soil dehydrogenase activity
(DHA), which catalyzes dehydrogenation of organic substances and plays an intermediate role in
hydrogen transformation and transfer, can be used as an indicator of the microbial redox system and is
considered to be a global indicator of microbial metabolic activity in soil. However, soil biological
activity can be limited by many factors, i.e., soil water and soil aeration conditions [23,24]. Very few
pieces of literature were concerned with the soil microbes under AI [23,25], and the effect of AI on MBC,
CA, and DHA have rarely been reported. Hence, study of the soil microbe and enzyme activity (cfub,
cfuf, cfua, MBC, CA, and DHA) has great significance to reveal the mechanism of CO2 release under AI.

As seen in Figure 2, cfub made up the majority of soil microbes, followed by cfua and cfuf, which was
generally supported by the results of Li et al. [16] and Zhu et al. [25]. Nevertheless, the microorganism
abundance in the study of Zhu et al. [25] were greater than the values of the current research (Figure 2),
which was influenced by higher soil temperature in their study (their study vs. our study = 18–32 ◦C
vs. 9–29 ◦C). Furthermore, there were different results about the changing trends of soil microbes in
the tomato growing period. Zhu et al. [25] pointed out that cfub, cfuf, and cfua integrally presented an
increase pattern. Chen et al. [26] concluded that cfuf and cfua showed an initial increase then decrease
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trend, and peaks were observed on 50 d. In our study (Figure 2), the number of cfub as a function of
the days after transplanting was normally distributed, with the highest values observed on 98 DAT
(Figure 2a,b). The number of cfuf peaked on 98 DAT, and the values during other periods were relatively
stable (Figure 2c,d). The number of cfua peaked on 35 DAT, but remained at a relatively constant level
during other periods (Figure 2e,f). The differences of changing patterns could have resulted from the
combined effects of the availability of different rhizosphere secretions and substrates, changes of soil
moisture, temperature, and fertility, as well as plant growth. Soil microbial abundance (especially for
cfub and cfuf, Figure 2) peaked when soil hydrothermal conditions were good (Figure 1) and crops
were growing vigorously on 98 DAT. Peaks of cfua during the early tomato growing period (on 35 DAT)
were probably ascribed to the highest WFPS (64.5%–67.7%) and greater soil temperature (23.1–24.7 ◦C),
as well as greater soil substrates resulted from base fertilizer application [9]. Compared with the control,
aeration under each irrigation level slightly increased mean values of cfub, cfuf, and cfua (Table 1,
p > 0.05), with average increases of 4.6%, 5.5%, and 3.4%, respectively. Similar results were also reported
by Li et al. [16], Du et al. [23], and Zhu et al. [25]. The increases of soil microbes under the aeration
were likely due to the frequent alternation of soil dry and wet zones, thereby enhancing soil nutrient
mineralization to improve microbial growth. Additionally, in line with previous researches [24,25],
cfub, cfuf, and cfua in this study increased as irrigation amount increased (Figure 2), which was in
order of 60% full irrigation (W) level without aeration (S) (W0.6S) < 80%W irrigation level without
aeration (W0.8S) < 100%W irrigation level without aeration (W1.0S). The enhancement of soil microbes
under aeration or high irrigation level was also probably ascribed to greater temperature (Figure 1d–f),
which stimulated more microbial growth and activity [14].

 

Figure 2. The abundance of soil bacteria (a,b), fungi (c,d), and actinomycetes (e,f) with the irrigation
level of 60%W, 80%W, and 100% W under the aeration (a,c,e) and control (b,d,f) (mean ± SD, n = 3).
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MBC generally exhibited an initial increase followed by a volatility within the range of 210.43
to 289.75 mg·kg−1 throughout the whole tomato growing period (Figure 3a,b). Across all sampling
periods, CA among treatments varied from 0.63 to 1.00 mg·kg−1 and peaked on 35 DAT except for
W0.8S treatment on 119 DAT (Figure 3c,d). Contrary to the changing rule of CA, DHA generally
increased throughout the tomato growing period (Figure 3e,f). The changing patterns of soil enzyme
activities were primarily because soil enzymes were correlated with the growth stages, soil texture,
soil water content, soil temperature, air availability, and other factors [16]. Compared with the control,
mean MBC, CA, and DHA under the aeration were slightly greater (Table 1, p > 0.05). As noted
by Li et al. [16], soil enzymes are secreted by crop roots and rhizosphere microorganisms, as well
as the decomposition of plant residues and microbial cells. Under the aeration, enhanced tomato
root (Figure 4) and increased soil microbes (Figure 2) could immobilize and release nutrients into
the soil and ameliorate soil fertility [23,27], which ultimately improved the CA and DHA (Figure 3).
Additionally, soil water availability affects substrate availability, O2 concentrations, osmotic potential,
gas diffusion, and cellular metabolism [24,28], thus impacting soil microbes. Difference in mean MBC,
CA, and DHA values among treatments in this experiment was not significant (Table 1, p > 0.05).

 
Figure 3. Soil microbial biomass carbon (a,b), soil cellulase activity (c,d), and soil dehydrogenase
activity (e,f) with the irrigation level of 60%W, 80%W, and 100%W under the aeration (a,c,e) and control
(b,d,f) (mean ± SD, n = 3).
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Figure 4. Total root length (a,b), surface area (c,d), and volume (e,f) with the irrigation level of 60%W,
80%W, and 100%W under the aeration (a,c,e) and control (b,d,f) (mean ± SD, n = 3).

In our study, the highest mean values of soil microbe and enzyme activity were obtained when
100%W was applied coupled with AI. This indicated that in a way the effect of irrigation on soil microbe
and enzyme activity was enhanced under AI and that the soil biological environment was improved.

2.1.3. Root Morphology

The root system plays a decisive role in water and nutrient absorption. The size of crop roots
also determines autotrophic respiration. Hence, studies on root morphology are of great practical
significance to the study of plant growth and root respiration.

Aeration has been determined to increase root dry biomass and root morphology in
cucumber [17,18], soybean [1], and even in the conventional staple grain crop [19]. However, there
have been few studies regarding tomato root morphology under AI. Our results showed that total
root length, surface area, and volume on 104 and 141 DAT were significantly greater than those on
42 and 68 DAT (Figure 4, p < 0.05). Compared with the control, total root length was significantly
increased by 22.2% on average under aeration (Table 2, p < 0.05). Meanwhile, total root surface area and
volume under the aeration was 6.6% and 6.7% higher than that of the control, respectively (p > 0.05).
Li et al. [18] also showed that root morphology (root length, surface area, and volume) increased with

66



Catalysts 2019, 9, 945

increasing frequency of aeration. Root length of greenhouse muskmelon was 7076, 5839, 5207, and 3864
cm, and root surface area was 1217, 1023, 998, and 746 cm2, while root volume was 31.0, 26.1, 25.7,
and 20.1 cm3 for daily, 2-day, 4-day, and no aeration, respectively (p < 0.05) [18]. These increases of
root morphology under the aeration were attributed to elongation, branching, and curving, influenced
by the shape and dimensions of the wetted soil volume [18]. The injected air changed the soil structure
owing to the shrinking and movement of soil particles, and it also pushed the water downwards [29].
All these characters in conjunction with higher soil moisture under aeration (Figure 1) were conducive
to elongation of roots due to hydro-tropism. With respect to W1.0S, W0.6S significantly decreased the
total root volume by 18.6% (p < 0.05), while the effects of other irrigation levels on root morphology
were not significant (p > 0.05). Contrary to the results of the current study, Li et al. [18] stated that high
irrigation levels has a negative effect on total root length, surface area, and volume with root length of
5981, 5364, and 5145 cm, surface area of 1114, 947, and 927 cm2, and volume of 30.8, 22.7, and 23.6 cm3

for the 70%, 80%, and 90% of field capacity level, respectively. Xu et al. [30] demonstrated that root
length and surface area presented an increasing then decreasing trend as soil changes from dry to
moist. Differences among literature were likely due to different hydrophily of crops controlled by the
genes and tropic response to stimuli [18].

Table 2. The effects of irrigation, aeration, and their interaction on mean root morphology and dry
biomass using a two-way ANOVA.

Factor

Analysis of Variance (p-Value)

Root Morphology Dry Biomass

Length Surface Area Volume Leaf Stem Fruit Root

Irrigation ns ns ns * ns ** **
Aeration * ns ns * * * ns

Irrigation × Aeration ns ns ns ns ns ns ns

Note: ns, *, and **—significance at p > 0.05, p < 0.05, and p < 0.01, respectively.

2.1.4. Dry Biomass

Soil respiration was influenced by not only soil physical environment (i.e., soil temperature
and moisture), but also plant growth [14]. Study of dry biomass throughout the whole tomato
growing period was an effective way to analyze the changes of soil respiration, especially for the
autotrophic component.

An increasing trend of dry biomass was observed throughout the whole tomato growing period,
and dry biomass on 42, 68, 104, and 142 DAT showed a similar changing pattern among treatments
(Figure 5). Taking dry biomass at harvest (142 DAT) as an example, dry biomass of tomato leaf, stem,
fruit, and root under aeration were higher than the control (Figure 5). As reported previously [31],
the average increases of each part were 17.8%, 17.7%, 17.8%, and 8.4%, respectively, and the effect of
aeration on leaf, stem, and fruit was significant (Table 2, p < 0.05). These improvements of dry biomass
were in agreement with the results of former research [4,32], which were beneficial from increased
soil aeration and reduced phytohormones under AI [31]. Dry biomass of tomato leaf, stem, fruit,
and root increased as irrigation amount increased, and the effect was significant on leaf, fruit, and root
(Table 2, p < 0.05). As noted previously [31], dry weight of root, stem, leaf, and fruit under 100%W was
increased by 22.2%, 19.3%, 22.5%, and 19.0%, and by 20.1%, 5.4%, 7.0%, and 12.1% than that under
60%W and 80%W treatment, respectively. Zhu et al. [4] demonstrated that with crop-pan coefficient
increasing from 0.6 to 1.0, dry biomass of root, stem, and leaf was increased by 24.0%, 17.2%, and 22.8%,
respectively. The enhancement of dry biomass as irrigation amount increased was primarily ascribed
to the greater canopy and leaf area index [4], as well as increased assimilation rate under high irrigation
level [33].
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Figure 5. Dry biomass of tomato fruit, leaf, stem, and root among treatments on 42, 68, 104, and 142
days after transplanting (DAT). The number 1, 2, 3, 4, 5, and 6 represented treatment of 60%W with
aeration, 60%W without aeration, 80%W with aeration, 80%W without aeration, 100%W with aeration,
and 100%W without aeration, respectively.

2.2. Soil Respiration

As presented in Figure 6, soil respiration showed fluctuated patterns during the whole tomato
growing period, which varied from 139.19 to 748.64 mg·m−2·h−1 among treatments. Ranges of soil
respiration in the present study was similar to the results of Hou et al. [10] but was higher than the
research of the same tomato cultivations [9]. Differences might be the results of different irrigation
amount and weather condition based on the year of cultivation. The changing patterns of soil
respiration could be explained mostly by the abiotic and biotic factors (Figures 1–5). The lowest
values on 9 DAT were mainly due to lower soil microbes (especially for cfub and cfuf, Figure 2) and
undeveloped tomato roots (Figures 4 and 5) at the onset of transplantation. As days after transplanting
increased, cfub and DHA increased gradually (Figures 2 and 3), and the root growth enhanced slightly
(Figures 4 and 5), inducing larger emissions on 83 DAT. Relatively lower WFPS and obvious increases
of soil temperature on 49 DAT (Figure 1) resulted in the peaks of soil respiration under W0.6O, W0.8S,
and W1.0S treatment. Higher soil respiration on 62 DAT was attributed to increased WFPS, resulting in
peaks under W0.8O and W1.0O treatment. Lower soil respiration on 98 and 133 DAT was primarily
ascribed to a sharp decline of WFPS (Figure 1). An increasing trend of soil respiration was detected
since 133 DAT, which was probably due to the increase of WFPS and soil temperature.
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Figure 6. Soil respiration with and without aeration under the irrigation level of 60%W (a), 80%W (b),
and 100%W (c) (mean ± SD, n = 3).

Previous research has shown a good correlation between soil respiration and soil temperature,
oxygen concentration, and air-filled porosity [34]. Nevertheless, the correlation between soil respiration
and soil microbe and enzyme activity, as well as plant growth under the aeration and irrigation
treatments has not yet been well studied. In our study, regression analysis (linear, polynomial,
and exponential) between soil respiration and WFPS was conducted, and a significant polynomial
function was observed (Figure 7a,b, p < 0.05), similar to previous studies [11,12]. Further analysis
found that a polynomial correlation was detected between soil respiration and WFPS when WFPS
was below 60% (p < 0.01), while a linear positive correlation was observed when WFPS was above
60% (Figure 7c,d, p = 0.245 and 0.001 for the aeration and control, respectively). Moreover, there were
significant negative correlations between soil respiration and cfub, as well as between soil respiration
and cfuf (Table 3, p < 0.01), which was different from the result of Zhu et al. [25] where soil respiration
showed strong positive correlations with cfub, cfuf, and cfua. The reason for the inconsistent conclusions
was probably due to the different growing seasons. Zhu et al. [25] conducted the experiment in the
spring–summer period where the weather was gradually raised, while the present experiment was
finished in the autumn–winter period where the weather was gradually reduced. Different variation of
soil temperature would lead to different changing rules of soil respiration, microbial activity, and water
content. In the present study, the interactive effect of WFPS, cfub, and cfuf on soil respiration was
extremely significant (Table 3, p < 0.01), which collectively accounted for 70.2% and 61.6% of changes
in soil respiration under aeration and control, respectively. Unfortunately, correlations between soil
respiration and other soil physical and biotic components (soil temperature, cfua, MBC, CA, DHA,
tomato root morphology, and plant dry biomass) were not significant (p > 0.05, data not shown),
which required further study.
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Figure 7. Correlation between soil respiration with soil water-filled pore space (WFPS) for the all WFPS
data (a,b) and data with WFPS piecewise analysis (c,d). (a)(c) and (b)(d) represented correlation under
the aeration and control, respectively.

Table 3. Relationships of soil respiration (Rs) with soil water-filled pore space (WFPS), the abundance
of soil bacteria (cfub) and fungi (cfuf) under the aeration and control treatments.

Treatment Model R2 p

Aeration
Rs = −10.579cfub + 588.685 0.503 0.001
Rs = −9.997cfuf + 571.845 0.660 0.000
Rs = 0.257WFPS2 − 36.187WFPS − 0.943cfub − 12.586cfuf + 1799 0.702 0.001

Control
Rs = −10.576cfub + 569.316 0.491 0.001
Rs = −9.142cfuf + 546.848 0.608 0.000
Rs = −0.351WFPS2 + 41.536WFPS − 2.142cfub − 5.858cfuf − 664.275 0.616 0.003

Similar to previous results [6,9,10,34], soil respiration under the aeration in our study was
typically and on average 6.2% greater but no significant different to that under the control according
to ANOVA (Figure 6, Table 1, p > 0.05). Chen et al. [6] found that soil respiration increased by
42%–100% for oxygenation compared to control. Hou et al. [10] stated that aeration increased soil
CO2 emissions by 11.8% (p = 0.394) compared to the control. Zhu et al. [34] revealed that mean
soil respiration under the aeration was 22.5% higher than the control. Potential reasons explaining
the enhancement of soil respiration under aeration include: (1) aeration increased soil microbes
(Figure 2,3) and root growth (Figures 4 and 5), which essentially controlled heterotrophic respiration
and autotrophic respiration [22,35]; (2) greater CA and DHA under AI (Figure 3), which were involved
in the decomposition and release of CO2 from soil organic substances, in turn promoted soil respiration;
and (3) as a result of the enhanced aboveground dry biomass under AI, the increased demand for
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nutrients stimulated belowground C allocation and root growth (Figures 4 and 5), which increased
substrates to soil organisms and stimulated organic matter turnover [36,37], leading to higher biomass
and/or activity that might stimulate the decomposition of soil organic matter [38,39]. All of these
factors increased soil respiration conclusively. Consistent with previous research [9,40], soil respiration
increased in the order of W0.6S <W0.8S <W1.0S (Figure 6), which resulted from increased soil microbial
biomass (Figure 2), soil enzyme activity (Figure 3), root biomass (Figure 5), mineralization and
decomposition rate of soil organic matter, as well as the diffusion rate of gases in soil pores [41].
Soil respiration under W1.0S was 16.0% and 13.9% higher than that under W0.6S and W0.8S, respectively.
Nevertheless, the effect of irrigation on soil respiration was not significant (Table 1, p > 0.05).

Although this paper analyzed the response of soil respiration to soil physical and biotic variables,
we do not know the proportion of root or microbial respiration to soil respiration as no measurement
was made in this study, which was the deficiency of this study, and needs to be further carried out in
future experiments.

3. Materials and Methods

3.1. Experimental Site

The experiment was conducted from August to December 2017 in a solar greenhouse located
at 34◦20′ N, 108◦04′ E, at the Key Laboratory of Agricultural Soil and Water Engineering in Arid
and Semi-Arid Areas of the Ministry of Education, Northwest A and F University, Yangling, Shaanxi
Province, China. The site is in a semi-arid climate zone with an annual mean sunshine duration of
2163.8 h and frost-free period of 210 days. Lou soil was used in the experimental site. The texture was
a silt clay loam (sand 26.0%; silt 33.0%; clay 41.0%). Soil properties of the top 20 cm were: field capacity
23.8% by weight; dry bulk density 1.35 g·cm−3; organic matter 14.62 g·kg−1; total N 1.88 g·kg−1; total P
1.37 g·kg−1; total K 20.21 g·kg−1; and pH 7.82.

Daily maximum and minimum temperatures inside the greenhouse during the experimental
period, collected by an Automatic Meteorological Observing Station (Hobo event logger, Onset
Computer Corporation, Bourne, MA, USA), are shown in Figure 8. The weather station, which
was placed 2 m above the ground, recorded meteorological data at an interval of 15 min [31].
Higher temperatures were observed in August, while lower temperatures were recorded in December
(Figure 8).

 

Figure 8. Daily evaporation, maximum and minimum temperature during the growing season at the
experimental site.
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3.2. Experimental Design

Based on the irrigation amount of full irrigation (W) calculated as Equation (1), three irrigation
levels were set: 60%, 80%, and 100% of W. Non-aerated SDI (S) was used as a control for aeration (O).
Therefore, six treatments were designed (W0.6O, W0.6S, W0.8O, W0.8S, W1.0O, and W1.0S). Three replicates
of each treatment were used (18 total plots), and the experiment was arranged using a randomized
block [31]. Each plot with one row was 4 × 0.8 m in size, with eleven tomato plants of cultivar
“JINGPENG SEED” planted on 6 August 2017. The plants were spaced 35 cm apart. All plots were
mulched with a layer of low-density polyethylene to minimize surface evaporation [42]. SDI was
applied in the experiment, which was buried at a depth of 15 cm below the soil surface with a dripper
interval of 35 cm [9,10]. Additionally, a Mazzei air injector Model 287 (Mazzei Injector Company, LLC,
Bakersfield, CA, USA) was installed at the head of each irrigation line for AI (inlet pressure: 0.1 MPa;
outlet pressure: 0.02 MPa) [42]. Definitively, the air injectors were set to inject 17% volumetric air
concentration in the water [25].

Daily evaporation measured by an E601 evaporation pan is shown in Figure 8. In all growth
stages, 20 irrigation events were applied every seven days, with a total irrigation amount for W of
19.80 L per plot [31]. Irrigation amount was determined following the Equation (1) [9,10,42]:

W = kcp × Epan ×A (1)

where kcp is the crop-pan coefficient, being 1.0; Epan is the total evaporation quantity following the last
irrigation event (mm); and A is the area controlled by one irrigation dripper in this experiment, being
0.14 m2 (0.35 m × 0.4 m).

Only basal fertilizer, including organic fertilizer (N–P2O5–K2O ≥ 10%, organic matter ≥ 45%)
and compound fertilizer (total nutrients ≥ 45%, N, P2O5 and K2O each at 15%), was applied for all
plots. The application was achieved at a rate of 1875 and 1250 kg·ha−1 on 3 August 2017 for organic
and compound fertilizer, respectively. Other agronomic managements were consistent with local
production practices [42]. The experiment ended on 25 December 2017 with a total growth period of
142 days.

3.3. Measurement Index and Methods

Soil samples from 0 to 10 cm depth were collected when gas samples were collected except on
9, 20, 62, 83, and 104 DAT. Soil samples were taken through a diameter gauge with the three-point
sampling method to measure soil water content via oven drying at 105 ◦C for 12 h, and then converted
to WFPS by the following equation:

WFPS(%) =
gravimetricwatercontent

totalsoilporosity
× soilbulkdensity× 100 (2)

where total soil porosity = 1 – soil bulk density/2.65, with 1.35 g·cm−3 as the assumed particle density
of the soil.

Soil temperature at a depth of 10 cm was recorded using a geothermometer (RM-004, Hengshui,
China) when gas samples were collected, excluding on 9 and 62 DAT.

Soil samples of top-soil (0–20 cm) were collected to measure soil microbe and enzyme activity
on 35, 53, 77, 98, 119, and 141 DAT. The cfub, cfuf, and cfua were estimated using the plate dilution
counting method in beef extract and peptone medium, Martin’s medium, and the improved Gao’s No. 1
medium, respectively. Media plates were incubated at 37 and 25 ◦C, and the number of colonies after
approximately 3 to 5 d was counted [23]. MBC was measured by the chloroform fumigation–K2SO4

extraction method. MBC in the extracts was determined by the K2Cr2O7–FeSO4 additional heating
method. Detailed measurement steps regarding CA and DHA are described by Хaзиев[43].
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On 42, 68, 104, and 142 DAT, one plant from per plot was sampled to measure dry biomass and
root morphology (total root length, surface area, and volume). All plant samples were first separated
into leaves, stems, fruits, and roots. The roots collected from soil by digging were gently washed,
scanned (Epson Perfection V700 photo, Seiko Epson Crop., Nagano-ken, Japan) to obtain a gray-scale
JPG image, and then analyzed with the WinRHIZO Pro image processing system (Regent Instrument
Inc., 2672 Chemin Sainte-Foy, Quebec City, Quebec G1V 1V4, Canada) to obtain root morphology [18].
After that, every part of the tomato plant including root was put into a 105 ◦C oven for 1 h to deactivate
enzymes and then dried at 75 ◦C until the parts reached a constant weight. The dry biomass of each
part was weighed on an electronic scale [31].

Gas samples of soil respiration was measured using the static closed chamber method described
by Hou et al. [10]. All chambers, which were made of polyvinyl chloride (PVC) materials and wrapped
with sponge and aluminum foil, were 25 × 25 × 25 cm in dimension. The bases of the chambers were
installed between two plants in the middle of each plot on the day of transplanting and remained there
until the end of the experiment. There was a 3-cm-deep groove on the top edge of the bottom layer
and on the base of the chamber that was filled with water to seal the rim of the chamber. A mercury
thermometer (WNG-01, Hengshui, China) at the top of each chamber was equipped to measure air
temperature when gas sampling for calculating gas emission flux. Gas samples at an average interval
of seven days were collected at 10:00, 10:10, 10:20 and 10:30 a.m. of each sampling time. A 30-mL
air sample was drawn each time with a syringe. Gas samples in the syringes were analyzed for CO2

concentrations using a gas chromatograph (7890A GC System, Agilent Technologies, Santa Clara, USA)
within a few hours. Sample sets were discarded unless they yielded an R2 linear regression value
higher than 0.90. Then, soil CO2 fluxes (soil respiration), which were the sum of autotrophic and
heterotrophic respiration, were calculated following the equation given by Hou et al. [10]:

F = ρ·h· 273
273 + T

·dc
dt

(3)

where F is the soil respiration (mg·m−2·h−1); ρ is the gas density at standard state (1.964 kg·m−3); h is the
height of chamber above the water surface (m); dc

dt is the gas mixing ratio concentration (μL·L−1·h−1);
and T is the mean air temperature inside the chamber during sampling (◦C).

3.4. Statistical Analysis

A two-way analysis of variance (ANOVA) followed by an LSD test (95% confidence level, p < 0.05)
was used to test for the effects of irrigation, aeration, and their interaction on soil respiration, soil
physical and biotic properties (WFPS, temperature, cfub, cfuf, cfua, MBC, CA, DHA, root morphology,
dry biomass). Regression analysis of soil respiration with soil physical and biotic variables was
conducted. All statistical and regression analysis were performed using the software SPSS Statistics
22.0 (SPSS Inc., Chicago, IL, USA), and figures were generated using SigmaPlot 12.5 (Systat Software,
Inc., Chicago, IL, USA).

4. Conclusions

This study investigated the variation of soil respiration and its influencing factors under different
irrigation levels with and without aeration in a greenhouse tomato system. Aeration had a significant
effect on tomato root length, as well as dry biomass of leaf, stem, and fruit, while no significant
differences on other parameters were observed. As irrigation amount applied into soils increased,
soil respiration increased in conjunction with its influencing factors, and the effect was significant on the
dry biomass of leaf, fruit, and root. Soil respiration was significantly correlated with soil water-filled
pore space, the abundance of soil bacteria and fungi. These results indicate that irrigation combined
with aeration would increase soil physical and biotic variables, which stimulate more CO2 release.
The application of reduced irrigation and aeration has potential for alleviating CO2 emissions.
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Abstract: Biomass can be used as an alternative feedstock for the production of fuels and valuable
chemicals, which can alleviate the current global dependence on fossil resources. One of the
biomass-derived molecules, 2,5-furandicarboxylic acid (FDCA), has attracted great interest due
to its broad applications in various fields. In particular, it is considered a potential substitute of
petrochemical-derived terephthalic acid (PTA), and can be used for the preparation of valuable
bio-based polyesters such as polyethylene furanoate (PEF). Therefore, significant attempts have been
made for efficient production of FDCA and the catalytic chemical approach for FDCA production,
typically from a biomass-derived platform molecule, 5-hydroxymethylfurfural (HMF), over metal
catalysts is the focus of great research attention. In this review, we provide a systematic critical
overview of recent progress in the use of different metal-based catalysts for the catalytic aerobic
oxidation of HMF to FDCA. Catalytic performance and reaction mechanisms are described and
discussed to understand the details of this reaction. Special emphasis is also placed on the base-free
system, which is a more green process considering the environmental aspect. Finally, conclusions
are given and perspectives related to further development of the catalysts are also provided, for the
potential production of FDCA on a large scale in an economical and environmentally friendly manner.

Keywords: biomass; 5-hydroxymethylfurfural; 2,5-furandicrboxylic acid; aerobic oxidation;
metal catalysts

1. Introduction

The significantly growing demand for energy driven by an ever increasing global population and
the strong economic growth in developing countries, the potential threats to the environment associated
with the utilization of non-renewable fossil resources (oil, coal and natural gas) and difficulties with
exploitation of the dwindling reserves have stimulated the research for alternative feedstocks that
can be used for production of fuels and chemicals [1–5]. Biomass is one of the more promising and
attractive alternative feedstocks, given its general abundance and wide-ranging availability in Nature
and human society [1]. In addition, biomass is the only renewable carbon resource which can serve as
a feedstock for the various carbon-containing chemicals and fuels that our society relies on [6].

5-Hydroxymethylfurfural (HMF), being a furan derivative, has been recognized as an important
compound in our foods and as a versatile platform molecule derived from biomass for bulk chemicals
and fuels production [7]. HMF can be used as biomass substrate compound for the production of
a plethora of end products such as biofuels, biodegradable plastics, additives, macromolecules and
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functional polymers via different reactions such as oxidation, hydration, hydrogenation, etherification
and decarbonylation (Scheme 1a) [8,9]. In this review, we focus on one particular route, namely,
the oxidation of HMF to a value-added chemical, 2,5-furandicarboxylic acid (FDCA). HMF can be
produced from the dehydration of C6 carbohydrates or direct transformation of cellulose, involving
several steps including catalytic hydrolysis of cellulose to glucose, followed by isomerization of glucose
to form fructose, and finally dehydration of fructose to produce HMF. Acid sites are normally required
for the production of HMF, and the formation of a multitude of other components, i.e., formic acid,
levulinic acid and humin, is also observed during the production of HMF, which hampers the purity
and yield of HMF [10].

 

Scheme 1. Possible value-added platform chemicals from (a) HMF and (b) FDCA (reproduced from [11]
with permission from Wiley-VCH, copyright 2019).

FDCA, being a promising molecule in the furan family, contains a multifunctional cyclic structure
with two carboxylic acid groups attached at the para positions of the furan ring. It is listed on the
top in all biomass-derived value-added chemicals by the US Department of Energy [12]. FDCA is
considered stable, even at high temperatures, because of its high melting point (342 ◦C) due to which
it is not easily soluble in common organic and inorganic solvents [13]. Scheme 1b summarizes the
possible value-added chemicals which can be derived from FDCA in different reaction systems. FDCA
is actually used as a starting material for the synthesis of a new class of bioderived polymers such
as polyethylene 2,5-furandicaboxylate (PEF) [14,15]. PEF displays a series of excellent properties
(thermal, chemical and mechanical resistance as well as easy depolymerization in Nature), compared
to its petrochemical counterpart polyethylene terephthalate (PET) [16,17]. PET is the most common
thermoplastic polymer material of the polyester family, and widely used in containers for foods and
liquids, thermoforming for manufacturing, fibers for clothing, etc. [18]. The potential of substituting
PET by this new bio-polyester PEF has stimulated great research efforts on this topic [19–22].

The production of FDCA has been studied since the 19th century. Firstly in 1876, Fittig et al
successfully prepared FDCA by conducting the dehydration reaction of mucic acid over an acidic
catalyst [23]. Concisely, aqueous hydrobromic acid (HBr) which acts both as catalyst and solvent was
reacted with mucic acid to produce FDCA. Later, different dehydrating agents were also applied, along
with some modifications to get higher efficiency in the dehydration process but this process is limited
because of the severe reaction conditions i.e., high temperature (>120 ◦C), >20 h reaction time, the use
of highly concentrated acids and less FDCA selectivity as well as moderate yield (<50%) [24]. Later
HMF emerged as a promising biomass feedstock to produce FDCA. Direct oxidation of HMF is a
simple method for the efficient and economical production of bio-based FDCA. Scheme 2 presents
the general reaction scheme for the production of FDCA by catalytic oxidation of HMF monomer. In
the typical reaction pathway, the synthesis of FDCA through catalytic oxidation of HMF proceeds
initially through the selective oxidation of the hydroxyl group of HMF to produce 2,5-diformylfuran
(DFF) (Scheme 2, Path 1), or via oxidation of the aldehyde group to form 5-hydroxymethyl-2-furan
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carboxylic acid (HMFCA) (Scheme 2, Path 2). Both intermediates are then further oxidized to
5-formyl-2-furancarboxylic acid (FFCA), which is finally transformed to FDCA [25]. Several reaction
systems with different oxidants are used to activate the oxygen species for catalytic oxidation of HMF
such as oxygen, air, H2O2, and KMnO4 [26]. Oxygen or air are normally preferred for HMF oxidation
due to the broad availability, low price, and benignity to the environment.

Scheme 2. Reaction scheme for catalytic oxidation of HMF into FDCA.

Figure 1 depicts the total number of research publications on HMF and FDCA per year from 2000
to 2019. The past few years in particular have seen a significant increase in the number of publications
on HMF and FDCA chemistry. Due to maximum product separation capability, oxidation of HMF is
considered as advantageous process to produce FDCA in an economical way [27].

Figure 1. Total number of reported publications on HMF and FDCA chemistry per year from 2000
to 2019 (topic keywords searched in Web of Science: “5-hydroxymethylfurfural HMF” and “2,5-furan-
dicarboxylic acid FDCA”).

Various catalytic systems involving heterogeneous catalysts [28], homogeneous catalysts [29],
and bio-catalysts [30] have been reported for this process in aqueous media as well as organic and
biphasic systems [31]. Electrochemical [32] and photocatalytic [33] processes have also been studied for
HMF oxidation to FDCA. Owing to the good recycling capability and stability, heterogeneous catalysts
are the most studied for this process. In this review, only metal-based solid catalysts will be discussed,
which thus excludes the other catalytic systems, i.e., homogeneous catalysts and bio-catalysts. We
first highlight the recent developments and current state of art of the application of metal-based
heterogeneous catalysts for the catalytic aerobic oxidation of HMF to FDCA. The emphasis of this
review is thus put on comparing the catalytic performance of different catalysts categorized by metal,
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with specific examples using molecular oxygen (O2) as oxidant and without using base additives.
Reaction mechanisms of the aerobic oxidation of HMF to FDCA are also demonstrated in detail. Finally,
conclusions are provided and perspectives referring to further development of the catalysts for the
practical production are also highlighted, especially in designing efficient catalysts for green and
cost-effective catalytic oxidation of HMF to FDCA.

2. Noble Metal Catalysts for FDCA Production

Oxidation can be catalyzed by metal sites in heterogeneous catalysis. Various noble metals such
as gold (Au), platinum (Pt), palladium (Pd), ruthenium (Ru), and rhodium (Rh) catalysts have been
reported for the catalytic oxidation of HMF to FDCA. The choice of molecular oxygen (O2) as oxidant
offers advantages of availability and benignity to the environment, in accordance with the concept
of “green chemistry”. As oxygen is not easy to activate, supported noble metal catalysts are the
main heterogeneous catalysts used for the catalytic aerobic oxidation of HMF to FDCA. We will first
summarize the recent advances in applying noble metal catalysts for the oxidation of HMF to FDCA
under relatively mild conditions.

2.1. Au-Based Catalysts

Gold (Au) was generally considered as inactive in the field of catalysis, but in the 1980s, it was a
great achievement in research to discover the catalytic ability of Au, which opened a new gateway for
researchers to develop highly active catalysts for many processes [34,35]. Recently, many catalysts are
developed using Au that present promising catalytic performance for the aerobic oxidation of HMF
to FDCA in aqueous solutions. The performance of different Au-based catalysts for catalytic aerobic
oxidation of HMF to FDCA is summarized, and details are also given, in Table 1.

Table 1. Summary of reported results for the aerobic oxidation of HMF to FDCA over Au catalysts.

Catalysts Base

Reaction Conditions
HMF

Conv. (%)
FDCA

Yield (%)
Ref.T

(◦C)
Oxidant
P (bar)

Time
(h)

Au/CeO2 NaOH 130 Air, 10 8 100 >99 [36]
Au/TiO2 NaOH 130 Air, 10 8 100 >99 [36]

Au/Fe2O3 NaOH 130 Air, 10 8 100 15 [36]
Au/C NaOH 130 Air, 10 8 100 44 [36]

Au/m-CeO2 NaOH 70 O2, 10 4 100 92 [37]
Au/CeO2 Na2CO3 140 O2, 5.0 15 >99 91 [38]
Au/TiO2 NaOH 30 O2, 20 18 100 71 [39]
Au/HY NaOH 60 O2, 0.3 6 >99 >99 [40]

Au/TiO2 NaOH 60 O2, 0.3 6 >99 85 [40]
Au/Mg(OH)2 NaOH 60 O2, 0.3 6 >99 76 [40]

Au/CeO2 NaOH 60 O2, 0.3 6 >99 73 [40]
Au/H-MOR NaOH 60 O2, 0.3 6 96 15 [40]

Au/Na-ZSM5-25 NaOH 60 O2, 0.3 6 92 1 [40]
Au-Cu/TiO2 NaOH 95 O2, 10 4 100 99 [41]
Au8-Pd2/C NaOH 60 O2, 30 4 >99 >99 [42]

Au/HT Base free 95 O2, 1 7 >99 >99 [43]
Au/HT-AC Base free 100 O2, 5 12 100 >99 [44]
Au-Pd/CNT Base free 100 O2, 5 12 100 94 [45]
Au-Pd/CNT Base free 100 Air, 10 12 100 96 [45]
Au-Pd/CNT Base free 100 O2, 5 18 100 91 [45]

AuPd-nNiO a Base free 90 O2, 10 6 95 70 [46]
AuPd-La-CaMgAl-LDH b Base free 100 O2, 5 6 96.1 89.4 [47]

a nNiO = nanosized NiO b La-CaMgAl-LDH = La doped Ca-Mg-Al layered double hydroxide.

The choice of support for Au-based catalysts can also have a great impact on the catalytic
performance in HMF oxidation. When using TiO2 and CeO2 as supports, Au-based catalysts showed
nearly quantitative FDCA yields of >99% at 65 ◦C under 10 bar of air after a reaction time of 8 h; in
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contrast, Au catalysts supported on carbon and Fe2O3 only afforded FDCA yields of 44% and 15%
under the same conditions, separately [36]. According to the reaction mechanism discussed in this
study, HMFCA was observed as the only intermediate. As shown in Scheme 3, HMF was first oxidized
to HMFCA very fast via the formation of a hemiacetal-1 intermediate. Owing to the fact no FFCA was
directly observed, the authors proposed that FFCA was transformed via the oxidation of HMFCA was
quickly transformed into FDCA through the production of a second intermediate product, hemiacetal-2.
Compared to the one-pot reaction, substrate degradation was strongly diminished and the catalysts
life increased by performing the reaction in two steps: first the oxidation of HMF into HMFCA at a low
reaction temperature of 25 ◦C and, second, the subsequent oxidation of HMFCA in FDCA at 130 ◦C.
Reductive pretreatment of the Au/CeO2 was shown to efficiently increase the catalytic activity due to
increased amount of Ce3+ and oxygen vacancies. The increased Ce3+ species and oxygen vacancies on
the support were shown to have a great effect on transferring hydride and activating O2 during the
oxidation of the alcohol group. The Lewis acid sites of Ce3+ centers and Au+ species of Au/CeO2 could
easily accept a hydride from the C–H bond in alcohol or in the corresponding alkoxide to form Ce–H
and Au–H, with the simultaneous formation of a carbonyl species. The oxygen vacancies of CeO2

could activate O2 and form cerium-coordinated superoxide (Ce–OO) species, which subsequently
evolved into cerium hydroperoxide by hydrogen abstraction from Au-H. The cerium hydroperoxide
then interacted with Ce–H, producing H2O and recovering the Ce3+ centers. Au–H donated H and
changed back to the initial Au+ species. Further improvement of activity of Au/CeO2 was reported
by Lolli et al [37]. An ordered mesoporous CeO2 (m-CeO2) supported Au catalyst was synthesized
by nanocasting technique using meso-structured silica SBA-15 as hard template. Au nano-particles
immobilized on this high surface area mesoporous CeO2 showed a FDCA yield of 92% with 100%
HMF conversion under relatively mild reaction conditions (T = 70 ◦C, PO2 = 10 bar, and t = 4 h).

Scheme 3. Reaction mechanisms for aerial oxidation of aqueous HMF over CeO2 supported Au
catalysts (reproduced from [36] with permission from Wiley-VCH, copyright 2009).

Formation of undesired humin is a great issue for HMF transformation, especially in concentrated
HMF solutions. Kim et al. reported recently progress in utilizing Au/CeO2 catalyst for achieving
90–95% yield of FDCA via aerobic oxidation of acetal derivatives of HMF [38]. In this approach,
protection of aldehyde group of HMF with 1,3-propanediol was proposed to prevent the formation of
undesired humin via decomposition and self-polymerization, and to achieve efficient FDCA yield from
the resultant HMF acetal derivative. Even in concentrated solutions of 20% PD-HMF, FDCA could still
be obtained in a high yield of 91% at 140 ◦C and 5 bar O2, for 15 h reaction. This example presents a
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significant advance over the conventional oxidation of HMF that gives only reasonable FDCA yields in
dilute solutions.

Zeolite-supported Au catalysts have also been investigated for the catalytic oxidation of HMF
by Xu et al. [40]. The Au/H-Y catalyst showed high yield of FDCA (>99%) with a quantitative
HMF conversion under mild reaction conditions (T = 60 ◦C, PO2 = 0.3 bar and t = 6 h), which was
much higher than that of Au supported on Mg(OH)2, TiO2, CeO2, H-MOR, and ZSM-5. Further
characterization indicated that Au-nanoclusters (approx. 1 nm) are encapsulated inside the supercages
of the H-Y-zeolite, and the confinement of the supercage prevented the further agglomeration of Au
nanoclusters into large particles (Figure 2). The interaction between the acidic hydroxyl groups in the
zeolite supercage and Au clusters has been shown to be responsible for stabilization of the Au species,
to which the high catalytic efficiency for the oxidation of HMF to FDCA was ascribed [40].

 

Figure 2. (i)-A Schematic illustration of synthesis for Au-nanoclusters in HY zeolite supercages (i)-B
Catalytic oxidation process (ii)-a TEM image of Au/HY (ii)-b HR-TEM image of Au/HY (reproduced
from [40] with permission from Wiley-VCH, copyright 2013).

Various Au-based bimetallic catalysts were also studied for the oxidation of HMF to FDCA.
The physical and chemical characteristics of the prepared bimetallic catalysts can be simply tuned
by altering catalytic composition, particle size and mixing equality. Pasini et al. reported that the
Au-Cu/TiO2 bimetallic catalyst afforded higher catalytic activity and stability over its corresponding
mono-metallic Au/TiO2 for HMF oxidation into FDCA [41]. All the bimetallic Au-Cu/TiO2 catalysts
with different Au/Cu mole ratio prepared via a colloidal route showed an improved activity, by at
least factor of two compared to their corresponding monometallic Au catalysts. Under the optimal
reaction conditions (10 bar O2, 4 equiv of NaOH, 95 ◦C), HMF conversion of 100%, and FDCA yield
of 99% were attained after 4 h (Table 1). The isolation of Au sites caused by AuCu alloying was the
main reason for the excellent catalytic activity of the Au-Cu/TiO2 catalysts for HMF oxidation into
FDCA. The Au-Cu/TiO2 catalyst could be easily recovered and reused without significant leaching
and agglomeration of the metal nanoparticles. Thus, a strong synergistic effect was also evident in
term of the catalyst stability and resistance to poisoning. Similar results in catalytic performance
were also demonstrated for the Au-Pd/AC catalyst [42]. Alloying Au with Pd at molar ratio of 8:2
on carbon support significantly increased the catalyst stability and activity than the monometallic
counterparts for the aerobic oxidation of HMF to FDCA. The Au/AC catalyst showed good product
selectivity, but suffered with catalyst deactivation, with a drop in 20% of HMF conversion after the
fifth run. No Au leaching from the catalyst was detected, and the deactivation was mainly attributed
to irreversible adsorption of the byproducts or intermediates and the agglomeration of Au particles. In
contrast, Au-Pd/AC delivered an excellent stability with a FDCA yield of 99% even after the fifth run.
The alloying of a second metal (e.g., Pd or Cu) with Au to form bimetallic alloy catalysts can indeed
combine the advantages of different components and thus improve the catalyst performance.
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To understand the strategic reaction mechanism and role of base, molecular oxygen and Au
catalysts, Davis and co-workers studied the reaction route for oxidation of HMF to FDCA over Au/TiO2

catalyst in alkaline medium (NaOH) using an isotope labeling approach [48,49]. By control experiments,
base and a metal catalyst were shown to be important to produce FDCA at 22 ◦C. The aldehyde
side-chain of HMF undergoes a rapid reversible hydration to a geminal diol through nucleophilic
addition of a hydroxide ion to the carbonyl and subsequent proton transfer from water to the alkoxy
ion intermediate (Scheme 4, step 1). This step is due to the incorporation of two 18O atoms in HMFCA
when the reaction was performed in H2

18O. The second step is the dehydrogenation of the geminal diol
intermediate, facilitated by the hydroxide ions adsorbed on the metal surface, to form the carboxylic
acid HMFCA (Scheme 4, step 2). Further oxidation of the alcoholic group of HMFCA is required to
produce FDCA. Base deprotonates the alcoholic group to form an alkoxy intermediate in solution [50].
Hydroxide ions on the catalyst surface then facilitate the activation of the C–H bond in the alcoholic
group to form the aldehyde intermediate, 5-formyl-2-furancarboxylic acid (FFCA) (Scheme 4, step 3).
The next two steps (Scheme 4, steps 4 and 5) oxidize the aldehyde function of FFCA to form FDCA.
These two steps are expected to proceed similarly to steps 1 and 2 for oxidation of HMF to HFCA.
The reversible hydration of the aldehyde group in step 4 to a geminal diol accounts for two more
18O atoms incorporated in FDCA when the oxidation is performed in H2

18O. Overall, complete HMF
oxidation to FDCA illustrates that water molecules incorporate all four oxygen atoms in FDCA instead
of readily available oxidant (O2). The isotope labeling experiments of 18O2 and H2

18O revealed that
water was the source of oxygen atoms during the oxidation of HMF to HMFCA and FDCA, probably
through direct participation of hydroxide in the catalytic cycle. Molecular oxygen was essential for the
production of FDCA and played an indirect role during oxidation by removing electrons deposited
into the supported metal particles. Those results provided a fundamental understanding of the roles of
added base and molecular oxygen for FDCA production from HMF [49].

Most aerobic oxidations of HMF over Au catalysts are conducted in the presence of excess base,
however, considering environmental and economic concerns, base-free HMF to FDCA oxidation
systems are more desirable. Thus, some reports on the oxidation of HMF to FDCA over Au-based
catalysts without using base were published recently. Gupta et al. reported a hydrotalcite-supported
Au catalyst (Au/HT) for the oxidation of HMF into FDCA without using base [43]. An excellent yield
of 99% FDCA was demonstrated at 95 ◦C under 1 bar O2 in water after 7 h. Compared to Au deposited
on neutral support or acidic SiO2, limited activity was shown, indicating the essential need for basic
sites on the catalyst. Although Au/MgO gave a FDCA yield of 21%, it was much lower than that of
Au/HT. TEM revealed a much larger size of Au nanoparticles on MgO (>10 nm) than that of Au/HT
(3.2 nm), which should be the main reason for the lower catalytic activity of Au/MgO. Although the
authors claimed that Au/HT catalyst could be reused, Zope et al. observed a severe leaching of Mg2+

from HT over Au/TiO2 catalyst and HT as solid base during the oxidation of HMF, owing to the
chemical interaction between the basic HT and the formed FDCA [51]. Further improvement in catalyst
stability by modified robust hydrotalcite and activated carbon supported Au catalyst (Au/HT-AC)
was demonstrated under base-free conditions [44]. Physical milling of homemade hydrotalcite and
commercial activated carbon was applied for catalyst preparation. The Au/HT-AC catalyst showed
superior catalytic activity (FDCA Yield = 99.5%) at 100 ◦C, 5 bar O2 pressure after 12 h of oxidation
reaction (Table 1) with excellent catalytic stability (6 times). Availability of enough basic sites, large
surface area of catalyst, and presence of hydroxyl and carbonyl groups are the reasons for enhanced
catalytic performance and improved reusability.
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HMF oxidation route under basic conditions 

 
Stepwise Reaction Mechanism 

Scheme 4. Expanded reaction pathway of HMF oxidation in basic (OH−) media over Au or Pt catalysts
(reproduced from [48,49] with permission from Royal Society of Chemistry & Elsevier, copyright 2012
and 2014).

Development of an active and stable bimetallic Au-Pd catalyst also reported by Wan et al [45]. A
FDCA yield of 94% could be achieved at 100 ◦C and 0.5 MPa O2 for 10 h, and a FDCA yield of 96%
was obtained at 100 ◦C and 1 MPa air for 12 h. The surface carbonyl/quinone and phenol species on
CNT was found to facilitate the adsorption of HMF and DFF, rather than FDCA, contributing to the
high activity of the Au-Pd/CNT catalyst. In addition, the incorporation of Pd to Au/CNT changed
the reaction pathway from HMFCA to DFF route by facilitate the oxidation of the hydroxyl species of
HMF, and further enhanced the oxidation of FFCA to FDCA, which is a difficult step for Au catalysts
under base-free conditions. Notably, an improved stability with Au-Pd/CNT was also depicted, with
marginal loss in activity during the consecutive six runs. Bonincontro et al. further reported an efficient
and stable nNiO-supported Au-Pd alloy, with an optimal Au/Pd atomic ratio of 6:4, for base-free
oxidation of HMF to FDCA [46]. A nearly quatitative yield of FDCA could be obtained at 90 ◦C after
14 h. NiO was shown to provide basic sites that can promote the reaction and the suitable choice of
Au-Pd chemical composition favors the formation of FDCA. Gao et al. reported a highly efficient
and stable bimetallic AuPd nanocatalyst over the La-doped Ca-Mg-Al layered double hydroxide
(La-CaMgAl-LDH) support for base-free aerobic oxidation of HMF to FDCA in water [47]. A nearly
full yield of FDCA could be achieved at 120 ◦C and 0.5 MPa O2 after 6 h. No catalyst deactivation was
observed at 100 ◦C and 0.5 MPa O2 after four consecutive runs. The high dispersion of a small amount
of La2O3 on the surface of LDH support were attributed to stabilize the support via preventing the
deterioration of LDH support by formed carboxylic acid products during reaction, thus resulting in
excellent stability and recyclability of AuPd/La-CaMgAl-LDH catalyst.
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2.2. Pt-Based Catalysts

Pt-based catalysts were initially reported to be efficient for the aerobic oxidation of HMF to
produce FDCA. Recent results of the aerobic oxidation of HMF to FDCA over Pt-based catalysts are
summarized in Table 2. Verdeguer et al. studied the carbon supported Pt catalysts for the oxidation of
HMF [52]. The addition of Pb into the Pt/C catalyst could improve the catalytic performance with a
high FDCA yield of 99%, than that with the Pd/C catalyst (81%) at ambient conditions for 2 h (25 ◦C, P
= 1 bar, a O2 flow rate of 2.5 mL/s and 1.25 M NaOH solution). HMFCA was detected as the reaction
intermediate, pointing to the preferred oxidation of aldehyde group of HMF with Pt-Pb catalyst.
Moreover, the addition of Bi to the Pt/C catalyst also showed a beneficial effect on the FDCA yield
(Table 2) [53]. An optimal Pt/Bi molar ratio of about 0.2 showed a high FDCA yield of 98% for the
Pt-Bi/C at 100 ◦C, 40 bar air and the use of four equivalents of NaHCO3 after 6 h, compared to 69%
for Pt/C catalyst. Both HMFCA and DFF were detected as intermediates, and the oxidation of FFCA
was figured out to be the rate-determining step for this Pt-Bi/C catalyst. Introducing Bi into the Pt/C
catalyst improved the catalyst stability, owing to depressing the oxygen poisoning and leaching of Pt.
Similar effect was also observed in another study over TiO2 supported Pt-Bi catalyst [54].

Table 2. Results of the aerobic oxidation of HMF to FDCA over Pt-based catalysts.

Catalysts Base

Reaction Conditions
HMF

Conv. (%)
FDCA

Yield (%)
Ref.T

(◦C)
Oxidant
P (bar)

Time
(h)

Pt/C NaOH 25 O2, 1 2 100 81 [52]
Pt-Pb/C NaOH 25 O2, 1 2 100 99 [52]

Pt/C Na2CO3 100 Air, 40 6 99 69 [53]
Pt-Bi/C Na2CO3 100 Air, 40 6 100 >99 [53]
Pt/TiO2 Na2CO3 100 Air, 40 6 90 84 [54]

Pt-Bi/TiO2 Na2CO3 100 Air, 40 6 >99 99 [54]
Pt/Al2O3 Na2CO3 75 O2, 1 12 96 96 [55]
Pt/ZrO2 Na2CO3 75 O2, 1 12 100 94 [55]

Pt/C Na2CO3 75 O2, 1 12 100 89 [55]
Pt/CeO2 Na2CO3 75 O2, 1 12 100 8 [55]
Pt/TiO2 Na2CO3 75 O2, 1 12 96 2 [55]

Pt/Ce0.8Bi0.2O2-δ NaOH 23 O2, 10 0.5 100 98 [56]
Pt/CeO2 NaOH 23 O2, 10 0.5 100 20 [56]
Pt/RGO a NaOH 25 O2, 1 24 100 84 [57]

Fe3O4@C@Pt Na2CO3 90 O2, 1 4 100 100 [58]
Pt/Al2O3 pH = 9 60 O2, 0.2 6 100 99 [59]
Pt/ZrO2 Base free 100 O2, 4 12 100 97.3 [60]

Pt/C-O-Mg Base free 110 O2, 10 12 >99 97 [61]
Pt/C-EDA-x b Base free 110 O2, 10 12 100 96 [62]

Pt-Ni/AC Base free 100 O2, 4 15 100 97.5 [63]
Pt-PVP-GLY c Base free 80 O2, 1 24 100 94 [64]

Pt-PVP-NaBH4 Base free 80 O2, 1 24 100 80 [64]
Pt-PVP-EtOH Base free 80 O2, 1 24 100 75 [64]

Pt-PVP-H2 Base free 80 O2, 1 24 100 19 [64]
Pt-NP-Cl d Base free 80 O2, 1 6 100 65 [65]
Pt-NP5 e Base free 80 O2, 1 6 100 60 [65]

a RGO = Reduced Graphene Oxide b EDA = ethylenediamine c PVP = polyvinylpyrrolidone. d NP-Cl =Nanoparticle
with Cl ionic polymer e NP5 = Nanoparticle with C12H23O2 ionic polymer.

The catalytic performance of different Pt-based catalysts is highly dependent on the choice of
support. Ramakanta et al. compared the performance of different metal oxide-supported Pt catalysts
under 75 ◦C, 1 bar O2 and the use of Na2CO3 after 12 h. Pt catalysts supported on the non-reducible
oxides (ZrO2, Al2O3 and C) showed high FDCA yields of above 90%, while Pt catalysts supported on
reducible oxides (TiO2 and CeO2) separately gave poor FDCA yields of 2% and 8% [55]. The authors
attributed the higher catalytic performance on Pt catalysts to the lower oxygen storage ability of the
non-reducible oxides, which could efficiently prevent the oxidation of active metal sites. Addition of
Bi into the CeO2 support could also enhance the catalytic performance of Pt/CeO2 [56]. Pt-catalysts

85



Catalysts 2020, 10, 120

with bismuth (Bi) modified ceria support, the Pt/Ce0.8Bi0.2O2-δ afforded a FDCA yield of 98% while the
Pt/CeO2 only showed a FDCA yield of 20 % at 23 ◦C, 10 bar O2. Moreover, the Pt/Ce0.8Bi0.2O2−δ catalyst
showed a good catalyst stability, and could be reused for five runs with a marginal loss of its FDCA
yield (from 98% in the first run to 97% in the fifth run). In this work, Pt nanoparticles were believed to
first react with the hydroxyl group of HMF and form the Pt-alkoxide intermediate, which was further
converted to aldehyde by β-H elimination. Bi-containing ceria contained a large amount of oxygen
vacancies, which could further promote the oxygen reduction process and the cleavage of the peroxide
intermediate by bismuth. Therefore, the surface electrons were used to the reduction of oxygen, and a
new catalytic cycle could be smoothly continued.

Carbon materials are widely used as catalyst supports owing to their good properties and easy
availability. Apart from the most used active carbon, reduced graphene oxide (RGO) can be also used
as support owing to its abundant surface functional groups, which can be used to anchor the metal
nanoparticles. Niu et al. studied a series of RGO supported metal nanoparticles for the oxidation of
HMF at 25 ◦C and 1 bar O2, with the presence of NaOH and an O2 flow rate of 50 mL/min [57]. The
Pt/RGO catalyst showed a higher FDCA yield than Pd/RGO, Ru/RGO and Rh/RGO, and a FDCA yield
of 84% could be obtained after 24 h. During the recycling experiments, an increase in HMFCA and a
decrease in FDCA yield could be observed. Similar results that the Pt/C outperforms in catalytic activity
than the Pd/C was also reported by Davis et al. [66]. Notably, Zhang et al. prepared a series of novel
Fe3O4@C@Pt catalysts containing super-paramagnetic Pt-nanoparticles with a core-shell structure,
and used for the oxidation of HMF (Figure 3) [58]. These novel Fe3O4@C@Pt catalysts have a spherical
shape with a Fe3O4 core, a protective amorphous carbon shell and Pt nanoparticle clusters decorated
on the surface. The preparation temperature showed an impact on the morphology of active Pt on the
carbon shell (Figure 3i). The 110-Fe3O4@C@Pt prepared at reflux of 110 ◦C afforded a nearly full FDCA
yield at 90 ◦C after 4 h during the oxidation of HMF (Figure 3ii). In addition, this catalyst can be reused
up to three times without significant loss in performance. Platinum on alumina is also studied in basic
conditions (pH = 9) and high FDCA yield (99%) is reported due to strong metal-substrate interaction
through π-electrons of furan nucleus [59].

 

Figure 3. (i) Schematic illustration of synthesis of core-shell structure X-Fe3O4@C@Pt super-
paramagnetic microspheres (X = Refluxing Temperature) (ii) (a) SEM images and model of
110-Fe3O4@C@Pt microsphere, (b) core/shell microspheres after coating with an amorphous carbon
layer, and Pt-decorated magnetic core/shell microspheres: (c) 90-Fe3O4@C@Pt (d) 100-Fe3O4@C@Pt and
(e) 110-Fe3O4@C@Pt synthesized at different temperatures. (f) A model image of a 110-Fe3O4@C@Pt
microsphere (reproduced from [58] with permission from the Royal Society of Chemistry, copyright
2016).

Most of the above examples of the aerobic oxidation of HMF over Pt catalysts are generally
performed in the presence of excess base. The disadvantages of basic feeds are that product solutions
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require neutralization of the base, and separation of the resulting formed inorganic salts. Base-free
catalytic oxidation of HMF to FDCA has also been reported over Pt-based catalysts. Recently, Chen et al.
prepared a Pt/ZrO2 by the atomic layer deposition (ALD) method and conducted the aerobic oxidation
of HMF under base-free conditions [60]. A complete HMF conversion and a FDCA yield of 97.3% under
mild reaction conditions (100 ◦C, O2, 4 bar, 12 h) were reported. The highly dispersed and uniform
particle size of Pt particles was visualized by TEM. An improved C=O adsorption on the catalyst
surface was also indicated by temperature programmed desorption of CO (CO-TPD), pointing to a
strong interaction between reactants/intermediates. Both factors were attributed to the good catalytic
activity for the Pt/ZrO2. Han et al. designed a novel Pt catalyst with modified C-O-Mg support for
base-free aerobic oxidation of HMF to FDCA [61]. A high FDCA yield of 97% could be obtained at
110 ◦C and 10 bar O2. In addition, this catalyst could be used for ten times with little loss of activity.
Even scaling up the reaction by 20 times at a large scale, a decent yield of isolated FDCA could achieve
74.9% with a high purity of 99.5%. Han et al. further developed a N-doped carbon- supported Pt
for base-free aerobic oxidation of HMF to FDCA [62]. The synthesized Pt/C-EDA-x catalyst (where
EDA = ethylenediamine and x = nitrogen dose) prepared by using EDA as nitrogen source showed
higher catalytic activity than the counterparts using N,N-dimethylaniline (DMA), ammonia (NH3),
and acetonitrile (ACH) as nitrogen source. A FDCA yield of 96% was achieved with the Pt/C-EDA-4.1
catalysts at optimal conditions (T = 110 ◦C, PO2 = 1 bar, and t =12 h). This high catalytic performance
is attributed to the formation of a new kind of medium basic site due to the formation of pyridine-type
nitrogen in the catalyst.

Limited examples of Pt-based bimetallic catalysts are reported for base-free aerobic oxidation of
HMF to FDCA. Shen et al. prepared a Pt-Ni/AC bimetallic catalyst by atomic layer deposition of Pt
nanoparticles on the surface of Ni/AC for base-free oxidation of HMF to FDCA [63]. The bimetallic
Pt-Ni/AC catalyst showed a higher activity (a FDCA yield of 97.5% yield with 100% HMF conversion)
even with only a 0.4 wt % Pt loading at 100 ◦C and 4 bar O2 after 15 h, compared to the monometallic
counterparts with a higher Pt loading (the 5.6 wt% Ni/AC and 1.6 wt% Pt/AC). In addition, the
bimetallic catalyst afforded good reusability for at least four 15 h runs without any obvious loss of
catalytic activity. The authors proposed that the addition of Ni to Pt improved the ability of Pt for C=O
adsorption and oxidation, thus increasing the activity of the Pt catalyst.

Pt nanoparticles stabilized by polymers were also shown to be effective for base-free aerobic
oxidation of HMF to FDCA. Siankevich et al. reported that polyvinylpyrrolidone (PVP) stabilized
Pt nanoparticles could promote the base-free aerobic oxidation of HMF into FDCA in water [64]. A
high FDCA of 95% were achieved for the Pt-PVP-GLY catalyst at mild reaction conditions (T = 80 ◦C,
PO2 = 1 bar, and t = 24 h). Notably, a slight decrease of its catalytic activity was observed during five
consecutive runs. The reaction mechanism was investigated for the Pt-PVP-GLY catalyst. Isotope
(H2

18O) labeling technology was used to elaborate the reaction path, and mass spectrometric analysis
of solutions after reaction verified the existence of 18O atomic levels. DFF and FFCA were detected
as the reaction intermediates during this oxidation reaction, while HMFCA was not detected during
base-free oxidation of HMF.

As shown in Scheme 5, the aldehyde group was proposed to undergo a rapid reversible hydration
to a geminal diol by nucleophilic addition of water, and followed by proton transfer to form DFF.
Similar results were also reported by other researchers under base-free conditions at relatively low
pH values [45,48]. The release of two protons from the hydroxyl group in HMF could form DFF.
Mass spectrometric analysis of the reaction mixture confirmed that 18O was incorporated in the
oxidation products (FDCA and FFCA). Peaks with m/z 161 and 163 were attributed to three and
four 18O atoms incorporated in FDCA, and peaks with m/z 143 and 145 attributed to two and three
18O atoms incorporated in FFCA. Finally, a transfer of two H to the surface of the metal occurred to
form the carboxylic acid groups, and molecular oxygen reacted with the surface hydride to release
H2O. Furthermore, Siankevich et al. reported Pt nanoparticles stabilized by an imidazolium-based
cross-linked polymer (with chloride as the counter-anion), which could efficiently catalyzed the
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oxidation of HMF to FDCA in water with oxygen as the oxidant under mild conditions (T = 80 ◦C,
PO2 = 1 bar, and t = 6 h) [65]. Various counter-anion, that is, replacing chloride by BF4

−, PF6
−,

bis(trifluoromethylsulfonyl)imide, hexanoate, or laurate anions, in the cationic polymer has been
explored. The counter-anion indeed showed an impact on the structure of the obtained platinum
nanoparticles, the surface electronic properties, and their catalytic activity. The highest reaction rates
were obtained with the weakly nucleophilic bis(trifluoromethylsulfonyl)imide anion, which also
favored Pt in the metallic state, leading to complete conversion of the substrate and a high yield of
FDCA (65%).

HMF oxidation route under base-free conditions 

 

Stepwise Reaction Mechanism 

 

Scheme 5. Reaction mechanism with inclusion of 18O (blue). Main focusing units are boxed in dashed
lines (reproduced from [64] with permission from Elsevier, copyright [2014]).

2.3. Pd-Based Catalysts

Pd-based catalysts also showed good catalytic performance for the aerobic oxidation of HMF into
FDCA. According to the reported Pd-based catalysts for the aerobic oxidation of HMF, results along
with their reaction conditions are summarized in Table 3.

Table 3. Summary of reported results for the aerobic oxidation of HMF to FDCA over Pd catalysts.

Catalysts Base

Reaction Conditions
HMF

Conv. (%)
FDCA

Yield (%)
Ref.T

(◦C)
Oxidant,
P (bar)

Time
(h)

Pd/C NaOH 23 O2, 6.9 6 100 71 [66]
Pd/ZrO2/La2O3 NaOH 90 O2, 1 6 >99 90 [67]

Pd/Al2O3 NaOH 90 O2, 1 6 >99 78 [67]
Pd/Ti2O3 NaOH 90 O2, 1 6 >99 53 [67]
Pd/PVP a NaOH 90 O2, 1.01 6 >99 90 [68]
Pd/CC b K2CO3 100 O2, 20 mL/min 30 100 85 [69]

γ-Fe2O3@HAP-Pd c K2CO3 100 O2, 1 6 97 92.9 [70]
C-Fe2O3-Pd K2CO3 80 O2, 1 4 98.2 91.8 [71]
Pd/C@Fe2O3 K2CO3 80 O2, 1 6 98.4 86.7 [72]
Pd-Au/TiO2 NaOH 70 O2, 10 4 100 85 [73]

Pd/TiO2 NaOH 70 O2, 10 4 100 9 [73]
Pd-Au/HT d NaOH 60 O2, 1 6 100 90 [74]

Pd/HT NaOH 60 O2, 1 6 85 6 [74]
Pd-Ni/Mg(OH)2 Base free 100 Air 16 >99 89 [75]

Pd/HT Base free 100 O2, 1 8 >99 >99 [76]
a PVP = Polyvinylpyrrolidone b CC = Carbonaceous Catalyst c HAP = Hydroxyapatite d HT= Hydrotalcite.
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The performance and particle size of different Pd-based catalysts are found to be dependent
on the choice of the support. Siyo et al. studied the effect of catalytic support by depositing PVP
stabilized Pd-nanoparticles on different metal oxide (Al2O3, TiO2, KF/Al2O3, and ZrO2/La2O3) supports
in ethylene glycol with average particle size of 1.8 nm [67]. Pd/ZrO2/La2O3 catalyst showed to be
a promising catalyst for HMF oxidation reaction, with a FDCA yield of 90% at 90 ◦C and 1 bar O2

pressure after 8 h of reaction time (Table 3). TEM indicated that there was no obvious sintering of Pd
nanoparticles in the spent Pd/ZrO2/La2O3 catalyst, whereas other catalysts showed serious aggregation.
XPS confirmed that the majority of Pd remained as the metallic state and that the electronic structure
of the Pd nanoparticles was unchanged in the spent Pd/ZrO2/La2O3 catalyst. The strong interaction
between Pd nanoparticles and the metal oxide supports makes the catalysts more stable, to which its
efficient catalytic performance is attributed. Siyo et al. further studied PVP stabilized Pd NP catalyst
using ethylene glycol at three different Pd/NaOH ratios [68]. Differently sized Pd nanoparticles are
obtained, with mean diameters between 1.8 nm and 4.4 nm, by changing the Pd/NaOH ratios. It was
concluded that smaller Pd-nanoparticles showed higher FDCA yield. The highest FDCA yield obtained
is 90% with greater than 99% HMF conversion over 1.8 nm Pd-nanoparticle catalyst synthesized with
1:4 molar ratio of Pd/NaOH [68]. These newly designed Pd-catalysts were able to store for long time
(up to one month) in alkaline medium under ambient conditions without any change in their activity.

Owing to the ease in catalyst separation after its use, Zhang et al. prepared a Pd catalyst with
magnetic properties [70]. In this catalyst hydroxyapatite (HAP) was layered on Fe2O3 using coating
technique and Pd2+ ions are exchanged with HAP’s Ca2+ ions with further reduction to produce
Pd0 nanoparticles. This novel catalyst showed excellent catalytic activity with almost 93% of FDCA
yield and 97% HMF conversion under optimal reaction conditions (T = 100 ◦C, PO2 = 1 bar, t = 6 h).
This catalyst, due to its magnetic properties, is very easy to recycle as it can be easily separated
using an external magnet without any change in catalytic activity. In another study, similar super
paramagnetic catalyst was prepared by Mei and coworkers, in which graphene-based C-Fe2O3-Pd
catalysts were synthesized using reliable graphene oxide [71]. Pd nanoparticles and Fe2O3 particles
are simultaneously deposited on surface of graphene oxide by one pot solvothermal technique. The
reaction temperature and the base concentration notably affected the HMF conversion and FDCA
selectivity. This carbon catalyst demonstrated high catalytic activity for oxidation reactions of HMF
with FDCA with a yield of 91.8% and HMF conversion of 98.2% under mild reaction parameters (80 ◦C,
O2, 1 bar, 4 h) with a base/substrate ratio of 0.5. The same research group further studied the Pd-based
magnetic catalysts and effectively immobilized the Pd-nanoparticles on core-shell structure of C@Fe3O4

(C acted as shell and Fe3O4 as core) with further reduction to generate Pd/C@Fe3O4 catalysts [72]. In
this technique, no excess reducing agents and capping reagents were used which makes it a clean
and environmentally benign technique. Under optimal conditions, Pd/C@Fe3O4 catalyst showed high
catalytic activity in the aerobic oxidation of HMF to FDCA with 98.4% HMF conversion and 87.8%
FDCA yield at 80 ◦C for 6 h reaction.

Bimetallic catalysts has also been studied and found to be an efficient approach for the aerobic
oxidation of HMF to FDCA. Lolli et al. studied bimetallic Pd-catalysts for HMF oxidation to FDCA
by preparing Pd-Au/TiO2 nanoparticle catalysts along with their monometallic counterpart Pd/TiO2

and revealed that minor alloying of Pd with gold (Pd:Au = 1:6) can enhance the FDCA yield from 9%
to 85% with complete HMF conversion at 70 ◦C and 10 bar O2 pressure for 4 h reaction [73]. Major
reaction routes involved in FDCA production on pyrolized Pd-Au/TiO2 in the presence of base are
summarized in Scheme 6. According to this study, once HMFCA is formed, the bimetallic catalyst
showed a reaction route with no further oxidation due to the substantial inability of Pd and its alloy
to oxidize the hydroxymethyl group of HMFCA [73]. FDCA molecule is produced via oxidation of
alcohol part of the HMF molecule to produce DFF, which upon further oxidation gives FFCA. This
produced FFCA has the options of producing FDCA or being oxidized to HMFCA which will again
show the same behavior of no further oxidation. Recently, similar Pd-Au bimetallic catalysts were
also synthesized on hydrotalcite (HT) support by Xia et al and their catalytic performance compared
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with that of their monometallic counterparts Pd/HT and Au/HT catalysts [74]. High FDCA yield
(up to 90%) was achieved over bimetallic Pd-Au/Ht catalyst with Au:Pd = 4:1 at 60 ◦C and 1 bar O2

pressure after 6 h of reaction. Similar to the previous report, the enhanced catalytic performance over a
bimetallic catalyst is attributed to the synergistic effect between two metals and the formation of smaller
particle size of the catalyst that facilities the HMF oxidation reaction to produce FDCA. In addition,
Gupta et al. further studied the bimetallic M0.9-Pd0.1 (M =Ni, Co or Cu) alloy nanoparticles supported
on in situ prepared Mg(OH)2 for the aerobic oxidation of HMF to FDCA without using an external
base additive [75]. Ni0.9-Pd0.1/Mg(OH)2 was found to be the most efficient, and afforded superior
catalytic activity with a FDCA yield of 89% compared to Co- or Cu-based bimetallic nanoparticles at
100 ◦C. The basicity of support could facilitate the activation of the hydroxyl group of HMF, leading
to the enhanced FDCA production. Furthermore, Wang et al. reported another HT supported Pd
nanoparticle catalyst in base-free environment, in which Mg-Al-CO3 HT supported Pd catalysts are
synthesized with different Mg/Al ratios [76]. The Mg/Al molar ratio 5:1 with 2% Pd metal loading
(2%Pd/HT-5) appeared to be best in terms of catalytic activity due to formation of weak basic sites
(OH- groups). FDCA yields greater than 99% are achieved with >99% HMF conversion for 8 h under
mild reaction conditions (T = 100 ◦C and P = 1 bar).

Scheme 6. Reaction pathways for HMF oxidation over Pd-Au/TiO2 catalyst (reproduced from [73] with
permission from Elsevier, copyright 2015).

2.4. Other Noble Metal Catalysts

The aerobic oxidation of HMF to FDCA can also be normally catalyzed with different Ru-based
catalysts at moderate reaction temperatures ranging from 100–150 ◦C, with O2/air pressure of 1 to 40
bar and base additives [77–83]. Majorly, Ru-based catalysts were reported for the oxidation of HMF to
DFF in organic solvents [84]. While only a few examples were extended to the oxidation of HMF to
FDCA in water [85]. The performance of different Ru-based catalysts, for catalytic aerobic oxidation of
HMF to FDCA is summarized, and details are also given in Table 4.

Yi et al. compared the effect of weak bases (K2CO3, Na2CO3, HT, and CaCO3) with strong base
(NaOH) over commercial Ru/C catalyst and concluded that the stronger base lead towards lower FDCA
yield (69%) (Table 1) due to degradation of HMF at higher pH [78]. The weaker the base, the higher the
FDCA yield. The maximum FDCA yield (95%) was attained by the use of CaCO3 and FDCA obtained
is in the form of its calcium salt because of its lower solubility.
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Table 4. Summary of reported literature on HMF oxidation to FDCA over Ru catalysts.

Catalysts Base

Reaction Conditions
HMF

Conv. (%)
FDCA

Yield (%)
Ref.T

(◦C)
Oxidant,
P (bar)

Time
(h)

Ru/C CaCO3 120 O2, 2 5 100 95 [78]
Ru/C Na2CO3 120 O2, 2 5 100 93 [78]
Ru/C K2CO3 120 O2, 2 5 100 80 [78]
Ru/C NaOH 120 O2, 2 5 100 69 [78]
Ru/C HT 120 O2, 2 5 100 60 [78]
Ru/C Base free 120 O2, 2 10 100 88 [78]
Ru/C NaHCO3 100 Air, 40 2 100 75 [79]

Ru/ACNaOCl
a NaHCO3 100 Air, 40 4 100 55 [79]

Ru(OH)x/La2O3 Base free 100 O2, 30 5 98 48 [80]
Ru(OH)x/HT b Base free 140 Air,1 24 99 19 [80]
Ru/MnCo2O4 Base free 120 Air, 24 10 100 99.1 [81]
Ru/CoMn2O4 Base free 120 Air, 24 10 100 82.2 [81]

Ru/MnCo2CO3 Base free 120 Air, 24 10 100 69.9 [81]
Ru/HAP c Base free 120 O2, 10 24 100 99.6 [82]
Ru/HAP c Base free 140 O2, 10 24 100 99.9 [82]
Ru/ZrO2 Base free 120 O2, 10 16 100 97 [83]

a ACNaOCl = Activated Carbon oxidized with sodium hypochlorite b HT= Hydrotalcite c HAP = Hydroxyapatite.

In this reaction system, oxidation of HMF occurred through hydroxyl part rather than aldehyde
part. Ru-catalyst favors the production of FDCA through DFF route instead of HMFCA route due to
oxidation of –OH group of HMF to –CHO group (Scheme 7). It is concluded that the conversion of
–OH to –CHO is very fast step as compared to subsequent conversion of –CHO to –COOH, which is the
rate determining step [78]. Over Ru/C catalyst, the oxidation of –CHO to –COOH is in less time (5 h)
due to presence of base, which is a challenge in base-free conditions. This is why base-free reaction
was carried out for relatively longer reaction time (10 h) to get 88% FDCA yield at similar reaction
conditions (120 ◦C, O2, 2 bar).

Scheme 7. Reaction route for oxidation of HMF to produce FDCA over Ru/C catalysts (reproduced
from [78] with permission from the Royal Society of Chemistry, copyright 2016).

Kerdi and coworkers studied the modification of catalyst support using various doped carbons
as supporting materials for Ru-based catalysts to investigate the consequence of surface properties
as well as pore structure of carbon on oxidation rates [79]. Activated carbon was oxidized using
sodium hypochlorite (NaOCl) and the Ru metal was impregnated on this oxidized ACNaOCl support
to prepare Ru/ACNaOCl catalyst with particle size of 2 nm. Moderate results with FDCA yield of 55%
with complete HMF conversion are obtained after 4 h reaction at 100 ◦C over a modified supported Ru
catalysts [79].

Normally, the HMF oxidation reaction takes place in organic solvents or water, but this reaction is
also investigated in ionic liquids (ILs) over Ru(OH)x catalysts in base-free environment due to redox
stability, negligible vapor pressure, non-flammability and unique dissolving abilities of ILs [80]. In this
study, several different supports (TiO2, Fe2O3, ZrO2, CeO2, HAP, HT, MgO, and La2O3) on Ru(OH)x

were tested along with various ILs. As shown in Table 4, Ru(OH)x/La2O3 gives reasonable catalytic
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activity, with a FDCA yield of 48% and high HMF conversion (98%) at 100 ◦C and elevated pressure
(30 bar O2). Ru(OH)x/HT also appeared to be active in ILs with 99% HMF conversion but FDCA
yield obtained is very low (19%) at high temperature (140 ◦C) and ambient pressure after 24 h of
reaction. High temperature (140 ◦C) is selected to decrease the influence of viscosity of the mixture
formed in ILs and catalyst [80]. As the idea for using ionic liquids is flopped because of their high cost,
low FDCA yield and unfeasible large scale production, researchers continue to search for base-free
phase oxidation over modified support Ru catalysts. In another work, MnCo2O4 spinel supported
Ru-catalyst (Ru/MnCo2O4) with 4% metal loading shows an exceptionally high FDCA yield of 99.1% in
comparison with other modified support catalysts (Ru/CoMn2O4 and Ru/MnCo2CO3) under moderate
reaction conditions (T = 120 ◦C, Pair = 24 bar and t = 10 h) with minor FFCA impurities [81]. In this
study, it is concluded that catalyst supports structure plays vital role in catalytic activity. The high
FDCA yield is due to Lewis and BrØnsted active acid sites on catalytic surface which is confirmed by
NH3-TPD results (Figure 4). Variation in supports to CoMn2O4 and MnCo2CO3 adversely affects the
catalytic activity and FDCA yield is decreased to 82.2% and 69.9%, respectively (Table 4).

 

Figure 4. (a) NH3-TPD and (b) summarized data obtained from NH3-TPD for CoMn2O4, MnCo2O4

and Ru/MnCo2O4 catalyst (reproduced from [81] with permission from the Royal Society of Chemistry,
copyright 2017).

Ru/HAP also shows good catalytic activity with 100% of HMF conversion and more than 99%
of FDCA yield in base-free conditions [82]. This reaction is carried out in severe reaction conditions
(T = 140 ◦C, P = 10 bar and t = 24 h) which is very challenging for practical applications. High
catalytic performance of Ru/HAP catalyst is credited to formation of acidic-basic sites due to well
dispersed Ru nanoparticles on HAP support. Christian and coworkers studied FDCA production
via HMF oxidation over Ru catalyst supported on high surface area zirconia (ZrO2) in a base-free
environment [83]. High FDCA yield (97%) is achieved with 100% HMF conversion after 16 h reaction
at similar severe reaction conditions (T = 120 ◦C and P = 10 bar). The catalytic tests in this investigation
revealed that the small size of Ru particles due to utilization of high surface area ZrO2 is crucial reason
for better catalytic performance.

Rhodium (Rh) metal, in comparison with other noble metals (Ru, Pd, Au, and Pt), also has similar
potential to act as catalytic active site in heterogeneous catalysis. However, this metal is not broadly
explored by the researchers for catalytic oxidation of HMF to FDCA. This could be because of its high
cost and less availability. Vuyyuru et al. have taken first step to use Rh to prepare a Rh/C catalyst
for catalytic oxidation of HMF to FDCA [86]. The catalytic activity is compared for HMF oxidation
reaction using different noble metals on carbon support at mild temperature (50 ◦C) and oxygen
pressure (10 bar). The FDCA yield obtained in this work is 12.62%, which is comparatively low, with
HMF conversion of 82%, after 4 h of reaction time over Rh/C catalysts. Ag-based catalysts were also
studied for the aerobic oxidation of HMF to FDCA [87]. Inferior activities and selectivity to FDCA
were shown with Ag-based catalysts, with HMFCA as the primary product. In addition, leaching of
Ag was also demonstrated to be another issue during catalysis. Therefore, rooms are available for the
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improvement of catalytic performance of those noble-metal based catalysts in the aerobic oxidation of
HMF into FDCA.

To sum up the overall results for the aerobic oxidation of HMF to FDCA over noble metal catalysts,
a lot of progress has been achieved recently. Au catalysts are more effective catalysts in terms of
stability and selectivity in comparison with Pt, Pd, Ru, and Rh based catalysts owing to a better ability
in resistance to water and oxygen. However, deactivation of Au catalysts, and intermediates depositing
on catalytic active sites are still observed for Au catalysts. Most of the studied noble metal catalysts
use base additives to achieve high FDCA yield, to facilitate the oxidation of aldehyde part of HMF
and keep the formed FDCA to dissolve into the solutions, in which the strong adsorption of products
on the catalysts can be prevented. The aerial oxidation of HMF in base-free environment is a more
green process, and more appropriate for sustainable chemistry. This entails a more research focus
on base-free catalytic systems for the oxidation of HMF to FDCA. Applying an appropriate support
and using an alloy strategy might make the catalysts show high activity and stability for the base-free
oxidation of HMF into FDCA.

3. Non-Noble Metal Catalysts for FDCA Production

Noble metal catalysts are generally considered as active and stable in the field of catalysis, but due
to their higher costs and less availability, it is of interest to design non-noble metal catalysts with high
efficiency and excellent stability. Therefore, research shifted towards non-precious metal catalysts for
aerobic oxidation of HMF to FDCA with prominent catalytic performance, and a reasonable progress
has been achieved until now to get active and stable catalysts [88] (Table 5).

Table 5. Results of the oxidation of HMF to FDCA over non-noble metal catalysts.

Catalysts Additive

Reaction Conditions
HMF

Conv. (%)
FDCA

Yield (%)
Ref.T

(◦C)
Oxidant
P (bar)

Time
(h)

Fe-POP a - 100 O2, 10 10 100 85 [89]
MR-Co-Py b CH3CN 100 t-BuOOH 24 95.6 90.4 [90]

Li2CoMn3 O8 CH3COOH 150 Air, 55 8 100 80 [91]
Fe3O4-CoOx - 80 t-BuOOH 12 97.2 68.6 [92]
Ce0.5Fe0.5O2 [Bmim]Cl 140 O2, 20 24 98.4 13.8 [93]
Ce0.5Zr0.5O2 [Bmim]Cl 140 O2, 20 24 96.1 23.2 [93]

Ce0.5Fe0.15Zr0.35O2 [Bmim]Cl 140 O2, 20 24 99.9 44.2 [93]
Fe0.6Zr0.4O2 [Bmim]Cl 160 O2, 20 24 99.7 60.6 [94]

MnO2 NaHCO3 100 O2, 10 24 >99 91.0 [95]
MOF-Mn2O3 NaHCO3 100 O2, 14 24 100 99.5 [96]
MnOx-CeO2 KHCO3 110 O2, 20 15 98 91 [97]

MnCo2O4 KHCO3 100 O2, 20 24 99.5 70.9 [98]
Co3O4/MnxCo Base free 140 O2, 1 24 100 >99 [99]

a POP = Porous organic polymer; b MR-Co-Py =Merrifield Resin supported Co(II)-meso-tetra(4-pyridylporhyrin).

Saha et al. prepared a thermally stable, robust structured iron catalyst (Fe/POP) by the integration
of Fe3+ on the center of porphyrin ring supported on porous organic polymer (POP) to study the
catalytic performance of aerobic oxidation of HMF to FDCA in aqueous medium [89]. This inexpensive
metal catalyst can be reused without any significant loss of activity because the oxidation state of Fe
remains intact after the reaction over this catalyst. As a result, complete HMF conversion was achieved
with high FDCA yield (85%) at 100 ◦C and 10 bar O2 pressure for 10 h reaction. The metal active site of
Fe3+-POP catalyst plays a significant role and a plausible radical chain mechanism for HMF oxidation
would involve thermal autoxidation of organic substrate (R–H) to peroxides (ROOH) which further
lead to FDCA product through Fenton-type cleavage of RO–OH bond over Fe. Later on, a stable cobalt
(II)-meso-tetra(4-pyridyl) porphyrin supported on Merrifield resin catalyst was developed (abbreviated
as Merrified Resin-Co-Py) by Gao et al. and studied the effect of various oxidants [90]. This catalyst
showed excellent catalytic activity (FDCA yield = 90.4%, and HMF conversion = 95.6%) at 100 ◦C in
the presence of tert-butylhydroperoxide (t-BuOOH) as oxidant after 24 h reaction (Table 5). On the

93



Catalysts 2020, 10, 120

other hand, in the presence of O2 as oxidant, no FDCA was detected after 24 h of reaction. Methyl
nitrile (CH3CN) was found to be the best solvent in this reaction system. Furthermore, Jain et al.
introduced a low-cost Li2CoMn3O8 (spinel-mixed metal oxide) catalyst prepared by gel pyrolysis
method to study the catalytic oxidation of HMF to FDCA in the presence of sodium bromide and acetic
acid [91]. Although a reasonable FDCA yield (80%) is obtained but use of high temperature (150 ◦C)
along with acetic acid and sodium bromide additives are the main drawbacks for this route.

Similar to noble metal magnetic catalysts, Wang et al. prepared non-noble metal (nano-
Fe3O4-CoOx) catalysts with magnetic properties [92]. As demonstrated earlier, this catalyst can
also be easily recovered using external magnet because of its magnetic properties. This magnetic
catalyst showed 97.2% of HMF conversion with FDCA yield (68.6%) and reasonable reusability of
catalyst with minor mass loss at 80 ◦C for 12 h reaction (Table 5). Experimental results in this study
demonstrated that the first step of HMF oxidation to produce FFCA is initiated by BrØnsted base, even
without the presence of catalyst, whereas, the second step to produce FDCA from FFCA, requires the
presence of catalysts. Similar conclusions were reached in another study of the catalytic oxidation of
HMF to produce FFCA over a low cost Mn0.75/Fe0.25 heterogeneous metal catalyst [100].

Ionic liquids or ionic fluids have also been studied as solvents for this reaction system together
with low cost transition metal oxide catalysts [93,94]. Several combinations of iron oxide (Fe2O3) and
zirconia (ZrO2) have been used with different Fe to Zr ratios to develop a highly efficient catalyst.
For this system, even though the attained FDCA yield is low, excellent conversion of HMF attracts
researchers to dig more about its mechanism. The results illustrated that change in the reaction
parameters and using different Fe to Zr proportions can hardly improve the catalytic activity (Table 5).

Manganese (Mn) based catalysts were also reported for the aerobic oxidation of HMF with base
additives. MnO2/NaHCO3 system was reported by Hayashi et al. [95]. A FDCA yield of 91% with a
complete HMF conversion could be obtained at 100 ◦C and 10 bar O2 after 24 h of reaction. However,
catalyst deactivation was observed in the third cycle of reuse runs, mainly owing to adsorbed humin
species covering the active sites. Catalyst reactivation could be achieved by calcination at 300 ◦C in air.
Hayashi et al. further studied the impact of the structure of MnO2 crystal on the performance in the
areobic oxidation of HMF to FDCA through combined computational and experimental studies [101].
They demonstrated that reaction rates per surface area for the slowest step, FFCA oxidation to FDCA
step, decrease in the order of β-MnO2 > λ-MnO2 > γ-MnO2 ≈ α-MnO2 > δ-MnO2 > ε-MnO2 on the
basis of good agreements achieved between experimental results with the DFT calculations. β-MnO2

exceeds that of the previously reported activated MnO2. The successful synthesis of high-surface-area
β-MnO2 could significantly improve the catalytic activity for the aerobic oxidation of HMF to FDCA.
Notably, a porous 2D Mn2O3 nanoflakes was prepared by a facile thermal treatment of a Mn-based
metal-organic framework (MOF) precursor and applied for oxidation of HMF at 100 ◦C and 14 bar
O2 with NaHCO3 [96]. A FDCA yield of 99.5% at complete conversion of HMF could be achieved
after a reaction time of 24 h. However, a slight catalyst deactivation was observed during the
recycle experiments.

Mixed/binary oxides have also been applied for the aerobic oxidation of HMF and showed
enhanced catalytic performances as compared with their mono-oxide counterparts. Han et al prepared
a mixed oxide MnOx-CeO2 (Mn/Ce = 6) catalyst by co-precipitation method, which afforded a high
FDCA yield of 91% with a HMF conversion of 98% at 110 ◦C with KHCO3 after 15 h reaction [97].
Structural analysis of mixed oxide catalyst revealed that the Mn4+ and Ce3+ on catalytic surface played
the pivotal role as the active sites for HMF oxidation to FDCA. A mechanism involving the Mn4+

active center, the lattice oxygen transfer from CeO2 to Mn oxide and the activation of O2 on CeO2 was
proposed for the enhanced the performance. Mn-Co binary oxides catalysts with different Mn/Co
molar ratios were also studied by Zhang et al. for catalytic oxidation of HMF to FDCA [98]. The
MnCo2O4 catalyst with a Mn/Co molar ratios of 1/2, showed a HMF conversion of 99.5% and a FDCA
yield of 70.9% at 100 ◦C and 10 bar O2 with KHCO3 for 24 h, which was significantly better than Mn3O4,
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Co3O4 and Mn-Co binary oxides with other Mn/Co molar ratios. The enhanced catalytic activity was
attributed to the presence of Mn3+ ions and the high oxygen mobility and reducibility.

The aerobic base-free oxidation of HMF to FDCA over non-precious metal catalysts has been
limited reported. The use of organic solvent, organic peroxide and base additives may promote the
product yield but undoubtedly hamper the green footprint of renewable FEDA production. It is still
rather difficult to use non-noble metal based catalysts for the aerobic oxidation of HMF to FDCA
in water and without base additives. Recently, Gao et al. prepared a Mn-Co mixed oxide catalyst
(Co3O4/MnxCo) with Co3O4 nanoparticles well-dispersed on amorphous Mn-Co-O solid solutions
by co-precipitation method [99]. They claimed that a FDCA yield of >99% could be obtained with
Co3O4/Mn0.2Co where the Mn/Co ratio was of 0.2, at 1 bar O2 and 140 ◦C after 24 h without base
additives. The high content of both Lewis (Mn4+) and Brønsted (Co–O–H+) acid sites on the surface,
leading to an excellent ability of HMF adsorption and COOH group formation, as well as the enhanced
oxygen mobility. This catalyst was shown stable after a minor deactivation (≤8%) during six recycling
uses and its activity could be entirely regenerated by calcination in air.

According to the results of the aerobic oxidation of HMF to FDCA over non-noble metal based
catalysts (Fe-, Co-, and Mn-based), an inferior catalytic selectivity to FDCA is normally shown as
compared to noble metal catalysts. The activation of O2 is not very efficient (especially Fe- and
Co-based) and a strong oxidant (e.g., t-BuOOH) is more normally required to obtain a good selectivity
of FDCA. Especially, base additives and organic solvent are often required to improve the FDCA
yield. The stability of non-noble metal based catalyst suffers from more issues, i.e., metal leaching
(especially Ni- and Cu-based), change of the active phase, and coverage of active species. Still, owing
to the advance in the cost, it is promising to further explore non-precious transition-metal catalysts
considering the lower catalyst cost for the upcoming practical production of FDCA. Therefore, further
effort should be continuously devoted to develop new approaches for designing efficient non-precious
transition-metal catalysts for the aerobic oxidation of HMF to FDCA.

4. Conclusions and Perspectives

The catalytic aerobic oxidation of biomass-derived HMF to FDCA is currently a hot topic, especially
since FDCA exhibits the potential to replace petrochemical-derived terephthalic acid, one of the most
widely used monomers in polymers, for the production of a series of biopolymers. According to the
recent results of the aerobic oxidation of HMF to FDCA over supported metal catalysts, noble-metal
catalysts are the most studied. Much progress and numerous breakthroughs have already been made
in catalyst design and understanding the reaction mechanism. Although the application of inexpensive
transition-metal catalysts might offer promising prospects in the practical synthesis of FDCA, the
main issue of the non-noble metal-based catalyst is the inferior selectivity for FDCA compared to the
noble-metal analogues, based on currently reported methods. Additional research efforts should be
devoted to develop new methods based on non-noble transition-metal catalysts that can improve
the selectivity of FDCA, especially with O2 as the oxidant and without using additional base. The
performance of the catalyst and the reaction pathway are highly dependent on the properties of the
catalyst (i.e., the active phase, support, particle size) and reaction conditions (i.e., oxygen pressure,
oxygen flow rate, pH, and temperature). Among the noble metal-based catalysts, Au-based catalysts
appear to show a better performance in catalyst selectivity and stability for the aerobic oxidation of
HMF into FDCA in water, compared to the Pt-, Pd-, Ru-, and Rh-based catalysts, owing to the better
resistance to water and O2. Nevertheless, deactivation of the Au-based catalysts by the deposition of
the byproducts or intermediates on its active sites is also observed, as mentioned in some examples.
For further improvement of the Au-based catalyst, a bimetallic alloy approach, achieved by alloying of
a second metal with Au, has been applied and shown to be effective, with a higher catalytic activity
and improved stability as compared to the monometallic counterparts. Although many bi-functional
combinations have shown promising outcomes with rate enhancement or a synergistic effect. More
details into how such effect of different function sites comes from metals or other sites with an optimal
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site-balance, have been limitedly studied. Better insight of the reaction mechanisms involved needs to
be provided on atomic levels for the oxidation of HMF into FDCA.

Normally, excess base is used to promote the oxidation of HMF, which can not only facilitate the
reaction, but also transform the formed FDCA into a salt form dissolved in aqueous solution. Otherwise,
the strong adsorption of the carboxylic acids on the catalyst can hinder the further process of this
reaction. The use of excess base can however also lead to a more expensive process, which is also less
green. Therefore, it is necessary to develop a base-free oxidation system, which is more cost-effective
and environmentally benign approach, appreciated in sustainable chemistry. Selecting an appropriate
support with basic sites for the catalysts has shown advantages in catalytic activity and stability for the
base-free oxidation of HMF into FDCA in recent examples. However, catalyst deactivation owing to a
loss in basic sites has been observed with the support during reactions, and the stability of the catalyst
is found to be a challenge for the catalyst. More effort needs to be put into finding out how to stabilize
the required functional sites on the catalyst, and advanced strategies of catalyst design for preparing
specific structures, i.e., single-atom metal, core-shell, sub-cluster segregated, multi-shell and random
homogeneous alloys, etc., deserve more thoroughly exploration in research.

Most reported studies with high FDCA yields in the aerobic oxidation of HMF, have been
conducted in dilute HMF solutions (0.5–2.1 wt%), which is unreal for the practical production of
FDCA on an industrial scale. The limitation is attributed to the highly reactive functional groups in
HMF, which can lead to the formation of undesired solid byproducts, namely humins, via complex
side reactions (i.e., condensation and polymerization). Many fewer examples of concentrated HMF
substrates are studied in the oxidation of HMF to FDCA. Recently, an approach for stabilizing the
active formyl group of HMF by the acetalization with 1,3-propanediol was reported, which enables
production of a high yield of FDCA and low humin formation, even in solutions of up to 20 wt%
HMF acetal, by aerobic oxidation in the presence of a base additive [38]. In addition, extremely low
concentration of HMF, together with their short-term reaction time often applied in reported cases,
may underestimate other issues, particularly catalyst stability. Catalyst deactivation might not be well
recognized in the liquid phase with a higher concentration of HMF (polar, aqueous and even corrosive).
Thus, research efforts are still needed to conduct the reactions under a more practical concentration
of HMF, and further understand the deeper fundamentals of catalyst stability challenges, in order to
develop innovative and creative approaches.

The reaction mechanisms involved in the aerobic oxidation of HMF were revealed with some
metal-based catalysts, mainly by applying isotope labeling and mass spectrometric techniques. Still,
more efforts need to be devoted to the development of modern in-situ characterization technologies,
to provide deep insights into the intrinsic kinetics and mechanisms. In addition, the state-of-the-art
operando characterization methods combined with various spectroscopy techniques are also necessary
for understanding the deep fundamentals of the nature of the intrinsic active sites for each elemental
step in HMF oxidation, which might dynamically evaluate during catalysis [102]. The adequate
understanding of the reaction mechanism will elucidate a more detailed understanding of catalytic
chemistry. The deep insights on the active site can greatly benefit the rational design of catalysts, even
with the use of the non-noble metals to prepare more efficient and stable catalysts for the oxidation of
HMF to FDCA.

Although many significant achievements have been made for the aerobic oxidation of HMF to
FDCA over metal-based heterogeneous catalysts, further improvements are still required for scaling up
to an industrially large-scale production of FDCA. The mass balances for the aerobic oxidation of HMF
to FDCA based on laboratory data need to be accurate and correct. The mass balance for the oxidation
of HMF was not always mentioned or even not fully closed in many cases. Those unknown parameters
might result in a significant amount of economic loss during scaling up processes if not properly done.
Current approaches for the pioneering processes for the production of FDCA from HMF are technically
feasible but not economically viable, mainly owing to the high price of HMF and its limited availability.
Development of energetically and economically viable processes is a long-term task which requires
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extensive time, efforts and normally involves interdisciplinary knowledge of process engineering,
chemistry, material science, etc. Only with a full grasp of the knowledge and reorganization of the
fundamental details and catalytic challenges, we may develop an economically feasible approach
for realizing industrially large-scale production of FDCA in the near future, which will alleviate our
society’s dependence on the traditional fossil resources.
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Abstract: The in-situ hydrodeoxygenation of bio-derived phenol is an attractive routine for upgrading
bio-oils. Herein, an active trimetallic Ni-Cu-Co/Al2O3 catalyst was prepared and applied in the
in-situ hydrodeoxygenation of bio-derived phenol. Comparison with the monometallic Ni/Al2O3

catalyst and the bimetallic Ni-Co/Al2O3 and Ni-Cu/Al2O3 catalysts, the Ni-Cu-Co/Al2O3 catalyst
exhibited the highest catalytic activity because of the formation of Ni-Cu-Co alloy on the catalyst
characterized by using X-ray powder diffraction (XRD), temperature programmed reduction (TPR),
N2 physisorption, scanning electron microscope (SEM), and transmission electron microscope (TEM).
The phenol conversion of 100% and the cyclohexane yield of 98.3% could be achieved in the in-situ
hydrodeoxygenation of phenol at 240 ◦C and 4 MPa N2 for 6 h. The synergistic effects of Ni
with Cu and Co of the trimetallic Ni-Cu-Co/Al2O3 catalyst played a significant role in the in-situ
hydrodeoxygenation process of phenol, which not only had a positive effect on the production
of hydrogen but also owned an excellent hydrogenolysis activity to accelerate the conversion of
cyclohexanol to cyclohexane. Furthermore, the catalyst also exhibited excellent recyclability and good
potential for the upgrading of bio-oils.

Keywords: bio-derived phenol; Ni-Cu-Co/Al2O3; in-situ hydrodeoxygenation; cyclohexane; hydrogenolysis

1. Introduction

Biomass is one of the most abundant renewable resources on the earth. Bio-oil, produced from
biomass, is recognized as a green feedstock for the production of chemicals and fuels [1,2]. Bio-oil has
the advantages of a higher energy density than the original biomass, secure storage and transportation,
and flexible use. However, the much higher oxygen content in bio-oils results in lower heating value
and poorer stability compared to crude oil, which makes it difficult to use directly as engine fuels or
even oil additives without further upgrading [3,4]. Therefore, the study of upgrading bio-oils has
attracted much attention in recent years due to environmental and sustainable concerns. One of the
promising routines to upgrading bio-oils is catalytic hydrodeoxygenation (HDO) [4,5]. However,
the conventional HDO process needs excessive hydrogen to maintain high hydrogen pressure of
7–20 MPa [6,7], which inevitably increases the storage and transportation costs and safety risks of
hydrogen. Although the HDO process is useful, it is unfavorable for the production of fuels [8–10]
and estimated to need approximately 0.11 kg H2/L oil [9] by a techno-economic analyses. Therefore,
reducing external hydrogen supply, such as using in-situ generated hydrogen, might be one of the
augmented approaches for improving the economic feasibility [11]. More importantly, compared with
the conventional HDO process, the in-situ hydrodeoxygenation (in-situ HDO) process is more flexible
without the complicated equipment and suited for the distributed upgrading of bio-oils [12], which
helps to expand its industrial application.
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In recent years, the in-situ HDO has become a trend in the bio-oil upgrading research [12–15]. Fisk
et al. [12] reported that the Pt/Al2O3 catalyst had high activity for the in-situ HDO of a model bio-oil,
and after upgrading the oxygen content of the model oil decreased from 41.4 wt% to 2.8 wt%. Other
noble metal catalysts such as Pd/AC [13], Ru/MCM-41 [16] and Pd/C [11] also showed high activity for
the in-situ HDO of some model components in bio-oils. Feng et al. [17] reported that the in-situ HDO
process could not only reduce the usage of external hydrogen but also significantly improve the yield
of target products in the bio-oil upgrading. Xiang et al. [18] used Raney Ni and a Pd/Al2O3 catalyst in
the in-situ hydrogenation of phenol, o-cresol, and p-tert-butylphenol. They found that the activity of
the in-situ generated hydrogen from aqueous-phase reforming (APR) was different from that of H2 gas
used in the hydrogenation of bio-oil. For example, the hydrogen generated from APR favored the
production of cyclohexanone, while the hydrogen from H2 gas favored the generation of cyclohexanol
in the hydrogenation reaction of phenol.

Ni-based catalysts also showed excellent catalytic activity for the upgrading of bio-oils [14,19–21].
Putra et al. [14] reported phenol conversion could increase to 86.75% when in-situ glycerol aqueous
reforming and phenol hydrogenation over Raney Ni catalyst. Xu et al. [19] used Raney Ni for the
in-situ HDO of phenol and found more than 64% phenol could be converted to cyclohexanol at 220 ◦C.
However, they had low selectivity for some oxygen-free products. The combination with acidic sites
could help to increase its deoxygenation ratio of bio-oil. Wang et al. [22] found the total deoxygenation
ratio of bio-oil could reach 99.6% over the ZrNi/Ir-ZSM-5 and Pd/C catalysts through in-situ HDO
by using methanol as a liquid hydrogen donor. When using Raney Ni and Nafion/SiO2 catalysts in
the in-situ hydrodeoxygenation of bio-derived phenol, the phenol conversion and the total yield of
cyclohexane can reach respectively 100% and 87%, respectively [23]. Feng et al. [15] reported that the
catalysts of Raney Ni and HZSM-5 also yielded 70–90% cyclohexanes and hydrocarbons in the in-situ
hydrodeoxygenation of biomass-derived phenolic compounds. Besides, the production of hydrogen
obtained from aqueous-phase reforming of liquid hydrogen donors also had a significant effect on the
in-situ HDO of bio-oils. Zeng et al. [16] observed that although methanol, ethanol, formic acid, and acetic
acid could generate hydrogen, the product distributions of bio-oils after upgrading were very different
due to their different productivity of hydrogen. Hence, another important strategy is to improve the
productivity of hydrogen in the in-situ HDO of bio-oils. Many researchers have focused on the effect of
liquid hydrogen donors [11,16,18] or the ratio of the hydrogen donors to phenols [13,14,22–24] on the
hydrogen availability. Unfortunately, few works have reported the effect of the multifunctional catalysts
on hydrogen production in this process. Raney Ni [14] and the monometallic Ni catalyst [24] have
an excellent hydrogen yield for the oxygenates aqueous-phase reforming. However, a considerable
amount of work [25–30] has demonstrated that the bimetallic or trimetallic catalysts have positive
effects on hydrogen production in the oxygenates reforming and inhibit the sintering of the active
phase due to their excellent dispersion and electronic properties. Also, bimetallic catalysts such
as Ni-Cu/Al2O3 [31], Ni-Fe/Al2O3 [32,33], Ni-Fe/MCSs [34], and Ni-Co/HZSM-5 [35] had excellent
catalytic activity for converting bio-derived phenols into hydrocarbons by the conventional HDO
with external hydrogen gas. Recently, Zhang et al. [36] prepared the Cu-Ni/ZrO2 catalysts for in-situ
HDO of oleic acid to heptadecane and found the bimetallic catalysts had higher activities compared
with the monometallic Ni catalysts because of the synergistic effect between Ni and Cu alloy. These
results indicated that the use of the bimetallic or trimetallic catalysts could improve both the hydrogen
availability and the deoxygenation ratio of bio-oil in the in-situ HDO process.

In this study, a trimetallic Ni-Cu-Co/Al2O3 catalyst was prepared and applied in the in-situ
hydrodeoxygenation of phenol. Phenol derivatives comprise up 30 wt% of bio-oil [37], and therefore,
phenol is suitable as a probe molecular to understand the primary pathways of in-situ HDO reaction.
The various reaction conditions such as temperature, N2 pressure, reaction time, the molar ratio
of water/methanol, and liquid hydrogen donors on the in-situ HDO reaction were studied. The
recyclability of the Ni-Cu-Co/Al2O3 catalyst was also tested. Furthermore, the relationships of the
structure and catalytic activity of the Ni-Cu-Co/Al2O3 catalyst were studied by X-ray powder diffraction
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(XRD), BET analysis, temperature programmed reduction (TPR), scanning electron microscope (SEM),
and transmission electron microscope (TEM), and the synergistic effects of Ni with Co and Cu on the
in-situ hydrodeoxygenation of phenol was discovered.

2. Results and Discussion

2.1. Structural Characterization

The XRD pattern of the fresh catalysts is presented in Figure 1. A nickel phase at 2θ = 44.5,
51.8 and 76.4◦ (JCPDS #04-0850), and a copper phase at 2θ = 43.4, 50.6 and 74.3◦ (JCPDS #65-9743)
were observed in 20Ni/Al and 5Cu/Al, respectively. The 5Co/Al catalyst showed a very tiny diffraction
peak attributed to Co, indicating that the Co species were highly dispersed on the surface of the Al2O3

support. In Figure 1, it is noted that the prepared 20Ni-5Co/Al catalyst exhibits a diffraction peak
similar to that of the fresh 20Ni/Al at around 2θ = 44.4. However, detailed studies of the diffraction
peaks of the sample showed that it shifted towards a higher angle, indicating that a bimetallic alloy
was formed due to the incorporation of cobalt, which was different from the diffraction peaks of the
physically mixed metal samples [38]. Besides, in the 20Ni-5Cu-5Co/Al sample, the sight shift of the
diffraction peak of Ni-Cu-Co at 44.26 (111) was also noticeable, indicating the formation of trimetallic
alloy nanoparticles. A similar observation was also made by Singh et al. [39]. The diffraction peak at
44.26◦ corresponding to a nickel fcc phase was attributed to the Ni-Cu-Co solid solution caused by the
incorporation of cobalt and copper [40,41].

θ θ

Figure 1. X-ray powder diffraction (XRD) patterns of the fresh catalysts.

The textural properties of the fresh catalysts are summarized in Table 1. The surface area of the
Al2O3 support was 221 m2/g. After the incorporation of metal, the impregnated catalysts owned a
lower surface area due to pore blockage during metal deposition. N2 adsorption-desorption isotherms
and pore size distributions are conducted to determine the structure of the samples, which is presented
in Figure 2. All the isotherms obtained for these catalysts exhibit a type IV isotherm shape. The BJH
pore size distribution (Figure 2b) indicates that the majority of pores were mesopores with pore sizes
smaller than 10 nm.

Table 1. The textural properties of the fresh catalysts.

Catalyst Surface Area Pore Volume Pore Size

m2/g cm3/g nm

Al2O3 221 0.33 9.96
20Ni/Al 82 0.20 9.54

20Ni-5Cu/Al 80 0.18 8.71
20Ni-5Co/Al 82 0.18 8.63

20Ni-5Cu-5Co/Al 78 0.18 9.19
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Figure 2. (a) N2 adsorption-desorption isotherms and (b) pore size distribution calculated from the
BJH desorption branch.

Figure 3 shows the TPR results of the fresh samples. The 20Ni/Al catalyst clearly showed multi
broad peaks at 350 ◦C, 550 ◦C, and 700 ◦C. The first peak was associated with the reduction of Ni2+

to Ni0, showing a weak interaction between NiO and Al2O3 support [29]. The other two peaks were
broader reduction peaks from 480 ◦C to 800 ◦C. The wideness of the peaks suggested a stronger
interaction between NiO and Al2O3. As reported by Shi et al. [42], there were octahedrally and
tetrahedrally coordinated Ni2+ in the Ni supported catalysts, and the high temperature peak at 700 ◦C
corresponded to the reduction of tetrahedrally coordinated Ni2+ since it was less reducible than the
former. The 20Ni-5Co/Al catalyst clearly showed three distinct peaks. The reduction of Ni2+ to Ni0

and Co3+ to Co2+ were responsible for the peaks at 300–410 ◦C, and the second weak peak at 500 ◦C
corresponded to the complete reduction of cobalt [30]. For 20Ni-5Cu-5Co/Al, the area of the peak
related to the reduction of tetrahedrally coordinated Ni2+ decreased, indicating that, for this sample,
the amount of NiAl2O4 species was decreased [42]. The TPR results implied that the addition of cobalt
and copper improved the reducibility of NiO, and hence more metallic Ni could be exposed in the
trimetallic 20Ni-5Cu-5Co/Al catalyst.
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Figure 3. Spectra of the fresh catalysts.

The SEM images of the fresh samples are presented in Figure 4 and they displayed similar
morphologies, i.e., rough surfaces and small grains. When compared with the 20Ni/Al catalysts, the
bimetallic and trimetallic catalysts showed smaller particle sizes, which showed that the addition of
Co or Cu could restrain agglomeration and promote the dispersion of the nickel species on the Al2O3

support surface.

 
Figure 4. Scanning electron microscope (SEM) images of the fresh catalysts. 20Ni/Al (a), 20Ni-5Cu/Al
(b), 20Ni-5Co/Al (c), 20Ni-5Cu-5Co/Al (d).

The TEM images and the particle size distribution for the fresh catalysts are presented in Figure 5.
The particle distribution of the 20Ni/Al catalyst was 20–40 nm. When adding Co and Cu in 20Ni/Al, the
particle distribution results indicated that it had a higher portion of smaller size in the 20Ni-5Cu-5Co/Al
catalyst, which was attributed to the geometric and stabilizing effect of these metals [43]. The addition
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of cobalt or copper may show a “dilution effect” [44] or act as an inert spacer [45] on the surface of Ni
species, forming much smaller metal alloy particles. The microstructure of 20Ni-5Cu-5Co/Al was also
characterized by high-resolution transmission electron microscopy (HRTEM) and the crystalline fringe
was measured to be 0.205 nm, which corresponds to the (111) interplanar spacing of the fcc structure
of Ni-Cu-Co [46]. These images further confirmed the formation of the Ni-Cu-Co alloy, which was
consistent with the XRD results.

  

  
Figure 5. Images of the fresh catalysts. 20Ni/Al (a), 20Ni-5Cu-5Co/Al (b–d).

2.2. Performance of Ni-Based Catalysts in the in-situ Hydrodeoxygenation (HDO) of Phenol

According to the previous studies, the in-situ HDO process of phenol includes two main reactions:
Hydrogen generation from the aqueous-phase reforming (APR) of methanol, and hydrodeoxygenation
of phenol. Ni-based catalysts had been reported of excellent activities in both methanol aqueous-phase
reforming and hydrodeoxygenation of phenols.

2.2.1. Hydrogen Production from Methanol Aqueous-Phase Reforming over Ni-Based Catalysts

The hydrogen used in the in-situ HDO, obtained from methanol aqueous-phase reforming, had
an important effect on the HDO of phenol. For the over-all methanol aqueous-phase reforming, the
hydrogen production is always accompanied by several side reactions, such as methanol decomposition,
water gas shift reaction, methanation, and F-T reactions [29]. Therefore, the hydrogen yield is highly
related to the performance of the catalysts. In order to further improve the catalytic activity and product
selectivity, the second metal such as Co or Cu was often used to add into the Ni-based catalysts to tune
surface active Ni by changing metal particle sizes or strengthen metal-support interaction. They could
help to enhance water gas shift reaction or inhibit methanation reaction for higher hydrogen yield in the
reforming reactions [26,27,29,30]. Table 2 shows the conversion and yield of gas products during the
APR of methanol over the different Ni-based catalysts. From it, for all these catalysts, only H2, CO2, CO,
and CH4 could be detected in significant concentrations in the gas products. For the 20Ni/Al catalyst,
the hydrogen yield was about 1.05 mol/mol CH3OH and the water/methanol consumption was only
0.37, indicating that the methanol APR was part of the reaction. Besides, the amount of CO formed over
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this catalyst was more than CO2, which confirmed that it was favorable for the decomposition reaction
of methanol rather than the APR reaction itself and the decomposition reaction on Ni species was in
charge of generating more CO. After adding a small amount of Co or Cu into the 20Ni/Al catalyst, the
hydrogen yield rapidly increased to 1.31 and 1.75 mol/mol CH3OH, respectively. It was also observed
that with the 20Ni-5Cu/Al and 20Ni-5Co/Al catalyst, the water/methanol consumption increased and
the amounts of CO decreased, which implied both Cu and Co could promote the methanol reforming
and water gas shift reaction and produce more H2 and CO2. Notably, CH4 due to CO or/and CO2

hydrogenation over the 20Ni/Al catalyst in the reforming was not observed in the 20Ni-5Cu/Al and
20Ni-5Co/Al catalyst, indicating that the Ni-Cu or Ni-Co alloy phase may be responsible for reducing
the effects of the methanation reaction. On the 20Ni-5Cu-5Co/Al catalyst, the H2 yield was 2.15 mol/mol
CH3OH. Such a high amount of hydrogen showed the APR reaction and water gas shift reaction may
dominate over the 20Ni-5Cu-5Co/Al catalyst, evidenced by an increase in both CO2 production and
water/methanol consumption. Indeed, for the 20Ni-5Cu-5Co/Al catalyst, the adding of Co and Cu
in the Ni/Al catalyst affected in a positive way for the production of hydrogen due to the synergistic
effects of Ni-Cu-CO alloy.

Table 2. The conversion and yield of gas products during the aqueous-phase reforming of methanol
over the different Ni-based catalysts.

Sample Conversion (%) Water/Methanol Consumption Yield (mol/mol CH3OH)

CH3OH H2O H2 CO CH4 CO2

20Ni/Al 52 5.55 0.37 1.05 0.34 0.09 0.09
20Ni-5Co/Al 53.4 6.9 0.45 1.31 0.26 0.27
20Ni-5Cu/Al 64.1 13.5 0.74 1.75 0.17 0.47

20Ni-5Cu-5Co/Al 75.4 18.3 0.85 2.15 0.13 0.62

Reaction conditions: 30 g deionized water, 15 g methanol, and 0.5 g catalyst, 240 ◦C, 4 MPa N2, 6 h.

2.2.2. In-situ HDO of Phenol over Ni-based Catalysts

The performances of the prepared catalysts in the HDO of phenol with H2 and the in-situ HDO
of phenol with methanol are shown in Figure 6a,b, respectively. From Figure 6a, all of the Ni-based
catalysts exhibited pretty high activity in the phenol conversion. At high initial pressure of 4 MPa
H2, more than 50% phenol could yield the deep hydrogenated component of cyclohexane over these
catalysts. Especially for the 20Ni-5Cu-5Co/Al catalyst, it could produce nearly 99% cyclohexane,
showing its excellent activity for the conventional HDO of phenol. Interestingly, when the H2 initial
pressure decreased to 0.5 MPa, less than 2% cyclohexane could be yielded and benzene, cyclohexanone
and cyclohexanol were the main productions. Obviously, the changes might be related to the amount
of hydrogen. The low hydrogen pressure of 0.5 MPa led to a decrease of H2 solubility in the liquid
phase and stabilized the formation of cyclohexanone and cyclohexanol.

Figure 6b is the result of the performances of the prepared catalysts in the in-situ HDO of phenol
with methanol as the liquid hydrogen donor. Among the catalysts, 20Ni-5Cu-5Co/Al was the most
active and the phenol conversion was nearly 100%. In contrast, monometallic 20Ni/Al and bimetallic
20Ni-5Cu/Al and 20Ni-5Co/Al exhibited approximately the same conversions of less than 80% at the
conditions of this work. Regarding product distribution, cyclohexanol and cyclohexane were the
main products. Cyclohexanone was also detected in low amounts on some catalysts. It is important
to highlight that no benzene was formed, which showed that the direct deoxygenation of phenol to
benzene hardly occurs in the in-situ HDO process of phenol in these conditions. For the monometallic
20Ni/Al catalysts, cyclohexanol mainly formed on it and its selectivity reached 78%. However, when
adding a small amount of Co or Cu into 20Ni/Al, the selectivity of cyclohexanol decreased significantly
and more than 60% phenol was converted to cyclohexane. After both Cu and Co was added into
20Ni/Al, the phenol conversion and cyclohexane selectivity further increased and reached 100% and
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95% on 20Ni-5Cu-5Co/Al, respectively, which means the addition of Co and Cu had an essential
effect on the product distribution in the in-situ HDO of phenol. In general, there were two main
pathways of the hydrogenation of phenol [16]: One is the direct deoxygenation to benzene; the other
one is the consecutive hydrogenation to cyclohexanone, cyclohexanol, cyclohexene, and cyclohexane,
successively. Mortensen et al. [47] and Han et al. [34] quantified the rates of these steps over Ni/ZrO2
and Ni-Fe/MCSs, respectively, and found that the hydrogenation rate of cyclohexanone to cyclohexanol
was much higher than the hydrogenolysis rate of cyclohexanol to cyclohexane over these Ni-based
catalysts. Therefore, the high selectivity for cyclohexane might imply a high activity of the catalyst
in the conversion of cyclohexanol. It is worth noting that the 20Ni-5Co/Al catalyst yielded more
cyclohexane than the 20Ni-5Cu/Al catalyst, indicating Co had a higher hydrogenolysis activity.

Figure 6. Catalytic performance of the Ni-based catalysts in the hydrodeoxygenation (HDO) of phenol
with H2 (a) and the in-situ HDO of phenol with methanol (b). Reaction conditions: (a) 3 g phenol and
0.5 g catalyst, 240 ◦C, 4 MPa H2, 6 h; (b) 30 g deionized water, 15 g methanol, 3 g phenol and 0.5 g
catalyst, 240 ◦C, 4 MPa N2, 6 h.

To further clarify it, the hydrogenolysis of cyclohexanol to cyclohexane on the 20Ni-5Cu-5Co/Al
catalyst was evaluated under 240 ◦C and 4 MPa H2 and the results are summarized in Table 3.
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Table 3. The hydrogenolysis of cyclohexanol over Ni-based catalysts.

Catalysts Solvent Conversion (%)
Selectivity (%)

Cyclohexene Cyclohexane

20Ni/Al None 72.4 – >99.9
20Ni/Al H2O 48.7 – >99.9
5Cu/Al None 23.6 – >99.9
5Cu/Al H2O 14.5 – >99.9
5Co/Al None 99.1 3.7 96.3
5Co/Al H2O 90.2 22.6 77.4

20Ni-5Cu/Al H2O 53.1 – >99.9
20Ni-5Co/Al H2O 98.7 – >99.9

20Ni-5Cu-5Co/Al H2O 99.3 – >99.9

Reaction conditions: Solvent (30 g), 3 g cyclohexanol and 0.5 g catalyst, 240 ◦C, 4 MPa H2, 6 h.

From Table 3, the conversion of cyclohexanol over 5Co/Al was more than 90% even in water.
However, it seemed the hydrogenation rate of cyclohexene over monometallic Co metal sites was
slower than the dehydration rate of cyclohexanol, which led to the accumulation of cyclohexene even
after 6 h. For the 5Cu/Al and 20Ni/Al catalysts, they showed much lower cyclohexanol conversion,
while both of them had higher selectivity of cyclohexane. These results implied that the hydrogenation
rates of cyclohexene in water over Ni and Cu metal sites were much faster than the dehydration rate
of cyclohexanol. Zhao [48] had investigated the detailed kinetics of cyclohexanol dehydration and
cyclohexene hydrogenation over Ni/Al2O3-HZSM-5 and they found that the hydrogenation rate of the
latter showed up nearly four times higher than the dehydration rate of the former. As a consequence,
only cyclohexane formed during the cyclohexanol hydrogenolysis reaction over the Ni or Cu catalysts.
It must be mentioned that though Cu had a weak activity for the hydrogenolysis of cyclohexanol,
once it was added to the 20Ni/Al catalyst, the yield of cyclohexane could be increased. Furthermore,
when both Cu and Co were added into the 20Ni/Al catalyst, nearly 100% cyclohexane was obtained
from cyclohexanol.

Therefore, the main reason for the high selectivity to cyclohexane on the 20Ni-5Cu-5Co/Al catalyst
in the phenol in-situ HDO could be summarized as follows: (1) The 20Ni-5Cu-5Co/Al catalyst had
a substantial effect on the amount of producing hydrogen due to the different selectivity towards
methanol decomposition reaction and the water gas shift reaction. The monometallic Ni catalyst
was favorable for methanol decomposition reaction and it also promoted CH4 formation. The
20Ni-5Cu-5Co/Al catalyst produced more hydrogen because of its excellent activity for the water gas
shift reaction. Cu and Co alloying in Ni catalyst also had a negative effect on methanation reaction
compared to 20Ni/Al. Since the 20Ni-5Cu-5Co/Al catalyst had the highest amount of hydrogen among
all prepared Ni-based catalysts, it could make the converted phenol yield more cyclohexane than
the other catalysts. (2) The 20Ni-5Cu-5Co/Al catalyst had an excellent hydrogenolysis activity to
accelerate the conversion of cyclohexanol to cyclohexane because of the synergistic effect of Ni-Cu-Co.
The monometallic Co catalyst had a good activity for the hydrogenolysis of cyclohexanol. After Co
was added into 20Ni-5Cu/Al catalysts, both cyclohexanol conversion and cyclohexane yield were
significantly increased even in water. Therefore, the formation of Ni-Co-Cu alloy on 20Ni-5Cu-5Co/Al
was responsible for its high selectivity to cyclohexane in the in-situ HDO of phenol. (3) Nickel particle
size also had an essential influence on the HDO of phenol. The relatively small Ni particles were active
for a high yield of cyclohexane by increasing the deoxygenation rate [49]. For the 20Ni-5Cu-5Co/Al
catalyst, the formation of Cu-Co-Ni alloy showed a dilution effect on Ni species, resulted in smaller
particle sizes, evidenced by XRD and TEM. As a consequent, a higher yield of cyclohexane would be
achieved on this trimetallic 20Ni-5Cu-5Co/Al catalyst.
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2.2.3. Effect of Reaction Temperature and Initial N2 Pressure

The effect of temperature (120–260 ◦C) on the in-situ HDO of phenol at different initial N2 pressure
of 1–4 MPa over the 20Ni-5Cu-5Co/Al catalyst was also investigated. As displayed in Figure 7, when
temperature increased from 120 ◦C to 260 ◦C, the phenol conversion increased and reached 52% and
100% at 1 and 4 MPa, respectively. At the lower temperature, it is unfavorable for the hydrogen
production from methanol reforming due to an endothermic reaction, resulting in insufficient hydrogen,
a lower conversion and a slower hydrogenation rate. The increase in temperature has not only an
advantage to the conversion of phenol but also the selectivity of cyclohexane. When the temperature
was lower than 180 ◦C, no cyclohexane could be detected in the products even in high initial pressure
of 4 MPa. However, it showed a rapidly increasing trend with the temperature increasing from 180 ◦C
to 260 ◦C, reaching 96.2% and 97.4% at 3 and 4 MPa, respectively. As mentioned previously, the
formation of cyclohexane in the hydrogenation of phenol was originally from the hydrogenolysis
reaction of cyclohexanol. Higher temperatures not only contributed to cyclohexanol transforming
into cyclohexane [34,48] but also helped the production of more hydrogen, which could promote the
hydrogenation of cyclohexene to cyclohexane. It must be mentioned that at low initial pressure, the
highest selectivity of cyclohexane was less than 25% even at the high temperature, which means that
the initial pressure is also one of the critical factors in the production distribution. High initial pressure
increased the solubility of H2 in the liquid phase, rendering more H2 accessible the deep hydrogenation
reaction, ultimately achieving high selectivity of cyclohexane.

Figure 7. Cont.
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Figure 7. Effect of temperature on the in-situ HDO of phenol at different initial N2 pressure over the
20Ni-5Cu-5Co/Al catalyst. Reaction conditions: 30 g deionized water, 15 g methanol, 3 g phenol and 0.5
g catalyst, 4 h. (a) 1 MPa initial N2 pressure, (b) 2 MPa initial N2 pressure, (c) 3 MPa initial N2 pressure,
(d) 4 MPa initial N2 pressure.

2.2.4. Effect of Reaction Time

The effect of the reaction time on the in-situ HDO of phenol over the 20Ni-5Cu-5Co/Al catalyst
was investigated at 240 ◦C and 4 MPa N2 over the 20Ni-5Cu-5Co/Al catalyst. From Figure 8, the
conversion of phenol increased rapidly from 55.1% (1 h) to 99.2% (4 h) at the beginning and then slightly
increased to 100% (5 h). Moreover, the selectivity of cyclohexane improved at the cost of the selectivity
of cyclohexanol with increased reaction time. More than 95% of cyclohexane could be achieved by
increasing the reaction time to 4 h. These results indicated that cyclohexanol, as an intermediate,
would be converted to cyclohexane with prolonged reaction time. The hydrogenation rate of phenol to
cyclohexanol might be faster than the hydrogenolysis rate of cyclohexanol to cyclohexane over the
20Ni-5Co-5Cu/Al catalyst. The hydrogenolysis of cyclohexanol was the rate-determining step of the
overall reaction of phenol HDO over the catalyst with high activity for hydrogenation [34], which,
as a consequence, would lead to the high selectivity of cyclohexanol in the initial phenol conversion
process. After prolonging the reaction time, cyclohexane dominated the product distribution (95%) at
100% conversions, and cyclohexanol decreased to less than 5% selectivity eventually.
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Figure 8. Effect of reaction time on the in-situ HDO of phenol over the 20Ni-5Cu-5Co/Al catalyst.
Reaction conditions: 30 g deionized water, 15 g methanol, 3 g phenol and 0.5 g catalyst, 240 ◦C, 4 MPa
initial N2 pressure.

2.2.5. Effect of the Molar Ratio of Water/Methanol

Figure 9 presents the effect of the different molar ratios of water/methanol on the in-situ HDO of
phenol over the 20Ni-5Co-5Cu/Al catalyst at 240 ◦C and 4 MPa initial N2 pressure. Since the hydrogen
of the in-situ hydrogenation reaction was obtained from methanol APR, the H2O/methanol ratio had
an essential effect on the hydrogenation reaction. From Figure 9, the conversion of phenol increased
from 40.1% to 100%, with the increasing water/methanol ratio of 10:1 to 2.5:1. After further increasing
the water/methanol ratio to 1.8:1, the conversion of phenol decreased slightly. These results showed
that higher methanol concentration favored hydrogen production, thus leading to higher conversion
of phenol. However, when the methanol concentration in the reactants was too high, it effectively
competed for the active sites of the catalyst to block the access of reacted phenol, resulting in a decrease
in phenol conversion [16,22].

Figure 9. Effect of molar ratio of water/methanol on the in-situ HDO of phenol over the 20Ni-5Cu-5Co/Al
catalyst. Reaction conditions: 30 g deionized water, 3 g phenol and 0.5 g catalyst, 240 ◦C, 4 MPa initial
N2 pressure, 4 h.
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2.2.6. Effect of Liquid Hydrogen Donors

Methanol, ethanol, propanol and acetic acid were chosen as the liquid hydrogen donors and
their effects on the in-situ HDO of phenol was evaluated over the 20Ni-5Co-5Cu/Al catalyst, as
presented in Table 4. When ethanol was the liquid hydrogen donor, more than 90% conversion of
phenol and selectivity of cyclohexane were achieved. However, when acetic acid was the liquid
hydrogen donor, phenol conversion decreased to 39% under the same conditions. Meanwhile, the
selectivity of cyclohexane was less than 5% and the main products of phenol in the in-situ HDO
over the 20Ni-5Co-5Cu/Al catalyst were cyclohexanol and cyclohexanone. These results proved that
methanol and ethanol were better than acetic acid for the in-situ HDO of phenol to cyclohexane over
the 20Ni-5Co-5Cu/Al catalyst. It could be explained that the hydrogen produced by the APR of acetic
acid was insufficient, and the low hydrogen pressure stabilized the formation of cyclohexanol and
cyclohexanone intermediates, which was consistent with Tan et al.’s work [11]. Therefore, methanol is
the best liquid hydrogen donor in the in-situ HDO process of phenol under these conditions.

Table 4. Effect of liquid hydrogen donors on the in-situ HDO of phenol.

Liquid Hydrogen Donors Conversion (%)
Selectivity (%)

Cyclohexane Cyclohexanone Cyclohexanol

Methanol 100 98.6 – 1.4
Ethanol 92 93.8 – 6.2

Propanol 44 11.3 15.7 73
Acetic acid 39 2.6 21.8 75.6

Reaction conditions: 30 g deionized water, 15 g liquid hydrogen donor, 3 g phenol and 0.5 g catalyst, 240 ◦C, 4 MPa
initial N2 pressure, 4 h.

2.2.7. Recyclability

The recyclability of the sample is vital for practical industrial applications. The catalytic
maintenance of the 20Ni-5Co-5Cu/Al catalyst was also evaluated at 240 ◦C, 4 MPa initial N2 pressure
for 4 h. After the reaction, the catalyst was then separated with the assistance of a magnet, washed
with methanol several times and dried for the next cycle. Reaction results shown in Figure 10 revealed
that the 20Ni-5Co-5Cu/Al catalyst could be used at least 10 times without significant decreases in
catalytic conversion and selectivity, which indicated that the 20Ni-5Co-5Cu/Al catalyst exhibited
excellent recyclability.

Figure 10. The recyclability of the 20Ni-5Co-5Cu/Al sample for in-situ HDO of phenol. Reaction
conditions: 30 g deionized water, 15 g methanol, 3 g phenol and 0.5 g catalyst, 240 ◦C, 4 MPa initial N2

pressure, 4 h.
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3. Experimental

3.1. Catalyst Synthesis

A series of Ni-based catalysts were synthesized using an impregnation method. The monometallic
catalysts (20 wt% Ni/Al2O3, 5 wt% Cu/Al2O3 and 5 wt% Co/Al2O3), bimetallic catalysts (20 wt% Ni-5
wt% Cu/Al2O3 and 20 wt% Ni-5 wt% Co/Al2O3) and trimetallic catalyst (20 wt% Ni-5 wt% Cu-5
wt% Co/Al2O3) were prepared. Briefly, the Al2O3 support was obtained through the calcination of
pseudoboehmite precursor in the air at 550 ◦C for 4 h. The required amount of Ni(NO3)2·6H2O,
u(NO3)2·3H2O and Co(NO3)3·6H2O, obtained from Aladdin Industrial Corporation (Shanghai, China),
were dissolved in distilled water under ultrasound for 30 min. Then 5 g Al2O3 support was added
and mixed for 3 h using an ultrasonic mixer at 35 ◦C. The mixture was then dried at 100 ◦C for 12 h.
Next, the sample was heated for calcination from 20 ◦C to 600 ◦C in a furnace at a rate of 1 ◦C/min,
held at 600 ◦C for 5 h, then finally cooled to room temperature. Before the experiments, the catalyst
was reduced in a 5% H2/95% N2 mixed gas with a flow rate of 50 mL/min at 500 ◦C for 5 h. The
prepared Ni-based catalysts are denoted as 20Ni/Al, 5Cu/Al, 5Co/Al, 20Ni-5Co/Al, 20Ni-5Cu/Al, and
20Ni-5Cu-5Co/Al for brevity.

3.2. Catalyst Characterization

X-ray powder diffraction (XRD) patterns of these catalysts were measured by a Rigaku
D/max2550VB3+/PC diffractometer (Rigaku International Corporation, Tokyo, Japan) using Cu K
radiation at 40 KV and 40 mA. BET surface areas and average pore size of the catalysts were carried
out by N2 adsorption at 77 K with a Micrometric ASAP 2020 apparatus (Micromeritics GmbH, Aachen,
Germany). Before measurements, the samples were degassed at 150 for 12 h. Temperature programmed
reduction (TPR) of the samples was done in a Micromeritics AutoChem II 2920 apparatus equipped with
TCD (Micromeritics GmbH, Aachen, Germany). A 50 mg sample was heated from room temperature
to 800 ◦C in 10% H2/90%N2. Scanning electron microscope (SEM) images were recorded using an
FEI Quanta 200 instrument (FEI, Eindhoven, Netherlands). High-resolution transmission electron
microscopy (HRTEM) images were recorded using a JEM-2100 TEM Field Emission Electron Microscope
(JEOL GmbH, Freising, Germany).

3.3. Activity Tests

The experiments were performed in a 100 mL high-pressure autoclave. The typical experimental
conditions are as follows: 30 g deionized water, 15 g methanol, 3 g phenol, and 0.5 g catalyst were added
to the autoclave. Before the reaction, the autoclave was washed five times with 5 MPa of N2 to remove
air. The autoclave was then heated to 130–250 ◦C and kept for 1–4 h with the stirring speed of 600 rpm.
After finishing the experiment, the autoclave was cooled to room temperature. All the gas and liquid
products were collected and analyzed by using a gas chromatography (Jingketianmei Instrument,
Shanghai, China) equipped with thermal conductivity detector (TCD) and gas chromatography
equipped with flame ionization detector (FID), respectively. The conversion of reactants, the selectivity
to liquid products, the yield of gas products were defined as follows:

Conversion =
(moles of reactants)in − (moles of reactants)out

(moles of reactants)in
× 100%

Selectivity of liquid producti =
moles of producti

(moles of phenol)in − (moles of phenol)out
× 100%

Yield of gas producti =
moles of gas producti
moles of methsnolin
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4. Conclusions

In this study, we prepared a series of Ni-based catalysts for the in-situ HDO process of
biomass-derived phenol to cyclohexane. The trimetallic 20Ni-5Co-5Cu/Al catalyst presented the
highest activity compared to the other monometallic catalysts or bimetallic catalysts. The phenol
conversion of 100% and the cyclohexane yield of 98.3% could be obtained in the in-situ HDO of phenol
at 240 ◦C and 4 MPa initial N2 pressure. The high catalytic activity of the 20Ni-5Co-5Cu/Al catalyst
could be attributed to the formation of Ni-Cu-Co alloy, which had the strong positive synergistic effects
on the generation of hydrogen from the methanol aqueous-phase reforming and hydrodeoxygenation
of phenol. The catalyst also showed excellent recyclability and exhibited good potential for upgrading
the bio-oil to reduce the oxygen content by the in-situ hydrodeoxygenation.
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Abstract: Keratinase is a type of proteolytic enzyme with broad application in industry. The main
objective of this work is the optimization of keratinase production from Bacillus sp. strain UPM-AAG1
using Plackett-Burman (PB) and central composite design (CCD) for parameters, such as pH,
temperature, feather concentration, and inoculum size. The optimum points for temperature, pH,
and inoculum and feather concentrations were 31.66 ◦C, 6.87, 5.01 (w/v), and 4.53 (w/v), respectively,
with an optimum keratinase activity of 60.55 U/mL. The keratinase activity was further numerically
optimized for commercial application. The best numerical solution recommended a pH of 5.84,
temperature of 25 ◦C, inoculums’ size of 5.0 (v/v), feather concentration of 4.97 (w/v). Optimization
resulted an activity of 56.218 U/mL with the desirability value of 0.968. Amino acid analysis
profile revealed the presence of essential and non-essential amino acids. These properties make
Bacillus sp. UPM-AAG1 a potential bacterium to be used locally for the production of keratinase from
feather waste.

Keywords: RSM; numerical optimization; keratinase; feather; Bacillus sp.; amino acids

1. Introduction

Keratinase (EC 3.4.99.11) is a type of protease enzyme that started to gain interest due to its broad
application in industry. They are commonly extracellular inducible enzymes secreted by various
microorganism in the medium containing keratin showing high substrate specificity toward keratin [1].
They are widely used in most of the biotechnological processing industry, mainly in feed formulation,
nitrogen fertilizer, leather processing, and pharmaceutical industry [2–4].

In food and feed supplements, keratinase-treated feather is increasingly seen as a viable source of
dietary protein, as the enzyme-treated final product preserved good nutritional value. Keratinases
are expected to develop a significant total global demand comparable to other commercial proteases.
Diverse class of keratinase have been isolated from various microbial populations, such as bacteria [5,6]
actinomycetes [7,8], and fungi [9,10]. However, among bacteria, keratinase from Bacillus genera has
been widely reported as keratinase from this genera and appears to be the most promising keratinase
producer for commercial application [11,12]. In general, the reasons why Bacillus spp. are preferred
in bioremediation and industrial biotechnology are due to their generally regarded as safe (GRAS)
property and the capacity of selected Bacillus strains to produce and secrete large quantities (20–25 g/L)
of extracellular enzymes [13]. This is also the reason as to why an increase in the number of reports on
the isolation of keratin-degrading Bacillus spp. is on the rise.
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Numerous commercial keratinases are from Bacillus spp., such as Versazyme from B. licheniformis
PWD-1 (Odetallah et al. 2005); Prionzyme (Genencor) and Cibenza DP100™, both also from
B. licheniformis PWD-1; Esperase and Savinase (Novozymes A/S), both from Bacillus spp.; and Alcalse
(Novozymes A/S) from B. licheniformis [14]. We have been approached by a small feather-processing
company interested in feather-degrading technology with the main target in producing keratinase at
ambient temperature (25 to 32 ◦C) without utilizing additional nitrogen sources and heating process to
lower the cost. There are many Bacillus spp. keratin-degrading bacteria reported in the literature, but
most require additional nitrogen sources, such as yeast extract, peptone, soybean meal, ammonium
ions, and soy flour [4,13,15–25], that may elevate the cost. Scouring through the literature shows that
only two Bacillus spp. keratin-degrading bacteria fits the bill with chicken feather as the sources of
carbon and nitrogen, but both required elevated temperatures 37 ◦C [26] and 50 ◦C [27] for optimum
activity. In light of the current Covid-19 pandemic, where imported products have great difficulties in
being available, sometimes months at a time, this mean that local sources need to be developed.

The objectives of this work are to optimize keratinase production using feather as the only source
of carbon and nitrogen and to numerically select the best conditions to maximize keratinase activity
under ambient temperature and maximum feather concentration as a substrate. In this work, we
report the optimization via response surface method (RSM) followed by a numerical optimization of
a Bacillus sp. keratin-degrading bacterium having optimum ambient temperature for growth with
chicken feather as the sole carbon and nitrogen sources.

2. Results

2.1. Isolation and Screening of Keratinase Producing Bacterium

In the present study, five prevalent colonies are that competent for sustainable growth on feather
meal agar (FMA) were successfully isolated based on hydrolysis zone on FMA indicate the use of
feather keratin as both carbon and nitrogen sources. The four isolates were able to utilize keratin
in FMA for its growth. The morphology of each isolate is shown in Table 1. For further analysis,
all pure strains were subjected to endospore screening for the best keratinase producing Bacillus. For
this purpose, endospore-forming species was confirmed by the formation of green-colored spore
after staining with malachite green and safranin. Among the tested isolate, three isolates were spore
positive within 2 days of incubation in sporulation media signifying a potential member of Bacillus sp.
The isolate was isolated UPM-AAG1, UPM-AAG6, and UPM-AAG14. A further screening process to
select the highest keratinase producer was conducted based on bacterial growth and keratinase activity
in 1% feather as sole carbon and nitrogen sources. The result suggests that the highest keratinolytic
activity was isolate UPM-AAG1 (35.23 U/mL), followed by isolate UPM-AAG14 (33.97 U/mL), while
isolate UPM-AAG6 resulted in the lowest keratinase production at only 25.56 U/mL for the same
incubation time. The bacterial growth showed the same pattern where isolate UPM-AAG1 gave the
highest bacterial count at 7.771 Log Colony Forming Unit or CFU/mL followed by isolate UPM-AAG6
at 7.628 Log CFU/mL and isolate UPM-AAG14 at 7.573 Log CFU/mL (Figure 1). Based on the results,
isolate UPM-AAG1 was subjected further for identification study.

Table 1. Morphology of isolated microorganism.

Isolate Morphology

UPM-AAG1 Circular, White, Dry, Flat
UPM-AAG6 Irregular, Dry, White, Flat
UPM-AAG14 Irregular, Dry, White, Flat
UPM-AAG15 Irregular, Dry, White, Flat
UPM-AAG16 Irregular, Dry, White, Flat
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Figure 1. Screening result of three isolates with 1% feather. Error bars represent mean ± standard
deviation (n = 3).

2.2. Identification of Keratinolytic Microorganism

Micromorphology of isolate AAG1 was examined microscopically and demonstrated rod-shaped
blue color bacterial cells, signifying their Gram-positive characteristic. Biochemical analysis showed
positive results towards oxidase, catalase, Voges-Proskauer, and citrate test but negative result towards
nitrate production. Further identification was supported by the 16S rRNA sequencing. BLASTn
result showed that isolate AAG1 belonged to the Bacillus genus with high similarity percentage of
(>99%). The phylogenetic tree constructed using partial 16S rRNA sequence and Escherichia coli strain
U5/41 as the outgroup demonstrated that isolate AAG1 was not attached to any know species in the
clade. However, bootstrap result AAG1 shows sequence similarity to Bacillus safensis strain FO-36b,
Bacillus pumilis strain ATCC 7061, Bacillus pumilis strain SBMP2, and Bacillus stratosphericus strain
41KF2a with a bootstrap value of 78% (Figure 2). Therefore, UPM-AAG1 isolate was identified as
Bacillus sp. strain UPM-AAG1 and deposited in the GenBank with the Accession No. MK285608.1.

2.3. Optimization of Keratinase Activity Using Plackett Burman and Response Surface Methodology

2.3.1. Pre-Screening of Significant Parameters Using Plackett-Burman

Four independent factors (i.e., inoculum size (v/v), feather concentration (w/v), pH,
and temperature) were screened to evaluate their effects on keratinase production using Plackett-Burman
design. A total of 12 experimental variables generated using software screening for keratinase
production, and their corresponding responds, as shown in Table 2a. The adequacy of the model was
calculated using ANOVA analysis and presented in Table 2b. The model F value 70.33 indicates the
model is significant with only 0.25% chance that a “Model F-value” this large could occur due to noise.
The factors with p < 0.05 were considered to have a significant effect on the response. As presented in
the table, all factors—temperature, inoculum size (v/v), pH, and feather concentration (w/v)—exert a
positive effect on the model. Therefore, all four significant factors screened were further brought into
the central composite design.
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Escherichia coli strain U 5/41

Bacillus methylotrophicus strain CBMB205

Bacillus subtilis subsp. subtilis strain 168

Bacillus nakamurai strain NRRL B-41091

Bacillus amyloliquefaciens strain BCRC 11601

Bacillus amyloliquefaciens strain NBRC 15535-2

Bacillus amyloliquefaciens strain NBRC 15535

Bacillus atrophaeus strain NBRC 15539

Bacillus atrophaeus strain JCM 9070

Bacillus xiamenensis strain MCCC 1A00008

Bacillus safensis strain NBRC 100820

Bacillus australimaris strain MCCC 1A05787

Bacillus pumilus strain NBRC 12092

Bacillus zhangzhouensis strain MCCC 1A08372

Bacillus stratosphericus strain 41KF2a1

Bacillus altitudinis strain 41KF2b

Bacillus aerius strain 24K

UPM-AAG1

Bacillus safensis strain FO-36b

Bacillus pumilus strain ATCC 7061

Bacillus pumilus strain SBMP2

Bacillus stratosphericus strain 41KF2a

Figure 2. Phylogram (neighbor-joining method) showing the genetic relationship between strain
UPM-AAG1 and other related reference micro-organisms based on the 16S rRNA gene sequence
analysis. Species names are followed by the strain of their16S rRNA sequences. The numbers at
branching points or nodes refer to bootstrap values, based on 1000 resamplings (GenBank MK285608.1).

Table 2. Prescreening of significant parameters using Plackett-Burman design matrix with keratinase
activity as the response (±standard deviation, n = 3).

Run

Factors

Temperature
(◦C)

Inoculum
(v/v)

pH
Feather

Concentration (w/v)
Keratinase Activity

(U/mL)

A B C D

1 25.00 10.00 5.00 1.00 6.4 ± 0.25
2 25.00 10.00 8.00 5.00 8.7 ± 0.07
3 35.00 5.00 8.00 1.00 7.6 ± 0.13
4 35.00 10.00 5.00 5.00 9.7 ± 0.26
5 35.00 10.00 8.00 1.00 7.7 ± 0.01
6 35.00 10.00 5.00 5.00 9.3 ± 0.11
7 25.00 5.00 5.00 1.00 8.3 ± 0.14
8 25.00 5.00 5.00 5.00 12.5 ± 0.28
9 25.00 10.00 8.00 1.00 5.8 ± 0.1

10 35.00 5.00 5.00 1.00 12 ± 0.16
11 25.00 5.00 8.00 5.00 10.5 ± 0.01
12 35.00 5.00 8.00 5.00 7.8 ± 0.26
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Table 2. Cont.

Source Factors F-Value p-Value Remarks

Model 70.33 0.0025 Significant
A Temperature 16.98 0.0259 Significant
B Inoculum 63.75 0.0041 Significant
C pH 179.38 0.0009 Significant
D Feather 72.24 0.0034 Significant

Value
R2 0.9947

Adjusted R2 0.9806
Predicted R2 0.8955

Adeq Precision 26.980

2.3.2. Optimization of Significant Variables Using Central Composite Design (CCD)

CCD was used to determine the optimum condition of the four selected significant variables
(temperature, inoculum, pH, and feather concentration) for keratinase production using keratinase
activity as the output response. A total of 30 experiments with different combinations of the four
selected variables were performed. The experimental designs used are shown in Table 3.

Table 3. Optimization of keratinase activity by strain AAG-1 using central composite design (CCD)
with six center points showing observed and predicted values (±standard deviation, n = 3).

Run
Order

X1:
Temperature

X2:
Inoculum

X3:
pH

X4:
Feather (w/v)

Keratinase Activity (U/mL)

Experimental Value Predicted Value

1 35.00 5.00 5.50 5.00 42 ± 1.87 42.42
2 25.00 5.00 5.50 5.00 42.3 ± 1.75 46.18
3 30.00 7.50 6.75 3.00 41.1 ± 1.74 38.85
4 30.00 7.50 6.75 3.00 48 ± 0.28 48
5 35.00 5.00 5.50 1.00 22.5 ± 1.62 22.56
6 35.00 10.00 8.00 1.00 31.9 ± 1.57 29.97
7 35.00 10.00 5.50 5.00 38.4 ± 0.76 40.99
8 30.00 7.50 4.25 3.00 55.7 ± 0.49 53.8
9 25.00 10.00 8.00 5.00 50.5 ± 1.81 54.68

10 35.00 5.00 8.00 1.00 56.6 ± 0.51 54.34
11 25.00 5.00 8.00 1.00 14.9 ± 0.76 17.15
12 35.00 10.00 8.00 5.00 20 ± 1.02 22.21
13 25.00 5.00 8.00 5.00 33.1 ± 0.43 33.42
14 20.00 7.50 6.75 3.00 32.2 ± 0.86 36.73
15 40.00 7.50 6.75 3.00 19.5 ± 0.54 17.9
16 35.00 5.00 8.00 5.00 26.7 ± 0.86 26.6
17 30.00 12.50 6.75 3.00 20.2 ± 1.91 18.52
18 25.00 10.00 5.50 5.00 31.9 ± 0.11 30.98
19 30.00 7.50 6.75 -1.00 60.1 ± 1 56.8
20 25.00 10.00 8.00 1.00 42.4 ± 0.61 43.1
21 25.00 5.00 5.50 1.00 47.4 ± 0.84 44.48
22 30.00 2.50 6.75 3.00 28.7 ± 0.54 29.02
23 30.00 7.50 6.75 3.00 41.6 ± 1.12 42.47
24 35.00 10.00 5.50 1.00 31 ± 1.11 27.53
25 30.00 7.50 6.75 3.00 45.1 ± 0.75 49.2
26 30.00 7.50 6.75 3.00 44 ± 1.87 49.2
27 30.00 7.50 6.75 3.00 50.6 ± 0.8 49.2
28 30.00 7.50 9.25 3.00 52.4 ± 1.12 49.2
29 30.00 7.50 6.75 7.00 51.1 ± 1.69 49.2
30 25.00 10.00 5.50 1.00 52 ± 1.67 49.2
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The responses were studied using four independent variables with six center point showing both
observed and predicted values for keratinase activity. The multiple regression analysis of the observed
responses resulted in the below quadratic equation:

Keratinase Activity = + 47.10 + 3.65*A + 0.65* B − 9.70*C − 8.72*D − 6.11*A2 − 0.78*B2 +
0.75*C2 − 3.55*D2 + 0.46*A*B + 2.70*A*C − 1.02*A*D + 5.50*B*C − 0.18*B*D − 16.97*C*D,

where A, B, C, and D, each represent concentrations (coded values) of temperature, pH, inoculum,
and feather concentrations, respectively. From Table 4, it can be observed that all four linear terms
(A, B, C, D), three squared terms (A2, C2, D2), and two quadratic terms (BC and CD) of the model were
significant to the response, suggesting that keratinase production highly depends on the interactions
between these factors.

Table 4. ANOVA analysis of CCD for optimization of keratinase activity by Bacillus sp.
strain UPM-AAG1.

Source Sum of Squares DF Mean Square F Value Prob > F

Model 4308.841 14 307.7743 23.79177 <0.0001 significant
A 191.1947 1 191.1947 14.77986 0.0016
B 21.89327 1 21.89327 1.692408 0.2129
C 235.7161 1 235.7161 18.22148 0.0007
D 1089.714 1 1089.714 84.23776 <0.0001

A2 1024.804 1 1024.804 79.22009 <0.0001
B2 265.7186 1 265.7186 20.54075 0.0004
C2 0.964286 1 0.964286 0.074542 0.7886
D2 345.6686 1 345.6686 26.7211 0.0001
AB 13.3225 1 13.3225 1.029865 0.3263
AC 29.16 1 29.16 2.254145 0.1540
AD 16.81 1 16.81 1.299458 0.2722
BC 484 1 484 37.41448 <0.0001
BD 1.96 1 1.96 0.151513 0.7026
CD 1152.603 1 1152.603 89.09923 <0.0001

Residual 194.0425 15 12.93617
Lack of Fit 126.5425 10 12.65425 0.937352 0.5669 not significant
Pure Error 67.5 5 13.5
Cor Total 4502.883 29
Std. Dev. 3.596688 R-Squared 0.956907

Mean 39.13 Adj R-Squared 0.916687
C.V. 9.191639 Pred R-Squared 0.816543

PRESS 826.0848 Adeq Precision 15.58869

Based on the coded value below, the effects of inoculum and feather concentrations outweigh the
effect of other factors.

Final equation in terms of actual factors:

Keratinase Activity = −114.67125 + 13.59533*Temperature − 7.93667*pH −
13.85500*Inoculum + 29.97458 * Feather − 0.24450*Temperature2 − 0.49800*pH2 +
0.12000*Inoculum2 − 0.88750*Feather 2 + 0.073000*Temperature*pH +
0.21600*Temperature*Inoculum − 0.10250*Temperature*Feather + 1.7600*pH*Inoculum −
0.070000*pH*Feather − 3.39500*Inoculum*Feather.

The predicted model was assessed further by RSM analysis. The 3D response plot for keratinase
activity represents the interaction between two parameters at a time, while fixing the other parameter
at zero levels (constant) for maximum keratinase production (Figure 3a–f). The predicted optimum
points for temperature, pH, and inoculum and feather concentrations were 31.66 ◦C, 6.87, 5.01 (w/v),
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and 4.53 (w/v), respectively, with an optimum keratinase activity of 60.5539 U/mL. Verification of the
value obtained showed a close value of 60.02 U/mL indicating good agreement.

 
(a) 

 
(b) 

(c) 
 

(d) 

 
(e)  

(f) 

Figure 3. Response surface 3D plot showing the interaction of factors affecting keratinase production
(a) pH and temperature, (b) inoculum size and temperature, (c) feather concentration and temperature,
(d) pH and inoculum size, (e) pH and feather concentration, and (f) feather concentration and
inoculum size.

Data fitness into the selected model was examined using diagnostic model plots (Supplementary
Figure S2a–d). The plots are especially important in the evaluation of data error which varies from
model predictions, which helps to assess and improve model adequacy. The actual versus predicted
response plot obtained from the experiment (Figure S2a) showed a similar relationship between the
predicted and actual values as the data points were clustered near the line dividing the plot into
identical halves (45◦). Plotting the predicted values and studentized residuals (Figure S2b) further
verified the suitability of the model. Studentized residues are utilized to indicate differences between
the predicted value and the actual model responses. The experimental data exhibit slight or no
abnormality based on visual observation of the normal probability plot (Figure S2c). To visualize the
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distantly standout standard deviation, an outlier plot (Figure S2d) can show the presence of outlier(s).
The result shows that the data falls between 3.5 and −3.5, suggesting the absence of outlier.

2.3.3. Numerical Optimization

As the company requested minimum costs to for the developed system, a numerical optimization
was calculated so that the best conditions under the following criteria (Table 5)—minimum temperature,
pH within range, minimum inoculum, maximum substrate (feather), and maximum keratinase
activity—were obtained. Under the constraint criteria selected, ten solutions were obtained, and the
best solution recommended was as follows.

Table 5. Numerical optimization for selected criteria for keratinase activity by Bacillus sp.
strain UPMAGG-1.

Lower Upper Lower Upper

Name Goal Limit Limit Weight Weight Importance

Temperature minimize 25 35 1 1 3
pH is in range 5.5 8 1 1 3

Inoculum minimize 5 10 1 1 3
Feather maximize 1 5 1 1 3

Keratinase Activity maximize 14.9 60.1 1 1 5

For verification purposes, a series of validation experiment was conducted based on the conditions
provided by CCD for optimum keratinase production (Table 6). Based on the provided solution,
the highest keratinase activity obtained through solution 1 with a pH of 7.00, temperature 25.00,
inoculums’ size of 5.0 (v/v), feather concentration 4.97 (w/v) resulted in an activity of 56.218 U/mL with
the desirability value of 0.968.

Table 6. Suggested value for each variable for optimum keratinase activity by Bacillus sp.
strain UPMAGG-1.

Number Temperature pH Inoculum Feather Keratinase Activity Desirability

1 25.05 7.00 5.00 5.00 56.218 0.968

2.4. Amino Acid Profile of Hydrolysate of Bacillus sp. UPM-AAG1 Using High-Performance Liquid
Chromatography (HPLC)

Amino acid analysis profile of the keratinase from Bacillus sp. strain UPM-AAG1 (Figure 4)
revealed the presence of 17 different amino acids, including essential amino acids histidine, isoleucine,
leucine, lysine, methionine, phenylalanine, threonine and valine, and non-essentials amino acids, like
aspartic acid, glutamic, glycine, alanine, cysteine, tyrosine, arginine, serine, and proline, as evident
from the HPLC chromatogram (Figure 5). The sequence is largely composed of phenylalanine
(65.73 μmol/mL), isoleucine (24.04 μmol/mL), and lysine (20.14 μmol/mL) as essential amino acids and
glutamine (32.48 μmol/mL), glycine (60.47 μmol/mL), and serine (158.42 μmol/mL) as a non-essential
amino acid.
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Figure 4. Amino acid profile of Bacillus sp. UPM-AAG1 hydrolysate. Error bars represent mean± standard
deviation (n = 2).

 

Figure 5. High-performance liquid chromatography (HPLC) chromatogram of chicken feather
degradation lysate by Bacillus sp. strain UPMAGG-1.

3. Discussion

Keratinase is a protease that is very robust with broad application in industry. In this work,
isolation of a new potential keratinase producer from the Bacillus genera due to its high keratinolytic
activity [28]. Five colonies were successfully isolated from poultry waste and soil in Selangor using
heat treatment method for the selection of spore-forming Bacillus species. As one of the exclusivities
of Bacillus species is characterized by endospore formation, heat treatment is the most common
and simplest method use to infer the presence of spore-forming Bacillus [29,30]. Under extreme
environment, spore-forming Bacillus spp. develop endospore; a metabolically inactive dormant cell to
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protect themselves against the harsh environment [31]. Once the environment returns to favorable
conditions for growth, the cell will proceed with its vegetative life cycle and continue to germinate.
The purpose of sporulation in this experiment is to kill other vegetative cells, leaving only dormant
endospore cells to survive. Of all five cultures tested, only isolate UPM-AAG1 shows positive growth
response in FMA, spore positive, and highest keratinase activity, as well as the highest bacterial growth
count; hence, this isolate was selected for further studies. This method of isolation of keratinase
producing organism has been reported before [32], where feather as a substrate was used as sole carbon
and nitrogen source. A few keratinolytic Bacillus spp. that utilize feather solely as carbon and nitrogen
sources include Bacillus pumilus GRK [26] and Bacillus cereus LAU 08 [27].

Physiological and biochemical identification of isolate AAG1 revealed a rod-shaped structure
indicating their Gram-positive characteristic. Gram-positive keratinase producer is not exclusive to
Bacillus spp. as other Gram-positive bacteria have been reported, including BreviBacillus parabrevis [33],
Micrococcus luteus, and Actinobacter sp. [34]. On the basic of 16srDNA sequencing and phylogenetic analysis,
the keratinolytic isolate UPM-AAG1 was tentatively identified as Bacillus sp. strain UPM-AAG1. Many of
the major commercial keratinolytic bacteria come from the genus Bacillus spp. [28,35], chiefly due to its
generally regards as safe (GRAS) property [36]. The keratinolytic bacteria in this study were isolated
from a poultry farm environment, and numerous keratinolytic bacteria have been isolated from poultry
farm soils, such as Bacillus subtilis DP [25] and five keratinolytic strains of Bacillus spp. [37], to name a
few, making them predictable as the feather-contaminated soils offer rich sources of keratin for selective
enrichment [25,38].

Despite being the most studied and widely documented, the major drawback in keratinase study
is to optimize keratinase production using feather keratin as the sole carbon and nitrogen sources.
Addition of supplements will incur a high cost when production is scaled up (Table 7).

Table 7. Summary of keratinase production by Bacillus spp.

Organism
Optimization

Model

Optimum
Temperature

(◦C)

Keratinase
Activity
(U/mL)

Substrate
during

Optimization

Carbon
Sources
during

Optimization

Nitrogen
Sources
during

Optimization

Time
(h)

References

Bacillus pumilus
A1

OFAT
Plackett-Burman

CCD
30 87.73 U/mL

heat-treated
chicken

feather meal

heat-treated
chicken

feather meal
peptone 24 [39]

Bacillus subtilis
P13

OFAT
Plackett-Burman
Box–Behnken

room 2.07 U/mL soybean
meal soybean meal soybean meal 24 [17]

Bacillus sp. RKY3 Plackett-Burman
CCD -ns- 939 U/mL

corn starch,
corn steep

liquor
corn starch corn steep

liquor 24 [16]

Bacillus
thuringiensis TS2 OFAT 50 90.78 U/mL feather meal starch yeast extract 96 [22]

B. Subtilis KD-N2 OFAT 23 60.9 U/mL feather sucrose feather 30 [40]

Bacillus subtilis
DP1 OFAT 37 379.65

U/mL feather coffee feather coffee feather coffee 96 [25]

Bacillus subtilis
(MTCC9102) OFAT 37 15.972

U/mL horn meal dextrose peptone 48 [41]

Bacillus
licheniformis

ALW1
OFAT 65 72.2 U/mL native

feather galactose corn steep
liquor 96 [4]

Bacillus pumilus
GRK OFAT 37 373 U/mL feather feather feather 24 [26]

Bacillus subtilis
AMR OFAT 50 163 U/mL human hair yeast extract yeast extract 192 [42]

Bacillus cereus
LAU 08 OFAT 50 51.7 U/mL feather

powder
feather
powder

feather
powder 72 [27]

Bacillus
licheniformis OFAT 50 11 U/mL feather meal feather meal feather meal 32 [20]

B. subtilis BLBC17 CCD 33 170 U/mL soybean
meal soybean meal yeast extract 48 [18]
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Table 7. Cont.

Organism
Optimization

Model

Optimum
Temperature

(◦C)

Keratinase
Activity
(U/mL)

Substrate
during

Optimization

Carbon
Sources
during

Optimization

Nitrogen
Sources
during

Optimization

Time
(h)

References

Bacillus
licheniformis

ER-15:

OFAT
PB

CCD
70 1962 U/mL feather glucose soy flour 48 [43]

Bacillus subtilis
S14

OFAT
CCD 50 5.5 U/mL feather meal feather meal feather meal 24 [23]

Bacillus cereus
Wu2 OFAT 30 1750 U/mL

chicken
feather
powder

chicken
feather
powder

nh4cl 96 [19]

Bacillus
weihenstephanensis OFAT 40 15.3 U/mL chicken

feather cellulose (NH4)2 SO4 168 [21]

Bacillus pumilus
FH9 OFAT 37 647 U/mL chicken

feather
chicken
feather

NH4CL yeast
extract 48 [15]

Bacillus sp. 5
MG-MASC-BT BBD 55 1075 U/mL

alkali-treated
soluble
keratin

alkali-treated
soluble
keratin

alkali-treated
soluble
keratin

60 [24]

Bacillus
licheniformis RPk OFAT 60 37.35 U/mL chicken

feather
chicken
feather yeast extract - [44]

B. subtilis 1273 - - 412 U/mL feather meal feather meal feather meal 168 [45]

Bacillus sp.
UPM-AAG1

PB
CCD 30 60.1 U/mL chicken

feather
chicken
feather

chicken
feather 24 Current

study

In keratinase research, the main objective is to maximize keratinase production through
manipulating external and internal parameters [46]. Most of the optimization studied involving
keratinase involved conventional optimization through one factor-at-a-time (OFAT) [22,41,47] or both
conventional and statistical approach [17,48] but with non-keratin carbon and nitrogen sources (Table 7).
By carrying out optimization relying on no additional supplements, as well as optimizing process at
ambient temperature suiting Malaysia (from 24 to 32 ◦C), will increase the chances of a successful
keratinase production by local small and medium enterprise (SME) companies. To date, only very
few keratinase-producing Bacillus spp. bacteria have been optimized using feather as the sole carbon
and nitrogen sources (Table 7). Additional C and N sources supplementation may not work during
actual feather degradation as the augmented bacterium may choose to utilize the easily assimilable
C and N source rather than the feather itself. In addition, competition with the easily assimilable
C and N sources by indigenous bacteria may outcompete the augmented bacterium resulting in
a lower production of keratinase and poor degradation of feather waste [49]. Compared to many
keratin-degrading Bacillus spp. (Table 7), Bacillus sp. UPM-AAG1 produce a relatively good keratinase
activity (60.1 U/mL) in a shorter time (24 h) at 30 ◦C, features that make this bacterium suitable for the
requirement of the local SME company where keratinase production should be optimum or acceptable
activity at ambient temperature. However, the applicability of this strain in real world conditions need
to be tested, and this remains the limit of this work.

RSM CCD’s result showed that all factors—temperature, inoculum size (v/v), pH, and feather
concentration (w/v)—exert positive effects to the model with feather concentration forming a major
contributor. This result is similar to Yusuf et al. [48], where feather concentration was found to
be the most significant substrates for keratinase production when Plackett-Burman (PB) was used
in the screening process. Apart from that, Govarthanan et al. [24] also reported the same result
where a significant increase in keratinase production was observed when feather was used as
substrate. The inoculum size was reported to give significant effect towards keratinase production in
Bacillus licheniformis ER-15 [43]. This is because inoculum size significantly affects the growth profile
of aerobic microorganism. Further, a neutral to alkaline pH were reported to promote keratinase
production in various microorganism [50,51] with the exception of a few including Bacillus subtilis [52]
where the highest activity occurs at acid to neutral pH range (pH 5–7). Apart from that, temperature
also plays an important role in the production of keratinase enzyme. Generally, most of the reported
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keratinases work optimally in between 28 to 50 ◦C [24,39]. The ANOVA analysis result of keratinase
activity obtained through RSM indicated that the model is adequate with a correlation coefficient,
R2 of the model was 0.9569 and an adjusted R2 value of 0.9167 showing a high correlation between
the experimental data design (Table 5). The nearer the R2 value to 1, the better the accuracy of the
model. The “Pred R-Squared” of 0.8165 was in consistent agreement to the “Adj R-Squared” of 0.9167
indicating an acceptable degree of correlation between the observed value and predicted values [53],
although “Pred R-Squared” value of >0.9 is more desirable in many cases [54]. A ratio > 4 for the Adeq
Precision value is sought and the result from this study with a value of 15.586 indicates a good signal
to noise ratio [55]. The large lack of fit F value is normally sough and, with a value of 0.94, suggests an
insignificant lack of fit relative to the pure error [56,57]. The p-value for the lack of fit value was 0.5666,
and this demonstrated the model appropriateness for the optimal region. The Model F-value of 23.79
implies the model is significant. There is only a 0.01% chance that “Model F-value” this large could
occur due to noise. Values of “Prob > F” less than 0.0500 indicate model terms are significant [58].
Significant model terms in this case were A, B, C, D, A2, C2, D2, BC, BD. Further 3D analysis of the
model showed an escalated pattern in keratinase production when the temperature was increased,
and pH maintained in the targeted range (Figure 3a). The same escalating pattern was also observed in
Figure 3b and c where keratinase production increased only when the temperature was increased and
could not increase further with increasing in inoculum size and feather concentrations, respectively.
Verification of the model with a predicted value close to the actual value showed the reliability of the
experiment to predicted precise condition, thus supporting the accuracy of the model over 95%.

The amino acid profile of hydrolysate of Bacillus sp. UPM-AAG1 revealed the presence of both
essential amino acid and non-essential amino acids. The result is in accordance with Reference [19],
that demonstrated the presence 17 different amino acid acquired from fermentation of Bacillus cereus
utilizing chicken feather as sole their carbon and nitrogen sources. The fermented hydrolysate was
rich with nutritionally essential amino acid particularly lysine, threonine, and methionine. Similarly,
Ghosh et al. [59] reported on purified keratinolytic protease from feather waste hydrolysate by
Bacillus cereus DCUW that comprises of 17 different amino acids.

4. Materials and Methods

4.1. Azokeratin and Keratinase Assay

Azo keratin substrate was prepared [60] with the modification where, instead of ball milling, the
feather was cut into small pieces with a scissor. One gram of a finely cut white chicken feather, 20 mL
deionized water, and 10% of NaHCO3 were mixed in a 100 mL round bottom flask. Separately, 0.174 g
of sulfanilic acid was dissolved in 5 mL of 0.2 M NaOH. Next 0.069 g of NaNO2 was added to the
suspension. The solution then was acidified with 0.4 mL of 5 M HCl for 2 min and neutralized by
0.4 mL of 5 M NaOH. The prepared solution was then added to finely cut feather keratin and mixed
properly for 10 min. The reaction mixture then was filtered. Insoluble azo keratin was retrieved and
rinsed with deionized water. The azo keratin was then suspended in water and shaken for 2 h at
50 ◦C. The pH of the filtrate and absorbance readings were taken periodically until the pH of the
filtrate reached 6.0–7.0 and the absorbance value was less than 0.01 [60]. The resulting azokeratin
(Supplementary Figure S1) is utilized for keratinase assay. All experiments were carried out three
times unless otherwise stated.

The keratinase activity was determined using azo keratin as a substrate. 5 mg azo keratin substrate
was added to 1.5 mL mini centrifuges tube together with 800 μL of 0.1 M phosphate buffer pH 8.0.
Then, 200 μL of enzyme supernatant was added to the mixture. The mixture was vortexed thoroughly
and incubated at 30 ◦C for 30 min in a water bath. The enzymatic reaction was stopped by 200 μL
of 10% (w/v) trichloroacetic acid added to the mixture, and the absorbance was read at 450 nm
(DTX 800-Multimode detector, Beckman Coulter, Brea, CA, USA). Control was prepared by adding
trichloroacetic acid (TCA) to the mixture before the enzyme. One unit of keratinase activity was
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defined as 0.010 unit increase in the absorbance at 450 nm compared to control [48]. All experiments
were carried out in triplicate, unless stated otherwise.

4.2. Isolation and Screening of Bacillus sp. with Keratinolytic Activity

Soil samples and poultry waste specimens were collected from a waste collection area of a poultry
research farm in Universiti Putra Malaysia. One percent (w/v) of each soil samples and poultry waste
were dissolved in 10 mL of sterilized phosphate buffer saline (PBS) and incubated in 80 ◦C water bath
for 10 min to further biased the selection towards spore-forming Bacillus species. The PBS medium
used was adopted from Dulbecco and Vogt [61]. The suspension (100 μL) was spread on nutrient agar
(NA) supplemented with keratin substrate. The plates were incubated at room temperature (25 ◦C) for
24–48 h. Surviving bacteria that showed different morphology and high hydrolysis zone on NA were
further re-streaked on NA until pure cultures were obtained [62].

All potentially isolated keratinase-producing bacteria were screened according to the ability to
develop endospore under stress environment in a sporing medium (pH 7.0) composed of g/L: 1.6 NH4

Cl, 0.9 K2HPO4, 0.6 KH2 PO4, 0.2 MgSO4·7H2O, and 0.07 CaCl·2H2O, 0.01 FeSO4·7H2O and 0.01 EDTA
for two days at 25 ◦C under shaking condition at 150 rpm. All strains were spore stained with malachite
green and safranin according to Reference [63]’s method and observed under a light microscope
(Olympus BX.40F4, Japan) with 100× magnification [64]. Positive endospore-forming isolate were
further screened based on bacterial growth (CFU/mL) on feather meal agar (FMA) composed of (g/L);
1.0 feather, 0.5 NaCl, 0.7 K2HPO4, 0.001 MgSO4·6H2O and 15.0 bacteriological agar and keratinase
assay with 1% feather as sole carbon and nitrogen sources [48].

4.3. Morphological, Biochemical and Molecular Identification of Keratinolytic Microorganism

The identity of the selected bacterium was further identified morphologically using Gram staining
method and a series of biochemical test (oxidase test, catalase, Voges-Proskauer, nitrate, citrate, lipase,
and gelatinase) [64]. Meanwhile, molecular identification confirmation was performed by 16S rDNA
sequence analysis using a 24 h culture of the bacterial cell using InnuPREP Bacteria DNA Kit (Analytik
Jena, Jena, Germany) according to the manufacturer’s protocol. Amplification of the partial 16S rRNA
gene was carried out using universal primers. The PCR mixtures comprise of mixtures of 1μL of
5 mM 27F (5′-AGA GTT TGATCC TGG CTC AG-3′) and 1429R (5′-TAC GGT TACCTT GTT ACG
ACTT-3′) of forward and reverse primer, 1 μL of DNA sample, 12.5 μL of Master mix 2 × Taq (Vivantis
Technologies Sdn. Bhd., Selangor, Malaysia) and 9.5 μL sterile deionized water for a final volume of
25 μL. The polymerase chain reaction was accomplished using a gradient thermocycler (Hercuvan,
Milton, UK) under the following conditions: 3 min initial denaturation at 94 ◦C, 29 cycles denaturation
for 1 min at 94 ◦C, 1 min of annealing at 58 ◦C, 2 min of extension for 10 min, and final extension at
72 ◦C for 10 min with incubation at 4 ◦C. Successfully amplified DNA fragments were analyzed on 1%
(w/v) agarose gel [65].

4.4. Sequence Analysis and Phylogenetic Analysis

The selected sequence was analyzed using BLASTn [66]. Twenty sequence alignment with more
than 95% similarity was selected for further analysis using neighbor-joining method, as in Ref. [67],
fitting to the distances of Jukes-Cantor [68]. Phylogenetic analysis was done using PHYLIP software
v3.696 (http://evolution.genetics.washington.edu/phylip.htmL). E. coli strain U5/41 was used as the
outgroups in the cladogram for identification analysis. The confidence level of each branch was
calculated by 1000 bootstraps replicates. The constructed tree was viewed using Tree View version 1.6.6.

4.5. Optimization of Keratinase Activity Using Response Surface Methodology

The effect of four factors namely temperature, inoculum size (v/v), pH, and feather concentration
(w/v) on keratinase production was screened statistically using Plackett-Burman factorial design (PBFD)
to verify the significance of the named factors in the production of keratinase. The experimental design
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and statistical analysis were performed using statistical software Design-Expert® 6.0.8 (Stat-Ease,
Minneapolis, MN, USA). Each independent factor was evaluated at two different levels; minimum
and maximum levels (+1, −1) as shown in Table 8. Keratinase activity was analyzed as the response.
The independent factors that show significance by PBFD were optimized further for their interaction
effects by composite design (CCD) of response surface methodology (RSM). Each independent factor
was studied at five different level: −α, −1, 0, +1, +α. Keratinase activity was evaluated as a response
based on 30 experimental design. All experiments were conducted in triplicate, and keratinase activity
was examined as the response using a second-order polynomial equation as below:

y =
k∑

i=1

βiXi +
k∑
i

βiiXi2 +
k∑

1≤i≤ j

βi jXiXj

where Y is the predicted response, X is the independent factor that is affected by Y, k is the number
of factors, β0 is the constant term, βi is the linear coefficient, βii is the i the quadratic coefficient, and
βij is the ij the interaction coefficient, whereas i and j = 1,2,3 and i � j are coefficient in the model.
The significance of each coefficient in the equation was determined by Fisher’s F test and analysis of
variances (p < 0.05). The experimental design and statistical analysis were performed using statistical
software Design-Expert® 6.0.8 (Stat-Ease, Minneapolis, MN, USA). All experiments were conducted
in triplicate.

Table 8. Experimental factors and level of minimum and maximum range for statistical screening using
Plackett-Burman factorial design (PBFD).

Factors Independent Factor Unit
Range Level

Minimum (−1) Maximum (+1)

X1 Temperature (◦C) 25 35
X2 Inoculum % (v/v) 1 5
X3 pH - 5 8
X4 Feather (w/v) % (w/v) 1 5

4.6. Amino Acid Profile of Hydrolysate

Amino acid profile of hydrolysate was performed according to a previous method [69], with
slight modifications. The amino acid profile of sample hydrolysate was determined using an HPLC
system (Agilent 1200, Agilent Technologies, Santa Clara, CA, USA). The sample was subjected to
automated pre-column derivatization using orthopthalaldehyde (OPA) run through the injector
program. The injector program protocols were as follows where 2.5 μL were drawn from a borate buffer
vial (0.4 min, pH 10.2). Next, 0.5 μL of the sample was drawn from a sample vial, followed by mixing
with 3 μL in a wash port five times and waiting for 0.2 min. Next, 0.5 μL of orthopthalaldehyde (OPA)
was drawn, followed by mixing of 3.5 μL in wash port 6 times. Next, 32 μL of injection diluent (1 mL
of mobile phase A + 15 μL of concentrated H3PO3) was mixed with 20 μL in seat 8 times. The sample
was injected, then wait for 0.10 min and valve bypass. The mobile phase A consisted of 10 mM of
Na2HPO4, 10 mM Na2B4O7, pH 8.2, and mobile phase B (acetonitrile-methanol-water; 45:45:10, v/v).
A programmed gradient elution was performed from 2% B to 57% B for 7 min, followed by 57% B to
100% B for 8.4 min, with a flow rate of 1.5 mL/min at 40 ◦C. Amino acid detection was detected with a
250 nm Diode Array Detector (DAD) detector using an amino acid standard solution (Sigma-Aldrich,
St. Louis, MO, USA).

5. Conclusions

The reliability of statistical optimization of the external parameter in enhancing keratinase
production Bacillus sp. UPM-AAG1 I was demonstrated in this work. The significant parameter required
for the optimum keratinase production was screened using Plackett-Burman design. Optimization of
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keratinase by RSM allowed us to evaluate the effect of various parameter at different levels. The CCD
design applied results 1.7-fold in keratinase yield. The acceptable degree of similarity between the
predicted model and actual activity signifies the reliability of the statistical model in optimization of
keratinase. The optimized parameters and characteristics of the bacterium include optimal growth at
near neutrality, ambient temperature, and able to support growth and keratinase production without
external supplementary requirements. Moreover, the hydrolysate of Bacillus sp. UPM-AAG1 obtained
through statistical optimization is rich in amino acids. These properties make the bacterium an excellent
choice for local commercial application where keratinase production should be optimum at ambient
temperature and no additional C or N sources should be added to minimize cost. In the future, cheaper,
or even waste, materials from the local agricultural industries, such as waste bagasse or Palm Mill Oil
Effluent or POME, may be tested to improve keratinase production and feather degradation in general.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/8/848/s1,
Figure S1: Azokeratin formation from feather keratin treated with the azotization of sulfanilic acid. Figure S2:
Model diagnostic plots; (a) predicted versus actual, (b) studentized residue versus predicted, (c) normal plots of
residue and (d) outlier T versus run.
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Abstract: Paper sludge is an attractive biomass feedstock for bioconversion to ethanol due to
its low cost and the lack of pretreatment required for its bioprocessing. This study assessed the
use of a recombinant cellulase cocktail (mono-components: S. cerevisiae-derived PcBGL1B (BGL),
TeCel7A (CBHI), ClCel6A (CBHII) and TrCel5A (EGII) mono-component cellulase enzymes) for the
efficient saccharification of softwood-derived paper sludge to produce fermentable sugars. The paper
sludge mainly contained 74.3% moisture and 89.7% (per dry mass (DM)) glucan with a crystallinity
index of 91.5%. The optimal protein ratio for paper sludge hydrolysis was observed at 9.4: 30.2: 30.2:
30.2% for BGL: CBHI: CBHII: EGII. At a protein loading of 7.5 mg/g DW paper sludge, the yield from
hydrolysis was approximately 80%, based on glucan, with scanning electron microscopy micrographs
indicating a significant alteration in the microfibril size (length reduced from ≥ 2 mm to 93 μm) of
the paper sludge. The paper sludge hydrolysis potential of the Opt CelMix (formulated cellulase
cocktail) was similar to the commercial Cellic CTec2® and Celluclast® 1.5 L cellulase preparations and
better than Viscozyme® L. Low enzyme loadings (15 mg/g paper sludge) of the Opt CelMix and solid
loadings ranging between 1 to 10% (w/v) rendered over 80% glucan conversion. The high glucose
yields attained on the paper sludge by the low enzyme loading of the Opt CelMix demonstrated
the value of enzyme cocktail optimisation on specific substrates for efficient cellulose conversion to
fermentable sugars.

Keywords: cellulase; cellulose; paper sludge; Saccharomyces cerevisiae; synergism

1. Introduction

The production of bioethanol from lignocellulosic biomass or lignocellulose-derived wastes is one
of the most promising alternatives to conventional fossil fuels [1]. Lignocellulosic biomass is an ideal
feedstock for bioethanol production because it is an abundant renewable source, obtainable at low cost
and generally not considered to compete with food sources [1,2].

Paper sludge (waste fibre) is a residual stream produced by pulp mills [3]. Currently, it is utilised
in either landfilling or incineration to generate energy for pulp mills [4]. Paper sludge has a high
carbohydrate and low lignin content which eliminates the requirement of additional thermochemical
pretreatment steps. Paper sludge has high potential and value as a suitable feedstock for the production
of lactic acid and bioethanol [5]. The latter requires the enzymatic hydrolysis of paper sludge by
cellulases to fermentable sugars which can subsequently be fermented by yeast into bioethanol [3].
Four key cellulase activities working synergistically are required for cellulose utilisation; exo-glucanases
(CBHI and CBHII) target the crystalline regions of cellulose and produce cellobiose in a processive

Catalysts 2020, 10, 775; doi:10.3390/catal10070775 www.mdpi.com/journal/catalysts139



Catalysts 2020, 10, 775

manner, while endo-glucanases randomly cleave internal sites at amorphous regions to produce
long-chain cello-oligomers, β-glucosidases then process the products from the aforementioned enzymes
into glucose [6,7].

In spite of the progress achieved by enzyme manufacturers in lowering enzyme production
costs, cellulases still constitute a significant portion of the final bioethanol production costs. Many
strategies have been developed to reduce enzyme cost, including enzyme recycling, improving enzyme
synergism through synthetic cocktail design and enzyme engineering [8–10]. Synthetic cocktails with
improved enzyme synergism is one of the strategies that can be implemented to lower the amount of
enzyme required for hydrolysis [8].

Numerous studies have successfully produced cellulase mono-components; endo-glucanase,
exo-glucanases (CBHI and CBHII) and β-glucosidases in Saccharomyces cerevisiae strains using
heterologous gene expression [11–13]. More recent studies focused on using and improving S. cerevisiae
wild type and industrial strains for second-generation (2G) bioethanol production by targeting ideal
traits, such as the secretory capacity of heterologous cellulase enzymes through evolutionary and
genetic engineering, and mutagenesis [14–17]. However, the optimum enzyme ratios for specific
cellulosic substrates are crucial for developing more efficient consolidated bioprocessing (CBP) yeast
strains. In this study, mono-component recombinant cellulases—S. cerevisiae-derived PcBGL1B (BGL),
TeCel7A (CBHI), ClCel6A (CBHII) and TrCel5A (EGII)—were produced in S. cerevisiae Y294 strains
and partially purified for use in formulating an enzyme cocktail for the efficient deconstruction of
paper sludge. The performance of the formulated cellulase cocktail was compared to that of different
commercially available cellulase cocktails in terms of its hydrolytic performance on paper sludge.
Furthermore, the effect of higher amounts of solids and enzyme loadings on the hydrolysis efficiency
of the cocktail was studied to optimise the conversion process.

2. Results and Discussion

2.1. Composition and Structural Analysis of Paper Sludge

The chemical composition and structural characterisation (crystallinity and cellulase accessibility)
of paper sludge was assessed and is displayed in Table 1. The paper sludge contained a dry mass (DM)
of 24.7% of the total mass, similar to that reported for paper sludge derived from a mixture of pine,
cypress and eucalyptus (65% moisture content) [1]. The carbohydrate fraction was the major component
of the dry mass (DM) of paper sludge, with glucan estimated at 89.7% followed by hemicellulose,
lignin and ash on dry mass basis.

Table 1. Chemical composition as percentage of dry mass basis and structural analysis of paper sludge.

Component/Property Content/Accessibility

Glucan * 89.7%
Mannan * 2.73%

Xylan * 1.65%
Galactan * 0.08%
Arabinan * Nd

Lignin * 0.8%
Ash * 1.7%

Moisture 74.3%
Crystallinity index 91.5%

Substrate accessibility (mg/g) 87 mg/g

Not detected (Nd). * = percentage of DW.

X-ray diffraction (XRD) analysis was used to determine the type of cellulose and the crystallinity
index of the paper sludge biomass. Based on the XRD pattern (four main peaks at 1–10, 110, 200
and 004) displayed by paper sludge, it could be deduced that the glucan content of the biomass is in
the form of cellulose Iβ (Figure 1).
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Figure 1. An X-ray diffraction pattern of paper sludge illustrating four main peaks (1–10, 110, 200
and 004) specific for cellulose Iβ.

The crystallinity index (CrI) of the paper sludge was estimated using the peak height method as
previous described [18,19]. The CrI value of the paper sludge was estimated at approximately 91.5%
(Table 1), similar to that of Avicel PH-101 (model cellulose Iβ biomass) with 89 to 92% reported by
Park et al. [18] and Malgas et al. [20]. Biomass with high cellulosic contents have higher CrI values
compared to biomasses with lower cellulosic contents [21].

Furthermore, the accessibility of the paper sludge biomass to cellulases was evaluated using
a modified version of Simon’s staining method. Paper sludge was shown to be highly accessible to the
crystalline cellulose-specific direct orange (DO) dye (see Table 1). The accessibility of paper sludge
to DO (87 mg/g) was slightly higher than that previously reported for Avicel PH-101 (67 mg/g) [20].
This coincided with the slightly higher crystallinity index observed in paper sludge compared to that
of Avicel PH-101.

2.2. Enzyme Production and Substrate Specificities Using “Model” Substrates

In this study, the S. cerevisiae-derived PcBGL1B (BGL), TeCel7A (CBHI), ClCel6A (CBHII)
and TrCel5A (EGII) mono-component cellulase enzymes were individually produced under the
transcriptional control of the enolase 1 gene (ENO1) promoter (constitutive expression) and concentrated
to approximately 1.5 mg/mL. Since the yeast strains were cultured in minimal media, very few other
protein species were present in the concentrated culture supernatants containing the mono-component
cellulase enzymes. To assess the relative purity of the cellulases upon ultrafiltration, they were
separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 2).
The estimated molecular masses of the enzymes were approximately 80 and 140 kDa (60 kDa was
expected as reported in the literature), 70 kDa, 75 kDa (heterogeneous in size due to hyper-glycosylation)
and 54 kDa for BGL, CBHI, CBHII and EGII, respectively, and corresponded to molecular masses
determined previously [22,23]. Migration on SDS-PAGE that does not correlate with formula molecular
masses, termed “gel shifting”, is common for some proteins [24], this may explain why the anticipated
molecular mass of BGL was not observed in Figure 2.
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Figure 2. Denaturing 12% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
of ultrafiltration-concentrated mono-component cellulases (15 μL) visualised by Coomassie Brilliant
Blue R-250 staining. Molecular mass marker (MM) (BioRad Precision Plus Protein Standards); the blue
rectangles represent the identified protein molecular masses corresponding to the literature.

The cellulases were tested for their specific activities using different substrates at 50 ◦C in 50 mM
sodium citrate buffer, pH 5.0, since these conditions assured sufficient and stable activity of all the
enzymes assessed (data not shown). The specific activities of the individual recombinant cellulases on
model cellulosic substrates is displayed in Table 2.

Table 2. Specific activities (U/mg protein) of the cellulase enzymes on model substrates. The underlined
values are the specific activities expected (based on the literature) for each enzyme tested.

Enzyme CMC-Na Cellopentaitol pNPC pNPG Reference

BGL 0.67 - 5.74 56 [10,14,25]
CBHI 0.24 Nd 0.20 0.35 [12,26]
CBHII 1.69 0.38 Nd 0.11 [26]
EGII 44 - Nd 0.11 [10,12,14,26]

Not detected (Nd). Not determined (-).

Theβ-glucosidase, BGL, showed the highest activity (56 U/mg) on 4-nitrophenyl-β-d-glucopyranoside
(pNPG), with some minor activity (5.74 U/mg) observed on 4-nitrophenyl-β-d-cellobioside (pNPC)
(Table 2). CBHI displayed comparable activities (~0.3 U/mg) on carboxymethylcellulose sodium
(CMC-Na), pNPC and pNPG. The β-glucosidase activity displayed by CBHI was unexpected as the
enzymes are reported to require at least a minimum of three subsites to initiate catalysis [27,28].
CBHII, on the other hand, displayed activity on both CMC-Na and cellopentaitol. The endo-glucanase,
EGII, displayed high activity (44 U/mg) on CMC-Na. Overall, the activities of the cellulases were
generally in agreement with the literature [26].

2.3. Enzyme Cocktail Formulation

Paper sludge hydrolysis by CBHI or CBHII and/or EGII was performed in the presence of BGL
and the concentration of glucose released was measured after 48 h. A BGL dosage of 10% of the
overall cellulase loading was found to be sufficient for converting all the cello-oligosaccharides into
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glucose (data not shown), and as a result, this BGL loading was used in all subsequent paper sludge
hydrolysis evaluations.

Numerous studies have evaluated synergism between cellulolytic enzymes and the hydrolysis of
cellulose, particularly: (i) exo–exo synergism, whereby cellobiohydrolases (CBHs) hydrolyse cellulose
at opposite cellulose fibril ends and (ii) endo–exo synergism between endo-glucanases (EGs) and
CBHs, whereby endo-glucanases cleave amorphous regions of cellulose exposing more chain ends for
CBHs [6,29].

In this study, enzyme synergism between the cellulolytic enzymes, BGL, CBHI, CBHII and
EGII was assessed using paper sludge as a substrate. These experiments were conducted in order
to formulate a “cellulolytic core set” for the efficient hydrolysis of paper sludge cellulose to glucose.
The binary enzyme combinations between CBHI and CBHII, were synergistic at all enzyme combinations
considered, with an increase from 2.5–2.9 mg/mL of glucose by the individual enzymes at 100% dosage
to approximately 3.7 to 4.0 mg/mL of glucose release by the combinations of CBHI and CBHII (Figure 3).
The yield obtained by the optimal binary combination (CBHI and CBHII at 50: 50%) corresponded to
approximately 22% glucan conversion after 48 h.

 
Figure 3. Glucose yields obtained from the optimisation of the formulated cellulase cocktail (TeCel7A
(CBHI), ClCel6A (CBHII) and TrCel5A (EGII)) on the hydrolysis of 2% (w/v, dry mass basis) paper
sludge for 48 h at 50 ◦C, at a protein loading of 1.875 mg/g biomass with PcBGL1B (BGL) at 10% protein
loading. All experiments were performed in quadruplicate and the mean values were calculated.
The different shades of the bars indicate data sets that exhibited differences which were statistically
significant (one-way ANOVA, p < 0.05).

The classical exo–exo-cellulase model of synergistic enzymatic hydrolysis of cellulose proposes
that CBHI starts catalysis at the reducing end of cellulose chains, whereas CBHII initiates activity on
the non-reducing, opposite chain ends of cellulose, and has been confirmed [30,31].

Exo-cellulase (CBHI or CBHII) and endo-cellulase (EGII) synergism was also assessed during
paper sludge hydrolysis. Figure 3 indicates that CBHI synergised with EGII and that the enzyme
combinations where CBHI was present at a higher protein ratio to EGII, released the most glucose.
At 75% CBHI to 25% EGII protein dosage, approximately 3.3 mg/mL of glucose was released from 2%
(w/v) paper sludge, which corresponded to approximately 20% glucan conversion after 48 h.
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According to Wood and McCrae (1979), the endo–exo-cellulase (s) model of synergism involves
endo-cellulases (endo-glucanases) which attack the amorphous regions within cellulose, creating
new and more chain ends for exo-cellulases (cellobiohydrolases I and or II) to attack [32,33].
In turn, exo-cellulases expose new amorphous regions within the bulk substrate and this then
necessitates re-application of endo-cellulase activity. Data attesting to this interdependence between
endo-glucanases and cellobiohydrolases during cellulose hydrolysis has been reported by others [7].

The CBHII to EGII combinations exhibited a lower level of glucose release than that exhibited by
CBHII at 100% dosage (2.5 mg/mL), except for 25% CBHII to 75% EGII which released comparable
glucose concentrations to 100% CBHII. It is possible that the CBHII could be competing with EGII for
the same subsites (amorphous regions) on the paper sludge biomass since CBHII exhibited residual
endo-glucanase activity when evaluated on CMC as substrate (see Table 2). As a result, this could have
led to the anti-synergism (competition for the same binding sites) observed between the two cellulases
during paper sludge hydrolysis (see Figure 3). Previous studies have reported that, in addition to the
processive exo-activity from the non-reducing ends of cellulose chains, CBHIIs also occasionally have
an endo-acting character [6,34,35].

The ternary combinations of CBHI, CBHII and EGII generally showed the highest synergistic effect
compared to the binary combinations of the same enzymes, with equal amounts of the three enzymes
at 33.3: 33.3: 33.3% or a higher proportion of cellobiohydrolases to EGII, particularly CBHI, releasing
the highest glucose of approximately 4 and 5 mg/mL (22.2 and 27.8% glucan conversion), respectively,
from paper sludge (Figure 3). Previous studies reported that the best enzyme combinations for
cellulose hydrolysis were those with higher proportions of cellobiohydrolases (CBHI and CBHII) to the
endo-glucanase, EGII [36,37]. Therefore, it seems that highly crystalline cellulosic biomass substrates
such as paper sludge and Avicel cellulose require a higher proportion of the crystalline region-specific
CBHs compared to the amorphous region-specific EGs (in this study, a ratio of 66.6% CBHI/II to 33%
EGII was required). Two other substrate parameters; the degree of polymerisation (DP) and the fraction
of β-glucosidic bonds accessible to cellulase, reaction time and enzyme loading seem to affect enzyme
activity and the synergistic interactions between cellulase mono-components [38,39]. Väljamäe and
co-workers [38] showed a correlation between the DP length and crystallinity of bacterial cellulose
(BC) which was acid treated to various degrees, with a decrease in DP length being accompanied by
an increase in CrI. In addition, the study showed that the relative activity of CBHI increased with an
in increase in CrI and a decrease in the DP of BC, while the relative activity of EG decreased with an
increase in CrI and decrease in the DP of BC [38]. Similarly, Zhang and Lynd [39] showed that DP length
of cellulose negatively affects the relative activity of exo-cellulases. In addition, the study showed
that the EG concentration required for maximal synergism was 1 EG molecule to 17 exo-cellulase
molecules. Den Haan and co-workers [22] also showed that a 3.4 mg/g biomass mixture of cellulases in
a ratio of CBHII: CBHII: EGII of 11:5:1 released more glucose from Avicel compared to the individual
mono-component cellulases at >20 mg/g biomass. It has been postulated that the lower surface area
limits EG adsorption on the surface of cellulose such that hydrolysis of many β-glucosidic bonds
cannot occur until they are made accessible by the action of exo-cellulases such as CBHI or CBHII [40].
However, EGII was the largest contributing factor for successful synergism in the current study, as the
enzyme was highly efficient even at very low dosages of 33.3%, leading to nearly a doubling effect
in paper sludge glucan conversion (see Figure 3). Similarly, previous studies have indicated that the
addition of minute quantities of EG to CBHI or a mixture of CBHI and CBHII induced an increase in
the saccharification of cellulose [22,35,38].

CBHI appeared to be the only mono-component whereby an increase in its proportion in the
ternary mixture was tolerated without affecting glucose yields (Figure 2). Similarly, a recent study
observed that a minimum amount of surface area was needed for a single cellulase to be effective in
hydrolysing cellulose and the hydrolytic efficiency will decrease when the total cellulase concentration
exceeds saturation. Therefore, the use of excess enzymes should be avoided, even if their production
costs are negligible [41]. The formulated cellulase cocktail consisting of 33.3:33.3:33.3% of CBHI, CBHII
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and EGII with supplementation of BGL at 10% protein dosage (henceforth referred to as Opt CelMix)
was used in all subsequent studies.

2.4. Effect of Opt CelMix Loading on the Hydrolysis Yields of Paper Sludge

The Opt CelMix was used to hydrolyse the paper sludge (2% w/v, DM) at different enzyme
loadings (Figure 4). Saccharification yields of approximately 90% was obtained at protein loadings
exceeding 7.5 mg protein/g biomass. The yields are in agreement with the more than 80% yield obtained
from softwood (pine pulp) derived paper sludge after 48 h of hydrolysis at 50 ◦C and pH 5.0 with the
NS-22086 multi-enzyme preparation (Novozymes A/S) [42].

 
Figure 4. Glucose yield obtained from the hydrolysis of 2% (w/v, DM) paper sludge for 48 h at 50 ◦C
using varying protein loadings (1.875 to 15 mg/g biomass) of the formulated cellulase cocktail with BGL
at 10% protein loading. All experiments were performed in quadruplicate, and the mean values and
error bars (±SD) were calculated. The statistical analysis showed that the differences were statistically
significant (one-way ANOVA, p < 0.05).

The saccharification ability of the Opt CelMix (108 mg sugars/mg enzyme) on paper sludge was
five-fold higher than that (approximately 27.3 mg sugars/mg enzyme) reported by Hu and colleagues
with the hydrolysis of steam pretreated corn stover (SPCS) after 72 h [43] and by Malgas and co-workers
with the hydrolysis of steam pre-treated hardwoods after 24 h [26]. This was not surprising, as some
authors promote the amenability of paper sludge for enzymatic hydrolysis compared to raw wood or
untreated plant materials since paper sludge generally has negligible quantities of hemicellulose and
lignin that contribute to biomass recalcitrance.

2.5. Scanning Electron Microscopy (SEM)

SEM visualisation was used to analyse the changes in the size and surface morphology of the
paper sludge microfibrils upon cellulase hydrolysis, wherein the 48 h hydrolysates by the Opt CelMix
at 7.5 mg/g biomass were analysed (Figure 5). The untreated (with no enzyme addition) paper sludge
microfibrils are present as thick and long ribbons with a smooth and regular surface (Figure 5A).
In contrast, the surface and dimensions of the microfibrils changed significantly after enzyme treatment
(Figure 5B). After cellulase treatment, the paper sludge fibrils appeared to have dislocations on the
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surface of the microfibrils. Enzyme treatment of paper sludge microfibrils led to a partial decrease in
width, from 19.12 to 13.42 μm, and a significant reduction in length, from ≥2 mm to 93 μm.

 

 
Figure 5. Scanning electron microscopic (SEM) analysis of paper sludge: surface morphology of (A)
paper sludge before enzyme treatment and (B) solid residues after enzymatic hydrolysis by the Opt
CelMix at a protein loading of 7.5 mg/g biomass. Two magnifications for each sample were used;
200×magnification allows the observer to see fibril length reduction while 2000×magnification allows
the observer to see fibril surface erosion upon enzyme hydrolysis.

2.6. Evaluation of the Performance of the Opt CelMix at Varying Paper Sludge Loadings

Fermentation processes that produce ethanol at concentrations lower than 4% (w/v) require
subsequent distillation of the product (with an extensive energy consumption) [44]. Therefore, increasing
substrate loading during hydrolysis and fermentation steps is essential to make ethanol production
economically feasible. Therefore, the performance of the Opt CelMix (at an enzyme dosage of 15 mg/g
biomass) was investigated at various paper sludge loadings (1–20% w/v) (Figure 6).

The Opt CelMix enzyme cocktail released consistent levels of glucose (~80% yield) across the
substrate loadings of 1 to 10% with a decrease in saccharification yield at higher substrate loadings
(Figure 5). Similar to these findings, a study reported approximately 80% yield for two cocktails;
(1) an optimised in vivo thermostable-cellulase mixture and (2) a Cellic CTec2® to Cellic HTec®mixture,
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during the hydrolysis of 8% (w/v) steam exploded bagasse [37]. The incomplete hydrolysis at higher
paper sludge concentrations could be due to glucose inhibition of the enzymes. This is not a problem
during fermentations since the glucose will be utilised by the yeast as its being produced. At 10 to
20% (w/v) paper sludge loadings, the saccharification yields obtained by Opt CelMix averaged at
approximately 90 mg/mL glucose, this amount being enough to produce in excess of 40 mg/mL or 4%
(w/v) ethanol.

 
Figure 6. Glucose yield obtained by the action of the formulated cellulase cocktail at 15 mg/g biomass
with BGL at 10% protein loading during the hydrolysis of varying substrate loadings (1 to 20% (w/v))
paper sludge at 50 ◦C for 48 h. All experiments were performed in quadruplicate, and the mean
values and error bars (±SD) were calculated. The statistical analysis showed that the differences were
statistically significant (one-way ANOVA, p < 0.05).

The initially high viscosity of lignocellulosic materials at high solid loadings prevents efficient
mixing and is associated with poor mass transfer which leads to lowered saccharification of the biomass
by the cellulases [45]. For high-water retention materials, such as paper sludge, whereby enzymes
have a reduced mobility due to lower free liquid in suspension [46], the Opt CelMix maintained its
performance at high solid loads. These results are encouraging with regards to the economic feasibility
of using Opt CelMix industrially.

2.7. Comparison of the Hydrolytic Efficiency of the Opt CelMix to Commercial Cellulase Preparations

The hydrolytic performance of the Opt CelMix and the commercially available cellulase
preparations (Celluclast® 1.5 L, Cellic® CTec2 and Viscozyme® L) were assessed on paper sludge
under “optimal” enzymatic conditions (pH 5.0, 45 rpm, 50 ◦C) (Figure 7).

After the first 6 h of hydrolysis the Opt CelMix, Cellic® CTec2 and Celluclast® 1.5 L displayed
a hydrolytic rate of approximately 1.2 mg/mL/h glucose, while Viscozyme® L displayed a rate of
0.35 mg/mL/h glucose (Figure 7A). The hydrolysis yields by Opt CelMix and the different commercial
cellulase preparations were then evaluated after 48 h. Comparable yields of about 90% were obtained
by the Opt CelMix, Cellic CTec2® and Celluclast® 1.5 L, while Viscozyme® L displayed a yield of
26.4% (Figure 7B). High yields from the conversion of paper sludge by the commercial enzymes were
expected as a recent study showed that Celluclast® 1.5 L displayed a hydrolysis yield of 76.8% with
the hydrolysis of deinking paper sludge [47].
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Figure 7. Comparison of (A) hydrolytic rates after 6 h and (B) glucose yields obtained after 48 h from the
hydrolysis of 2% (w/v, dry mass basis) paper sludge for 48 h at 50 ◦C using the Opt CelMix, Celluclast®

1.5 L, Cellic® CTec2 and Viscozyme® L at a protein loading of 7.5 mg/g biomass. All experiments were
performed in quadruplicate, and the mean values and error bars (±SD) were calculated. The statistical
analysis showed that the differences were statistically significant (one-way ANOVA, p < 0.05).

3. Materials and Methods

3.1. Materials

Paper sludge was derived from Norway spruce (Picea abies) as residual fibre from a sulphite process
(Domsjö Fabriker AB refinery, Örnsköldsvik, Sweden). All the chemicals and substrates (Carboxymethyl
cellulose (CMC-Na), Avicel, p-nitrophenyl-glucopyranoside (pNPG) and p-nitrophenyl-cellobioside
(pNPC)) were purchased from Sigma Aldrich (St. Louis, MI, USA) unless stated otherwise. The 1,
4-β-d-cellopentaitol was obtained from Megazyme™ (Ireland). The enzyme cocktails (Celluclast®
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1.5 L, Cellic CTec2® and Viscozyme® L) were supplied by Novozymes A/S (Denmark). Amicon Pro
Centrifugal filters (10 K) were purchased from MERCK (South Africa).

3.2. Paper Sludge Moisture Content Determination

Exactly 10 g of the paper sludge was added to a dry pre-weighed aluminium weighing boat and
placed in an oven at 50 ◦C until a constant weight was achieved. The % moisture content of the paper
sludge was calculated as follows:

% moisture content =
biomass wet weight− biomass dry weight

biomass dry weight
× 100% (1)

3.3. Paper Sludge Chemical Composition

The paper sludge was characterised using a modified sulphuric acid method by the National
Renewable Energy Laboratory (NREL) (Golden, CO, USA) [48]. After the two-step acid hydrolysis,
the biomass was filtered with the filtrate analysed with regards to acid-soluble lignin (ASL) and
monosaccharide content using UV–V is spectroscopy and HPAEC, respectively, while the solid residue
was set aside for Klason lignin and ash content estimation. The mass of the solid residue was measured
after drying overnight at 105 ◦C to estimate the Klason lignin content. The mass of the solid residue used
for Klason lignin was ignited in a muffle furnace at 525 ◦C for 6 h, cooled in a desiccator, and weighed
to determine the ash content of the paper sludge.

3.4. Paper Sludge Crystallinity Index (CrI)

The crystallinity of paper sludge was determined by X-ray diffraction using Cu K radiation
(1.5405 Å, nickel filter) on a Bruker D8® Discover (Bruker, United Kingdom) equipped with
a proportional counter. The sample was scanned from 2θ of 10 to 40◦ with a step size of 0.02◦.
The determination time was 0.02◦ per second. The crystallinity index (CrI) was then defined as follows:

CrI =
I002 − Iam

I002
× 100 (2)

where I002 and Iam are the intensities of diffraction at 2θ 22.6◦ (crystalline portion) and 18.9◦ (amorphous
portion), respectively.

3.5. Simon’s Staining (SS) of Paper Sludge

The accessibility of cellulose contained in paper sludge to cellulases was assessed using a modified
version of Simon’s Stain technique with Direct Orange 15 (DO) dye as an adsorbent as described
previously [49]. An increase in the DO dye absorption was proportional to increased cellulose
accessibility [50]. SS (mg/g pulp) represents the amount of DO dye absorbed by paper sludge.

3.6. Media, Yeast Strains and Culture Conditions

The laboratory S. cerevisiae Y294 strain was used as a parental strain for the constitutive expression
of the different cellulase genes. The S. cerevisiae Y294 [TrEGII], Y294 [TeCBHI], Y294 [ClCBHIIb] and
Y294 [PcBGLIIB] strains express the recombinant mono-component cellulase genes which produced the
Trichoderma reesei endoglucanase II (TrCel5A) [12], the Talaromyces emersonii cellobiohydrolase I (TeCel7A)
with a carbohydrate binding module (CBM) attached to its carboxyl terminal (Tecbh1-TrCBM-C [11,12],
the Chrysosporium lucknowensis cellobiohydrolase II (ClCel6A) [11] and Phanerochaeta chrysospoprium
β-glucosidase (PcBGL1B) [25], hereafter referred to as EGII, CBHI, CBHII and BGL, respectively.

SC-URA growth medium was prepared in double strength (13.4 g/L yeast nitrogen base without
amino acids (BD-Diagnostic Systems, Sparks, MD, USA), 20 g/L glucose, and 3 g/L yeast synthetic
dropout medium supplements). The aerobic cultivation of S. cerevisiae Y294 strains was performed
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on a rotary shaker (200 rpm) at 30 ◦C in 500 mL Erlenmeyer flasks containing 100 mL medium.
The supernatant of the individual strains was harvested after 72 h of cultivation through centrifugation
for 10 min at 4000× g.

3.7. Preparation of Partially Purified Enzymes

Approximately 15 mL of crude cellulase supernatants were ultra-filtrated using an Amicon
Ultra-15 Centrifugal device with a 10 kDa cut offmembrane. The samples were centrifuged at 4000× g
for 20 min at 4 ◦C using a swinging-bucket rotor in the Heraeus Megafuge 1.0R (ThermoFischer
Scientific, Waltham, MA, USA). The 10 kDa retentate (approximately 0.5 mL) were diluted to 1.5 mL
using 50 mM sodium citrate buffer (pH 5) and stored at 4 ◦C.

3.8. Protein Content and Purity Determination

The protein content of the yeast-derived cellulases was determined by the Bradford method with
bovine serum albumin (BSA) used as a suitable protein standard [51]. To determine purity, protein
samples were subsequently separated by electrophoresis on denaturing 12% SDS-PAGE gels according
to a protocol described previously [52]. Coomassie Brilliant Blue R-250 staining was used to visualise
the gels.

3.9. Enzyme Assays

3.9.1. Substrate Specificity Determination

The endo-glucanase, cellobiohydrolase II, beta-glucosidase and cellobiohydrolase I activities
were determined using the CMC-Na, 1, 4-β-d-cellopentaitol, pNPG and pNPC substrates, respectively.
Standard assay conditions (50 mM sodium citrate buffer (pH 5.0) at 50 ◦C with continuous agitation at
45 rpm) were followed as previously described [26]. One unit (U) of enzyme activity is defined as the
amount of enzyme releasing 1 μmol of glucose per minute under the specified assay conditions [6,7].

3.9.2. Enzyme Cocktail Formulation

The experiments were carried out in quadruplicate at a paper sludge loading of 2% (w/v DW) in
50 mM sodium citrate buffer (pH 5.0) in a 400 μL total volume (with 0.1 mg/mL BSA as a stabiliser)
using 1.5 mL safe-lock Eppendorf tubes. Hydrolysis took place at 50 ◦C with mixing at 45 rpm for up
to 48 h. Unless otherwise specified, enzyme loadings were maintained at 1.875 mg/g paper sludge
with BGL at 10% of the total protein loading (0.1875 mg/g paper sludge). The aforementioned enzyme
loading was used for the synergy studies as it assured greater than 5% glucan conversion yields of
paper sludge. Binary and ternary combinations between the cellobiohydrolases; CBHI and CBHII,
and the endo-glucanase, EGII, were formulated (Table 3).

The optimal combination for glucose release was selected as the “core cellulase cocktail”
(Opt CelMix). The hydrolysis was terminated by boiling for 5 min at 100 ◦C to inactivate the enzymes.
Hydrolysis controls included substrate (without the enzyme) and enzyme controls (without substrate).
The samples were stored at 4 ◦C until analysed.

3.9.3. Effect of Cellulase Cocktail Loading on the Hydrolysis Yields of Paper Sludge

The hydrolysis of 2% (w/v DM) paper sludge by the formulated cellulase enzyme cocktail was
evaluated at a protein dosage range of 1.875–15 mg protein/g of paper sludge, following the procedure
outlined in Section 3.9.2.

3.9.4. Effect of Paper Sludge Loading on Cellulase Cocktail Hydrolytic Efficiency

Hydrolysis experiments were carried out at 1%, 2%, 4%, 6%, 10%, 15% and 20% (w/v) DM
consistency using paper sludge at a cellulase cocktail loading of 15 mg/g of paper sludge to evaluate
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the effect of paper sludge loading on cellulase enzyme cocktail hydrolytic efficiency, following the
procedure outlined in Section 3.9.2.

Table 3. Enzyme combinations (%) at a total protein dosage of 1.875 mg/g biomass for paper sludge
hydrolysis synergy studies with BGL added subsequently at 10% of the total protein dosage.

No CBHI% CBHII% EGII%

1. 100 0 0
2. 75 25 0
3. 50 50 0
4. 25 75 0
5. 0 100 0
6. 0 75 25
7. 0 50 50
8. 0 25 75
9. 0 0 100
10. 25 0 75
11. 50 0 50
12. 75 0 25
13. 33.3 33.3 33.3
14. 33.5 33.5 25
15. 12.5 12.5 75
16. 18.75 56.25 25
17. 56.25 18.75 25

3.9.5. Comparison of the Formulated Cellulase Cocktail to Commercial Enzyme Preparations

The hydrolysis of 2% (w/v, DM) paper sludge was conducted using the Opt CelMix, Celluclast®

1.5 L, Cellic CTec2® and Viscozyme® L at a protein loading of 7.5 mg protein/g of paper sludge,
following the procedure outlined in Section 3.9.2. Due to the low level of β-glucosidase activity
detected in Celluclast® 1.5 L and Viscozyme® L (data not shown), these enzyme cocktails were
supplemented with the β-glucosidase preparation, Novozyme® 188 (Novozymes A/S) at 10% of the
total protein dosage.

3.10. Analytical Methods

Quantification of glucose in the hydrolysates was performed upon enzymatic hydrolysis using the
glucose oxidase/peroxidase (GOPOD) method (K-GLUC, Megazyme, Ireland), while that of reducing
sugars was performed using the DNS method with glucose as a suitable standard as described
previously [26,53].

Paper sludge saccharification yield from all the enzymatic hydrolysis reactions was calculated using
the following equation:

Sacchari f ication yield (%) =
Glucose released× 0.9

Glucan content
× 100 (3)

3.11. Scanning Electron Microscopy (SEM)

Prior to scanning electron microscopy (SEM), paper sludge samples before and after
enzymatichydrolysis were mounted on a metal stub, dried using critical point-drying process and
coated with a thin layer of gold prior to SEM analysis. The diameters and lengths of the paper sludge
microfibrils from SEM images were quantified using the imaging software Image J. Approximately
30 microfibrils representing each sample were randomly and manually picked for diameter and
length analysis.
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3.12. Statistical Analysis

All statistical analyses were performed on Microsoft Excel 2013 software using one-way ANOVA.
A p-value of less than 0.05 was considered to indicate statistically significant differences between
compared data sets.

4. Conclusions

The study evaluated an optimised enzymatic cocktail that had been formulated with recombinant
cellulases produced by S. cerevisiae Y294. The performance of the Opt CelMix was comparable to
commercial preparations for paper sludge saccharification. At a protein loading of 7.5 mg/g biomass,
over 80% glucose recovery was obtained using the formulated cellulase enzyme cocktail. When the
enzyme cocktail was dosed at 15 mg/g biomass, it also showed consistent yields with a glucose recovery
of 80% over a substrate loading range of 1 to 10% (w/v).
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Abstract: In recent years, much attention was focused on developing green materials and fillers for
polymer composites. This work is about the development of such green nanofiller for reinforcement
in epoxy polymer matrix. A cellulose nanofiber (CNF)-filled epoxy polymer nanocomposites was
prepared in this work. The effect of CNF on curing, thermal, mechanical, and barrier properties of
epoxy polymer is evaluated in this study. CNF were extracted from banana fiber using acid hydrolysis
method and then filled in epoxy polymer at various concentration (0–5 wt.%) to form CNF-filled
epoxy nanocomposites. The structure and morphology of the CNF-filled epoxy nanocomposites
were examined by scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
analysis. Curing studies shows CNF particles acts as a catalytic curing agent with increased cross-link
density. This catalytic effect of CNF particles has positively affected tensile, thermal (thermogravimetry
analysis and dynamic mechanical analysis) and water barrier properties. Water uptake test of
nanocomposites was studied to understand the barrier properties. Overall result also shows
that the CNF can be a potential green nanofiller for thermoset epoxy polymer with promising
applications ahead.

Keywords: thermoset polymer; epoxy; cellulose nanofiber; curing characteristics; thermal properties;
mechanical properties

1. Introduction

Over the past two decades, much research attention focused on developing synthetic nanofillers
such as carbon nanotubes (CNT), nanoclays, TiO2, SiO2, CaCO3, and Al2O3, etc., for polymeric
matrices. These nanofillers were reinforced in a range of polymeric matrices such as thermosets,
thermoplastics, elastomers and their blends to develop polymer nanocomposites with nanofillers
as reinforcement material. Dramatic improvements in thermal, mechanical, chemical, and physical
properties were observed in nanoparticle filled in polymeric matrix composites [1–5]. However, in
recent years because of the environmental pollution, rapid depletion in natural resources, recycling,
and greenhouse carbon gas emission effects, researchers started looking for alternative green nanofillers
for polymeric materials [6–8].

Some of the green nanofillers such as eggshell-based nanoparticles [9,10], plant-based
materials [11–14] such as nanocellulose, lignin and hemicellulose, polylactic acid (PLA) [15,16],
chitin/chitosan [17–19], etc., were the focus in recent past. Considerable breakthrough had been
obtained with comparable thermo-mechanical properties using these green nanofillers to that of
synthetic nanofillers.

In particular, plant-based cellulosic particles have gained a significant interest in the research
communities because of their abundant availability and cost effective processing methods. Cellulose is
abundantly available worldwide from plant source. Their availability is higher than that of commonly
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produced synthetic materials such as polyethylene, polypropylene, PET, glass fibers, and carbon fibers.
One observation suggests that cellulose fibril has a comparable tensile property to that of plain carbon
steel material. Cellulose is an important component in the plant source which induces structural
properties such as strength, stiffness, thermal, and physical stability. In general, cellulose content varies
from 20 wt.% to 90 wt.% in plant source depending on the type of the plant [20–25].

Plants have three major chemical constituents, namely, cellulose, hemicellulose, lignin and other
chemicals at minor level. Successful attempts have been made in the recent past regarding extraction of
cellulosic material from plant source by chemical and physical methods [26–28]. Cellulose is available
in the form of microfibril, nanocrystal, or nanofibers depending upon the obtainable size and processing
methods [29,30].

These cellulosic particles were filled in polymer matrix to develop micro or nanocomposites,
depending upon the size of the cellulosic particle fillers. In general, most of the literature focused on
the addition of cellulosic particles in thermoplastic polymeric matrices, such as PP (polypropylene),
LDPE (low density polyethylene), PLA (Polylactic acid), etc., [31–34]. The literature on cellulosic
particles filled in thermoset polymers are relatively scarce or negligibly available [35]. It is important to
understand the effect of these green nanoparticles on thermoset polymers such as epoxy, polyester, and
urethanes. Thermoset epoxy and epoxy composites are widely used from bicycle industry to aerospace
industry, because of their high thermal, mechanical, and barrier properties than that of polymeric
materials [36,37]. A possible replacement of synthetic fillers with cellulosic nanofiber (CNF) fillers in
thermosets will have huge impact on economic and social benefits.

Therefore, understanding the effect of CNF on thermal, mechanical, and barrier properties of
the epoxy polymer matrix is vital as the study has significant industrial application. This paper
focuses on the effect of CNF in epoxy polymer matrix on curing characteristics, structure, thermal, and
mechanical properties. The sub-micron sized CNF were extracted from the stem section of banana
fibers using acid hydrolysis method and the fibers were reinforced in the epoxy polymer to form
epoxy-CNF nanocomposites.

2. Results and Discussion

Figure 1a shows the photograph image of raw banana fiber and CNF extracted from banana
fiber. The raw banana fibers appear as a brown colored long fiber extracted from stem section of the
banana plant. The CNF appears as a bright white colored particle, with above 95% cellulose content as
obtained from our earlier study, with the CNF yield of ~28% from initial banana fiber mass content [38].
Figure 1b shows SEM image of cellulose nanofibers (CNF). The diameter of CNF varies from 50 nm to
100 nm and length 100 nm to 1000 nm. Figure 2 shows the TEM image of 2 wt.% CNF-filled epoxy
nanocomposite (Figure 2a) and 5 wt.% CNF-filled epoxy nanocomposite (Figure 2b) observed under
bright field mode. In this mode the CNF phase is represented by dark discontinuous needle like phase
and the matrix phase is represented by bright continuous phase. Dispersion of CNF particles on the
matrix was uniform at lower (2 wt.%) and higher concentration (5 wt.%). However, CNF particles tend
to form agglomeration at higher concentration (5 wt.%).
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Figure 1. Fiber and cellulose nanofiber (CNF) images shows (a) photography image of raw banana
fiber and extracted CNF; (b) SEM image of CNF fibrils.
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Figure 2. TEM image of epoxy with (a) 2 wt.% CNF; (b) 5 wt.% CNF-filled nanocomposites.
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Figure 3 shows the measurement of heat release during gelation of epoxy and epoxy-CNF series
during gelation. Unfilled neat epoxy resin shows the maximum heat release of 76 ◦C at around 96 min of
gelation, whereas, epoxy with CNF up to 1 wt.% shows maximum heat release at relatively lower time
around 90 min. The reduction in gelation time suggest the catalytic effect of CNF particles during epoxy
curing. CNF with above 1 wt.% shows the gelation peak similar to that of neat epoxy resin, however,
with reduced peak width as function of CNF concentration. This suggests the higher concentration
may not act as a catalytic agent, however, it may aid faster curing. This curing characteristics of the of
nanocomposite series was further examined using the FTIR study. Figure 4 shows the FTIR spectrum
of CNF, unfilled neat cured epoxy polymer, 0.5 wt.% and 3 wt.% CNF-filled epoxy nanocomposites.
CNF shows a broad band around 3400 cm−1 suggesting presence of –OH group. Presence of a shoulder
at around 1660 cm−1 suggests oxidation of carbohydrate during CNF extraction. A peak around
1102 cm−1 is due to C–H stretching of the cellulosic group. A peak at 1102 cm−1 suggest changes
induced in hydrogen bonds indicating transition from cellulose I to cellulose II structure during
chemical treatment. A band at around 1034 cm−1 suggests a fraction of xyloglucans associated with
non-hydrolyzed hemicellulose which is strongly bound within cellulosic fibrils. A sharp peak at
around 888 cm−1 suggests a typical cellulosic structure [39,40]. Unfilled neat epoxy polymer shows
a characteristics peak of a typical epoxy group (3500 cm−1 OH stretching vibration; shoulder at
2950 cm−1–2775 cm−1 of CH stretching of CH2 and CH aromatic or aliphatic vibration; 1608 cm−1 of
aromatic C=C stretching; 1504 cm−1 of C-C stretching; 1031 cm−1 C–O–C of ether stretching; 830 cm−1

of oxirane group) [41,42]. The nanocomposites show almost all characteristics peaks of epoxy and
CNF and suggest the presence of both these phases. However, in nanocomposites the intensity of
oxirane peak (830 cm−1) was reduced with the disappearance of carbohydrate oxidation peak of
CNF (1660 cm−1) in 0.5 wt.% CNF and 3 wt.% CNF-filled epoxy nanocomposites. This suggests that
CNF might induce a catalytic curing of oxirane rings of epoxy polymer. The reduced oxirane peak
shows the higher level of cross-link density of the epoxy polymer in nanocomposites due to CNF
particles, possibly the oxidized cellulose in presence of amine curing agent induced amide bonding.
This “amidated” cellulose molecules might have incorporated covalent bonding with epoxide structure,
showing the presence of amide group’s band at around 1660 cm−1 in nanocomposites. This effect
suggests catalytic effect of CNF in epoxy polymer and may also affect the properties of composite.

Figure 3. Time–temperature gelation of unfilled and CNF-filled epoxy nanocomposite series.
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Figure 4. FTIR spectrum of CNF, epoxy and epoxy filled with 0.5 wt.% CNF and 3 wt.%
CNF-filled nanocomposites.

Tensile properties of nanocomposites were examined and the tensile stress–strain curves are
shown in Figure 5 with their values in Table 1. In general, tensile properties are positively affected
because of the addition of CNF particles. Maximum improvement of 86% increased modulus at 5 wt.%
CNF, 11% increased strength at 5 wt.% CNF, and an 26% increased elongation at 3 wt.% CNF was
obtained than that of unfilled neat epoxy polymer. Although the general trend shows increased tensile
properties of nanocomposites, Table 1 shows the tensile values are fluctuating as the function of CNF
content. This could be due to the few factors, namely, inconsistent particle size, cellulose concentration
within and among the particles, and other non-cellulosic phases presenting in the particles. Since the
material was extracted from natural source such level inconsistence properties are expected. Similar
results were also obtained elsewhere [8,31,33].

TGA of nanocomposites were examined and their plot is shown in Figure 6 with their values
in Table 2. The thermal decomposition of CNF was lower than that of neat banana fiber. This could
be due to the larger heat energy exposed by CNF due to its high surface area when compared with
banana fiber [43]. Whereas, the thermal stability of the nanocomposite is higher than that of neat
epoxy polymer, possible that the nanolevel dispersion of CNF particles acted as a thermal barrier
to the epoxy polymer matrix and resulted in improved thermal stability. Similar improved thermal
properties were also obtained in CNF-filled thermoplastic polymer nanocomposites [32,44]. Relatively
lesser improvement at thermal property at higher content CNF (>3 wt.%) could be due to the higher
amount of surface area exposure of particles. Much of the improvement in thermal stability is obtained
at 2 to 3 wt.% CNF-filled epoxy nanocomposites.

162



Catalysts 2020, 10, 831

Figure 5. Tensile stress–strain curves of unfilled and CNF-filled epoxy nanocomposite series.

Table 1. Tensile properties of unfilled epoxy and CNF-filled epoxy nanocomposites.

Material Modulus, GPa Ultimate Tensile Strength, MPa Elongation at Break, %

Epoxy (E) 2.2 41.6 4.2
E + 0.5 wt.% CNF 2.2 42.3 3.9
E + 1 wt.% CNF 2.0 34.4 4.3
E + 2 wt.% CNF 2.4 40.6 3.5
E + 3 wt.% CNF 2.1 45.6 5.3
E + 5 wt.% CNF 4.1 46.2 2.7

Figure 6. TGA curves of unfilled and CNF-filled epoxy nanocomposite series.
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Table 2. TGA properties of unfilled epoxy and CNF-filled epoxy nanocomposites.

Material
Mass Loss at

125 ◦C, %
Mass Loss at

200 ◦C, %
Mass Gain
at 425 ◦C, %

Mass Gain
at 525 ◦C, %

Onset
Decomposition
Temperature, ◦C

Mass Loss at Onset
Decomposition, %

Endset
Decomposition
Temperature, ◦C

Mass Gain at
Endset

Decomposition, %

CNF 5.7 5.4 4.4 3.6 295 12.7 380 5.8
Banana fiber 8.2 8.2 26.2 22.9 255 12.8 350 31.7

Epoxy (E) 7.1 10.1 20.8 19.5 260 16.1 345 25.2
E + 0.5 wt.%

CNF 9.5 13.5 19.1 17.8 270 22.8 345 23.3

E + 1 wt.% CNF 7.7 12.4 23.0 21.8 275 22.2 340 28.1
E + 2 wt.% CNF 6.2 9.6 24.0 23.3 265 16.7 340 29.5
E + 3 wt.% CNF 6.4 8.5 17.9 16.8 270 14.8 345 22.7
E + 5 wt.% CNF 8.4 10.6 11.5 9.8 265 19.1 350 16.6

Figure 7 shows the DMA properties of CNF-filled epoxy nanocomposite series with their properties
in Table 3. The CNF addition increases the storage modulus of epoxy at room and elevated temperatures
(Figure 7a). This improvement could be due to the hard and stiff properties of the CNF particles
when compared with epoxy polymer matrix. Figure 7b shows the Tanδ versus temperature values
of nanocomposite series. The temperature at which maximum Tanδ value obtained is called glass
transition temperature (Tg). Tg is a temperature at which molecular relaxation occurs in the amorphous
phase of the polymer and changes toward rubbery phase. Marginal increase in Tg value is obtained in
nanocomposites due to the addition of CNF particles. The CNF particles possibly resisted the molecular
relaxation movement during heating and increased the Tg temperature. The Tan δ peak value was
reduced in composites (>1 wt.% CNF) than that of neat epoxy polymer. Similar results on the reduced
Tan δ peak values were observed elsewhere, suggesting effective reinforcement of particles in the
polymer matrix [35,45,46]. Tan δpeak value relates to damping and impact characteristics of the material.
The reduction in Tan δ peak value in composites (>1 wt.% CNF) shows improved damping/impact
characteristics due to increased packing efficiency of the CNF particles in the matrix [45,46]. DMA
results show optimized improvement was observed at 2–3 wt.% nanocomposite.

 

 

δδ

Figure 7. Dynamic mechanical analysis (DMA) of (a) storage modulus; (b) Tan δ of unfilled and
CNF-filled nanocomposite series.
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Table 3. DMA properties of unfilled epoxy and CNF-filled epoxy nanocomposites.

Material
Storage Modulus at

25 ◦C, MPa
Storage Modulus at

80 ◦C, MPa

Storage
Modulus at
100 ◦C, MPa

Tg, ◦C Tan δ Peak

Epoxy 2107 11.84 7.31 70 0.765
E + 0.5 wt.% CNF 2424 14.51 8.91 70 0.782
E + 1 wt.% CNF 2656 15.27 9.97 68 0.766
E + 2 wt.% CNF 2708 18.51 10.85 70 0.717
E + 3 wt.% CNF 2323 16.56 9.47 72 0.716
E + 5 wt.% CNF 1570 12.24 6.36 72 0.698

Water uptake properties of nanocomposites is shown in Figure 8 with their values in Table 4.
When compared with neat epoxy polymer, water uptake is reduced in CNF-filled epoxy nanocomposites.
The reduction in water uptake is proportional to CNF content in epoxy polymer matrix. Maximum
reduction of ~47% decreased water uptake was observed in 5 wt.% CNF-filled epoxy nanocomposite
than that of neat epoxy polymer. This reduction may be due to the hydrophobic characteristics of CNF
particles than that of banana fiber [26–30] and possibly this effect would have resulted in improved
water barrier properties of nanocomposites. Moreover, large surface of CNF particles might have
exposed a larger area of water medium and served as a barrier medium and protected the matrix
polymer against water uptake.

Figure 8. Water uptake of unfilled and CNF-filled epoxy nanocomposite series.

Table 4. Water uptake properties of unfilled epoxy and CNF-filled epoxy nanocomposites.

Material Equilibrium Water Uptake, %

Epoxy (E) 6.94
E + 0.5 wt.% CNF 6.57
E + 1 wt.% CNF 6.15
E + 2 wt.% CNF 5.78
E + 3 wt.% CNF 5.15
E + 5 wt.% CNF 4.10
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3. Materials and Methods

3.1. Raw Materials

The matrix material is a cured thermoset epoxy polymer made up of resin and hardener.
Epoxy resin (Diglycidyl ether of bisphenol-A) and hardener (unmodified cyclic aliphatic amine)

supplied under trade name LR-20 and LH-281 respectively were obtained from AMT Composites
(Mumbai, South Africa). Banana fibers were obtained from Richmond traders, Mumbai, India.
The fibers were mechanically extracted from the stem part of the banana plant. All other chemicals used
for the extraction of cellulose nanofibers were obtained from Merck Chemicals, Durban, South Africa.

3.2. Extraction of Cellulose Nanofiber (CNF)

CNF were extracted from banana fibers using acid hydrolysis process. Initially the banana fibers
were cut into lengths of 3 cm. CNF extraction process involved three steps, namely, alkaline treatment,
bleaching, and acid hydrolysis.

In alkaline treatment, the chopped banana fibers were soaked in 5 wt.% NaOH solution at the
weight ratio of 1:10 of fiber to solution content. The fibers were soaked for 24 h after which the fibers
were extracted and dried in an oven at 60 ◦C for 4 h.

In the bleaching process, alkaline-treated fibers were soaked and rinsed in concentrated sodium
hypochlorite solution for 1 h. 3 wt.% fraction of fibers were soaked in a solution and bleached in
running tap water. The fibers were removed and then placed in an oven at 60 ◦C for 4 h.

In the acid hydrolysis process, 10% of diluted sulfuric acid was prepared using distilled water in
a beaker. Thereafter, bleached fibers were then soaked into the acid solution at 7 wt.% fiber weight
fraction. The fiber-solution was stirred using a mechanical stirrer for 30 min. Thereafter, the excess
liquid solution was extracted by a vacuum process. The acid-hydrolyzed fibers were then washed
with distilled water and dried in an oven at 60 ◦C for 4 h.

In the above processes, cellulosic phase in the banana fiber was extracted and all other non-cellulosic
phases such as lignin, hemicellulose, and other non-cellulosic phases were eliminated.

3.3. Processing of CNF-Filled Epoxy Nanocomposites

Synthesis of nanocomposites were carried out in two steps. First step involved mixing of resin
with desired concentration of CNF and the second step involved casting of resin-hardener-CNF mixture
in a glass mold. An electric shear mixer (Heidolph MR Hei: Standard, Labotec, South Africa) was used
to mix resin and CNF particles. Initially, 100 g epoxy resin was heated in a glass beaker at 80 ◦C and
CNF were added followed by shear mixing at 500 rpm for 0.5 h at 80 ◦C. The resin and CNF particle
mixture were then cooled to room temperature (RT) and 30% weight fraction of hardener to that of
epoxy resin (as per supplier’s manual) was added into the mixture for curing purpose. The resin,
hardener, and CNF together were gently stirred using a glass rod for ~3 min and then cast into glass
molds. The casting process involved pouring of resin-hardener-CNF mixture in between two glass
mold plates (30 cm × 30 cm × 3 cm) separated by a rubber gasket running along the three sides of
the plates. The pouring of the resin mixture was assisted by a runner attached to the top side of the
glass plate molds. To facilitate easier removal of the cast product, wax was used as a mold release
agent and applied at the inner face of the glass plates and rubber gasket before the pouring process.
The nanocomposite cast sample (with dimension of ~27 cm × 27 cm × 3 mm) was obtained 24 h after
it was poured inside the mold cavity. The testing and characterization was carried out after seven
days of curing (i.e., fully cured state of the epoxy polymer under experimental condition, though 100%
curing cannot be achieved). The cured sheets were further cut and sized as per the standard dimension
required for conducting testing.
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3.4. Characterisation

A scanning electron microscope (SEM) was used to analyze the surface morphology of CNF
particles. CNF surfaces were examined by Zeiss Environmental SEM (ESEM: model EVO HD 15
operating at controlled pressure conditions at 20 kV). Before conducting the actual SEM surface analysis,
CNF specimens were gold surface-coated using Quorum-150R ES model thin film coating equipment.

A high-resolution transmission electron microscope (TEM) was used to study the dispersion
of CNF particles in the epoxy polymer matrix. TEM was carried out on an ultrathin microtomed
nanocomposite specimen using JEOL HR-TEM (JEM-2100 series), operating at 120 kV.

Thermogravimetric analysis (TGA) and dynamic mechanical analysis (DMA) were used to
examine the thermal properties of nanocomposites using TA instruments SDT Q600 model and Q800
model respectively. In TGA, thermal properties of nanocomposites such as weight loss, decomposition
temperature, and degradation were evaluated. In TGA analysis, ~5 mg of the sample was placed in an
alumina crucible of TA apparatus and the sample was scanned from RT to 600 ◦C at a scanning rate of
10 ◦C/min under atmospheric condition.

DMA testing on nanocomposites was carried out at a frequency of 10 Hz using a 3-point bending
mode of TA instrument from 25 ◦C to 125 ◦C under atmospheric conditions. In DMA testing, specimen
dimension of 5.5 cm × 1 cm × 0.3 cm was used. DMA parameters such as storage modulus, Tanδ
(damping factor) and Tg (glass transition temperature) were measured using DMA.

FTIR (Nicolet) analysis was carried out for the cured epoxy and epoxy-CNF nanocomposite
series using an attenuated total reflectance (ATR) mode to study the functional group of epoxy and
curing characteristics of nanocomposites. Moreover, curing characteristics of epoxy and epoxy-CNF
nanocomposite were studied by directly monitoring the exothermic cure temperature at regular time
intervals. The temperature of the curing reaction was recorded at regular intervals as soon as the
hardener was mixed into the epoxy resin. The time–temperature graph was plotted for all the curing
sample series.

3.5. Testing

The tensile test of nanocomposite series was conducted on the cured samples to study the tensile
modulus, strength, and elongation properties of CNF-filled epoxy composites. The tensile test was
conducted as per ASTM D3039 standard test, with specimen dimension of 5 cm gauge length × 1 cm
width × 0.3 cm thick. The tensile test was conducted using an MTS UTM Tensile Tester (Model LPS
304—424708 series) with a crosshead speed of 1 mm/min and 1kN load cell. A mean value of tensile
property of three specimens was selected and considered for analysis.

Barrier properties of nanocomposites was studied by a water immersion test method, as per ASTM
D570-98 (2005) test procedure at 25 ◦C. Three test specimens, each of dimension 3 cm × 3 cm × 0.3 cm,
were chosen for this study. In order to eliminate surface or subsurface entrapped moisture and retain
actual solid mass in the specimen, test samples were dried at 60 ◦C for 4 h using an oven. During the
4 h drying, samples were taken out of the oven at an interval of 1 h and immediately transferred into
the airtight desiccator. The RT-cooled sample was weighed and ensured that the mass loss remained
constant until the 4 h heating cycle.

The actual solid mass sample was then immediately taken out of the desiccator and fully immersed
in a distilled water medium which was placed in a temperature-controlled water bath set-up. The bath
temperature was constantly maintained at 25 ◦C for entire duration of the water immersion test.
The water soaked specimen was taken from the water bath at different time intervals and wiped using a
paper towel to eliminate surface water. The sample was then weighed in an electronic balance and then
immediately transferred back into the water bath set-up. This weighing procedure was repeated until
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the water soaked sample showed no or negligible increase in the water mass uptake (i.e., equilibrium
water uptake content, We). The We was measured as per Equation (1)

We =
(Wt −Wi)

(Wi)
× 100 (1)

where Wi and Wt are initial dry solid mass of the test specimen and the water mass uptake of soaked
sample at time t of testing was done respectively. The barrier property was examined by selecting the
mean test specimen water uptake result.

4. Conclusions

In this work, polymer nanocomposites consisting of CNF particles as reinforcement filler and
thermoset epoxy polymer were produced by shear mixing process. The prime objective of this study is
to prepare a CNF-filled thermoset polymer-based composites. CNF particles were filled up to 5 wt.%
in epoxy polymer matrix. The effect of CNF concentration on curing tensile, DMA, TGA, and water
uptake properties was evaluated. CNF addition shows positive effect in these properties. FTIR and
curing studies shows that CNF may act as a curing catalyst during epoxy gelation and increases the
cross-link density of the epoxy polymer and reduces with curing time. Well-dispersed CNF particles
were obtained in this processing method. Almost comparable modulus, 10% increased tensile strength
and 26% increased elongation were observed in 3 wt.% CNF-filled epoxy nanocomposite. An optimized
improved onset and endset decomposition temperature was observed at 2–3 wt.% CNF-filled epoxy
nanocomposite. In the DMA study, storage modulus of 2 wt.% CNF-filled epoxy nanocomposite was
increased by 28%, 56%, and 48% respectively at 25 ◦C, 80 ◦C, and 100 ◦C respectively when compared
with unfilled epoxy polymer. Water uptake results suggest that the water uptake proportionally
reduces in nanocomposites as concentration of CNF particles increases in matrix polymer. Maximum
47% reduction of water mass uptake was seen in 5 wt.% CNF-filled epoxy nanocomposite. Overall
results suggest that an optimum level of improvement is obtained at 2–3 wt.% CNF-filled epoxy
nanocomposite. The result suggests that the CNF can be successfully incorporated in thermoset
epoxy polymer matrix with improved properties and serve as a promising green nanofiller for the
epoxy matrix.
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Abstract: In this study, conversion of xylose to furfural was studied using lignin-based activated
carbon-supported iron catalysts. First, three activated carbon supports were prepared from hydrolysis
lignin with different activation methods. The supports were modified with different metal precursors
and metal concentrations into five iron catalysts. The prepared catalysts were studied in furfural
production from xylose using different reaction temperatures and times. The best results were
achieved with a 4 wt% iron-containing catalyst, 5Fe-ACs, which produced a 57% furfural yield, 92%
xylose conversion and 65% reaction selectivity at 170 ◦C in 3 h. The amount of Fe in 5Fe-ACs was only
3.6 μmol and using this amount of homogeneous FeCl3 as a catalyst, reduced the furfural yield, xylose
conversion and selectivity. Good catalytic activity of 5Fe-ACs could be associated with iron oxide and
hydroxyl groups on the catalyst surface. Based on the recycling experiments, the prepared catalyst
needs some improvements to increase its stability but it is a feasible alternative to homogeneous
FeCl3.

Keywords: furfural; carbon-supported catalyst; xylose conversion; iron; heterogeneous catalysts

1. Introduction

Furfural is an important biomass-based high-value chemical with numerous applications [1].
While it is widely used directly as a solvent and a fungicide, it is most commonly converted
into pharmaceuticals, chemicals and biopolymers, many of which are used as substitutes for
petrochemical-derived analogs [2,3].

Approximately 300,000 tons of furfural are produced annually and the biggest manufacturer is
China [4]. It is formed by the dehydration of pentoses, mainly xylose, which can be obtained through
the hydrolysis of different agricultural residues (corn stover, wheat straw, sugarcane bagasse, rice
husk, oat hull) or forest industry wastes (birch or poplar sawdust). Current industrial processes use
mineral acids, such as sulfuric, phosphoric or hydrochloric acid, as catalysts, with an approximate
furfural yield of 50% [5,6]. The relatively low yield, high energy consumption (caused by the high,
150–240 ◦C, reaction temperature) and environmental concerns related to acidic process wastes are
driving scientists to develop catalysts with high selectivity for furfural formation. A number of studies
have used inexpensive water-soluble inorganic salts (mainly chlorides) as catalysts instead of mineral
acids for xylose conversion to furfural [7–10]. Many of those studies show that FeCl3 results in the
highest furfural yields compared to other metal chlorides [7,10].

Compared to water-soluble salts, solid catalytic systems have fewer environmental impacts than
liquid ones, reduce operational costs and are technically feasible alternatives for industry [11]. A broad
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range of different heterogeneous catalysts have been studied for xylose conversion to furfural, the most
common of which are acidic zeolites and mesoporous silicas, such as SBA-15 and MCM-41 [11,12].
Additionally, sulfonated metal oxides (especially TiO2, ZrO2) have been used, either as such or
combined with mesoporous supports [13–16]. Many studies have shown that some Brønsted acidity
is needed, either from metal oxide or support, in addition to metal oxides with a Lewis character, to
achieve good furfural yields [17,18]. The need for Brønsted acidity is associated with the furfural
production mechanism; while Lewis acid can isomerize xylose to xylulose, Brønsted acid is needed for
the dehydration step (Scheme 1) [19].

 
Scheme 1. Dehydration of xylose to furfural by Brønsted acid and Lewis acid catalysts.

Carbon-based catalysts are attractive since the carbon supports are low-cost materials with high
surface area and good thermal stability and they are easily modified with functional groups [20].
Carbon surface groups containing heteroatoms, such as oxygen, can act as anchoring sites for metal
particles and generate high metal dispersion [21]. The diverse surface also enables Brønsted acidity
in addition to metal’s Lewis acidity, which can further promote xylose conversion to furfural. To the
best of our knowledge, few papers have been published on carbon-supported metal oxide catalysts.
Mazzotta et al. used a sulfonated carbonaceous material with TiO2 sites, while Russo et al. used
TiO2/carbon black in the conversion of xylose to furfural [22,23]. Barroso-Bogeat et al. prepared a
class of different activated carbon-metal oxide catalysts (Fe, Al, Zn, Sn, Ti and W) but did not use
them in any reaction [24–26]. Therefore, cheap metal oxides, such as iron oxide, have not been utilized
in xylose conversion to furfural, even though iron is common in homogeneous catalysts. The aim
of this study was to create iron oxide sites on a carbon-supported catalyst and apply the catalyst in
the conversion of xylose to furfural. Activated carbon support was derived from hydrolysis lignin,
which is a side stream of cellulosic ethanol production. Reactions were performed in biphasic media to
increase reaction selectivity.

2. Results and Discussion

2.1. Preliminary Studies

The purpose of the preliminary studies was to optimize the reaction media and select the best
catalytic metal for heterogeneous catalysts.

2.1.1. Furfural Partitioning in Biphasic Reaction System

The reaction system was optimized in terms of the appropriate organic solvent and solvent:water
ratio. Experiments were carried out using a 4.7 wt% furfural solution in water as feed and toluene
or methyl isobutyl ketone (MIBK) as an organic solvent. The purpose was to compare furfural
partitioning from water into these two solvents. Solvent ratios of 1:1, 1:2 and 1:3 were used based on
the literature [17,27,28]. The results of partitioning experiments are shown in Figure 1, and, as expected,
the more organic solvent was added, the better furfural was extracted to the organic phase (Figure 1a).
MIBK showed a better ability to extract furfural than toluene, as the furfural content in water was
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relatively higher in the toluene experiments than in the MIBK experiments. In the best case, when 1:3
water:MIBK was used as a solvent, 96% of furfural was extracted to the MIBK phase. Similarly, MIBK
was reported to extract furfural better than toluene in the literature [27,29]. MIBK has a polar carbonyl
group structure that may interact better with furfural, which is an aldehyde, compared to nonpolar
toluene. The partitioning coefficient of MIBK has been reported to be 7 [29], while in our study it was 8
using a similar solvent ratio (1:1) and 8.5 when the solvent ratio was 1:3 (Figure 1b). For toluene, the
partitioning coefficient has been reported to be 3 [29] but in our study it was significantly higher (6)
with a 1:1 solvent ratio. Differences in reported and measured partitioning coefficients are likely due to
different experimental setups. In the cited study, the partitioning coefficients were determined without
any heating, using only shaking as an extraction technique. In our study, 5 min microwave heating
(at 160 ◦C) was used, as the higher temperature corresponds to the reaction conditions in conversion.
Based on the partitioning results, MIBK was considered most suitable for the furfural removal from
water and it was used as an organic solvent in further experiments.

(a) b) 

Figure 1. Furfural partitioning between water and methyl isobutyl ketone (MIBK) and water and
toluene using different solvent ratios. (a) Partitioning calculated as the ratio of moles of furfural in the
organic phase and in the water phase; (b) Partitioning calculated as the partitioning coefficient (based
on concentrations).

2.1.2. Furfural Production Using Homogeneous Catalysts

After choosing the reaction media, homogeneous metal salts (ZnCl2, AlCl3·6H2O, CrCl3·6H2O,
SnCl2·2H2O and FeCl3·6H2O) were used as catalysts to determine the best metal for furfural production.
Different metal salts have been studied in the literature but it was important to perform tests in our
reaction system, using microwave heating and water/MIBK media. Reactions were performed at a
temperature of 160 ◦C, a reaction time of 1.5 h and a catalyst amount of 0.05 mmol, based on the
literature [10]. Almost full xylose conversion (98%–99%) was achieved using all catalysts other than
zinc chloride, which yielded only 91% conversion (Figure 2, asterisks). In the furfural yields, there was
variation between catalysts and the yields varied between 33% and 68% (Figure 2, bars). Chromium
chloride and aluminum chloride produced the lowest furfural yields, although the xylose conversion
was almost complete. Therefore, their selectivities (34% and 38%, respectively) were poorest among
all catalysts (Figure 2, squares). Tin chloride and zinc chloride produced slightly higher furfural
yields compared to chromium or aluminum and their selectivities were also higher (46% and 48%,
respectively). However, the significantly highest furfural yield (68%) and selectivity (70%) were
achieved using iron chloride as a catalyst. Our result agrees with the literature, as many studies
have shown that FeCl3 produces the highest furfural yield in water media compared to other metal
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halides [7,10]. The 68% furfural yield achieved in our study with FeCl3 catalyst is also comparable
to that found in other studies. For example, Ershova et al. achieved a 60.3% furfural yield in water
at 180 ◦C, while Zhang et al. reported a 77% furfural yield in gamma-valerolactone at 160 ◦C [10,30].
However, in most studies NaCl has been used as a phase modifier, and, because Cl− has been shown to
catalyze furfural formation, it is difficult to compare those results to our study without NaCl [31–34].

 
Figure 2. Furfural yield (bar), respective conversion (asterisk) and reaction selectivity (square) during
xylose dehydration at 160 ◦C for 1.5 h using different metal chlorides (0.05 mmol) as catalysts.

2.2. Preparation and Characterization of Heterogeneous Catalysts

After the appropriate reaction media and catalytic metal were chosen, three different catalyst
supports (ACz, ACzN, ACs) and five different catalysts (5FeNO3-ACz, 5Fe-ACz, 5Fe-ACzN, 5Fe-ACs and
10Fe-Acs) were prepared (Table 1). In the preparations, different activation methods, metal precursors,
metal concentrations and additional treatments were used. ACz support was prepared applying
common ZnCl2 chemical activation [35]. ACz-based catalysts 5FeNO3-ACz and 5Fe-ACz were prepared
using 5 wt% of either FeNO3 or FeCl3 as an iron precursor, respectively. ACzN support was prepared
using HNO3 treatment after ZnCl2 chemical activation and ACzN-based catalyst 5Fe-ACzN by further
impregnation with FeCl3. The third support type, ACs, was prepared using the physical activation
method. Compared to chemical activation, physical activation is performed at a higher temperature
but only using water steam as an activation agent [21,36]. ACs-based catalysts 5Fe-ACs and 10Fe-ACs
were prepared using FeCl3 as a metal precursor and 5 or 10 wt% as the metal concentration.

Table 1. Key factors in the preparation of various supports and catalysts and the metal contents (wt%)
of the prepared catalysts measured by inductively coupled plasma optical emission spectrometry
(ICP-OES).

Sample Activation
Method

Other
Treatment

Metal
Precursor

Initial Fe
(wt%)

Measured Metal (wt%)

Zn Fe

ACs Steam (H2O) - - - 0.01 0.06
5Fe-ACs Steam (H2O) - FeCl3 5 - 4.0
10Fe-ACs Steam (H2O) - FeCl3 10 - 9.2

ACz ZnCl2 - - - 8.2 0.08
5FeNO3-ACz ZnCl2 - FeNO3 5 4.6 5.0

5Fe-ACz ZnCl2 - FeCl3 5 3.8 4.5
ACzN ZnCl2 HNO3 - - 0.07 0.06

5Fe-ACzN ZnCl2 HNO3 FeCl3 5 0.08 5.5
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The metal contents (according to inductively coupled plasma optical emission spectrometry
(ICP-OES)) of all supports and catalysts are listed in Table 1. ACs support was analyzed most
comprehensively since it was the least treated and therefore provided some indication about the
metal content of the biomass-based lignin. According to the results, ACs contained minor amounts
of metals, such as Ca (0.47 wt%) and Na (0.57 wt%) but its Fe content was very low (0.06 wt%)
(Table S1). ACs-based iron-impregnated catalysts 5Fe-ACs and 10Fe-ACs contained 4.0 and 9.2 wt%
iron, respectively. Based on these values, iron impregnation was considered successful, as the target
amounts were 5 and 10 wt%. The other support, ACz, contained a significant amount of zinc (8.2
wt%), which originated from the chemical activation step in the preparation process. Zinc was also
naturally present in ACz-supported 5Fe-ACz and 5FeNO3-ACz (3.8 and 4.6 wt%, respectively) but the
amount decreased during the impregnation step. The iron contents for 5Fe-ACz and 5FeNO3-ACz
were 4.5 and 5.0 wt%, respectively. Because of the remaining zinc, a third catalyst support ACzN was
prepared similarly to ACz but afterwards it was treated with HNO3 in order to remove remaining zinc.
According to the ICP-OES results, this treatment did remove zinc because the remaining amount was
only 0.07 wt%. Meanwhile, the iron content of 5Fe-ACzN was 5.5 wt%.

Additionally, the surface area (SA) according to Brunauer–Emmett–Teller (BET) theory, average
pore diameter and pore volume distributions according to density functional theory (DFT) were
determined for all supports and catalysts using N2-physisorption analysis (Table 2). As can be seen
from the results, the surface area and pore volume of the chemically activated ACz and ACzN supports
were higher (1470/1091 m2g−1 and 0.72/0.49 cm3g−1) than for the ACs support prepared with steam
activation (760 m2g−1 and 0.47 cm3g−1) (entries 1, 4 and 7). Further, the total pore volume and the
relative amount of micropores were higher in ACz and ACzN than in ACs. Treatment with HNO3 after
chemical activation decreased the support surface area, average pore diameter and total pore volume
but the quantities were still greater than with steam activated ACs.

Table 2. N2-physisorption analysis from different activated carbon (AC) supports and catalysts.

Entry Sample
BET DFT

BET
SA (m2/g)

Avg. Pore
Diam. (nm)

Total Pore
Volume
(cm3/g)

Mesopores
(cm3/g)

Micropores
(cm3/g)

1 ACs 760 2.90 0.47 0.26 0.21
2 5Fe-ACs 455 3.44 0.34 0.23 0.11
3 10Fe-ACs 380 3.15 0.26 0.16 0.10
4 ACz 1470 2.29 0.72 0.31 0.41
5 5Fe-ACz 1000 2.28 0.48 0.19 0.29
6 5FeNO3-ACz 948 2.16 0.45 * 0.15 0.29
7 ACzN 1091 2.15 0.49 0.16 0.33
8 5Fe-ACzN 790 2.07 0.35 0.10 0.25

* also contained macro-pores 0.01 cm3/g (3%).

The surface area and total pore volume of all catalysts decreased while the iron was impregnated
on the carbon surface. This is reasonable, as metal is deposited on the surface and goes into the pores
(Table 2). For ACs-based catalysts, the surface area decreased from 860 to 455 or 380 m2/g and total
pore volume from 0.47 to 0.34 or 0.26 cm3/g, depending on how much metal was impregnated on the
catalyst surface (entries 1–3). For ACz-based catalysts, the surface area decreased from 1470 to 1000 or
948 m2/g and the total pore volume from 0.72 to 0.48 or 0.45 cm3/g, depending on which iron precursor
was used (entries 4–6). For ACzN-based catalysts, the surface area decreased from 1091 to 790 m2/g
and the total pore volume decreased from 0.49 to 0.35 (entries 7–8).

Absolute volumes of the meso- and micropores decreased with all catalysts when iron was
impregnated but there were differences in the final pore volume distributions between meso- and
micropores, partly because of different initial pore volume distributions of the different supports.
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For steam-activated ACs, the micropore volume decreased in 5Fe-ACs and 10Fe-ACs catalysts by
48%–52% compared to ACs. With mesopores, the decrease was smaller, only 12%–38%, meaning
that the micropores were primarily filled in ACs when iron was impregnated. Because micropores
were more filled with iron than mesopores, the average pore diameter also increased with ACs-based
catalysts when compared to plain ACs. Comparing 5Fe-ACs and 10Fe-ACs, the difference in mesopore
volume was notable, which meant that 5% iron addition did not affect the mesopores significantly
while 10% iron addition filled the mesopores considerably. For chemically activated ACz and ACzN,
the micropore volume decreased only 29% or 24%, respectively, while the volume of the mesopores
was decreased 39%–52% for ACz and 38% for ACzN. Different precursors did not have a significant
effect on surface area or pore volumes. Because the volume of the micropores decreased less than the
volume of the mesopores, the relative amount of micropores was increased in chemically activated
iron catalysts. In addition, the average pore diameter decreased compared to the supports.

Other surface properties, such as functional groups, acidity and detailed metal composition,
were studied using X-ray photoelectron spectroscopy (XPS), the Boehm titration method and X-ray
diffraction (XRD). These analyses were only conducted for ACs, 5Fe-ACs and 10Fe-ACs, which were
determined to be the most promising ones in the conversion of xylose to furfural (see Section 2.3).
XPS results show that plain ACs support already contains some oxygen functionalities (hydroxyl and
carboxyl groups) on the surface but iron addition increases the oxygen–carbon ratio of the catalysts
compared to ACs support (Table 3, Table S2). The increase is also dependent on how much iron is
added, as the percentage of carbon atoms decreases from 96.8 to 93.6 or 86.3% and that of oxygen
atoms increases from 2.9 to 4.1 or 9.5% when the amount of iron increased from 0.06 to 4.0 or to 9.2
wt%, respectively. In addition to C, O and Fe, Cl was detected from iron-impregnated catalysts. An
increase of oxygen functionalities was detected from an O1s scan at 531.0eV and at 532.5eV (Table
S2). The former can originate from carbonyl groups or metal oxides and the latter, for example,
from hydroxyl groups or O-Fe bonds [37,38]. From the XPS Fe2p spectra, a peak at 711.3 eV was
detected from both 5Fe-ACs and 10Fe-ACs catalysts, indicating the presence of oxidized iron, Fe2O3 or
FeOOH [37,39]. According to XRD, the iron was mostly present as oxides (Fe3O4 and Fe2O3, Figure S1),
so it is proposed that oxygen content was increased together with iron content as iron oxide. According
to XRD, 10Fe-ACs contained mostly Fe2O3 (hematite, 01-080-5405) and only small amounts of Fe3O4

(magnetite, 04-015-9120). Conversely, 5Fe-ACs contained clearly more Fe3O4 than Fe2O3. However, no
iron chlorides were detected with XRD measurements.

Table 3. Surface analysis of prepared carbon support and catalysts according to X-ray photoelectron
spectroscopy (XPS) and Boehm titration.

Sample
XPS a

Total C-%
from C1s

Total O-%
from O1s

Total Fe-%
from Fe2p

Total Cl-%
from Cl2p

Total Acidic
Groups

(mmol/g) b

ACs 96.8 3.0 nd nd 0.07
5Fe-ACs 93.7 4.1 0.6 1.5 1.77
10Fe-ACs 86.2 9.6 2.4 1.6 1.95

a as atom-%, b by Boehm titration, nd = not detected.

According to Boehm titration, plain ACs contained a small amount of acidic oxygen functionalities
(0.07 mmol/g, Table 3, Figure S2.). The amount of acidic oxygen groups increased when the metal was
added to 1.77 or 1.95, depending on the metal amount. Acidic oxygen functionalities are probably
formed during iron impregnation as a consequence of HCl formation from FeCl3 hydration in water
solution. Barroso-Bogeat et al. showed that metal ions markedly influence the pH of the impregnation
solution and thereby the oxidizing power of this solution toward the activated carbon support [40].
Since XPS revealed the potential for the presence of iron hydroxides, it is possible that Brønsted acidity

176



Catalysts 2020, 10, 821

of 5Fe-ACs and 10Fe-ACs is induced by iron hydroxides (e.g., FeOOH) [25,41]. Regardless of the
specific nature of the acidic oxygen groups, they favor metal adsorption [42].

The morphology of the physically activated support (ACs) and catalysts (5Fe-ACs and 10Fe-ACs)
was observed using a scanning electron microscope (SEM) and a scanning transmission electron
microscope (STEM). SEM images clearly revealed particles on the carbon surface for 5Fe-ACs and
10Fe-ACs, while plain ACs did not contain any visible particles (Figure 3). The support and both
catalysts showed a very porous structure in SEM as well as in STEM. Figure 4 (and Figure S3) shows
chemical mapping of the elements C, O, Fe and Cl using energy-dispersive x-ray spectroscopy in
scanning transmission electron microscopy (STEM-EDS). Comparing the distribution of Fe and O, it
is clear that both elements appear at the same location, which indicates the presence of iron oxide.
Therefore, the results obtained from XPS and XRD showing that the iron particles were oxides were
confirmed. Mapping also showed that significant amount of residual chlorine was evenly distributed
on the surface. Notable chlorine remains have been also detected in the literature when FeCl3 has been
used as a metal precursor [43].

 
Figure 3. Scanning electron microscopy (SEM) images of 5Fe-ACs (a), 10Fe-ACs (b) and ACs (c). Iron
particles are clearly visible in 5Fe-ACs and 10Fe-ACs while ACs shows a porous structure.
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Figure 4. Chemical mapping of 5Fe-ACs using energy-dispersive x-ray spectroscopy in scanning
transmission electron microscopy (STEM-EDS). The figure reveals that iron is most likely present as
iron oxide on the carbon surface, as iron and oxygen appear in the same locations.

2.3. Furfural Production Using Heterogeneous Catalysts

Conversion studies were started with the control experiment without any support or catalyst
(Table 4). This so-called autocatalysis was able to produce a 12% furfural yield and 18% xylose
conversion at 160 ◦C in 1.5 h. Autocatalysis is based on high temperature and pressure, where the
dissociation constant of water is increased [44]. In addition, formation of organic acids (e.g., formic and
lactic acid) during the reaction might occur, which then further catalyzes the hydrolysis reaction [45].
However, a 160 ◦C reaction temperature and 1.5-h reaction time represent rather mild conditions
and therefore only low conversion and yield were achieved. All supports and catalysts were able to
produce higher furfural yields and conversions than the control experiment. First, chemically activated
(ZnCl2) carbon support (ACz) was tested and it resulted in good conversion (82%, Table 4, entry 2). The
furfural yield was also considerably high (28%). The high conversion is most likely connected to the
high zinc content of ACz (Table 1), which originated from chemical activation. Iron was impregnated
to the support using an FeNO3 precursor and FeCl3 precursor (Table 4, entries 3¨C4, respectively).
NO3-based salts are commonly favored as precursors since they leave no residue on the catalyst [46,47].
With a nitrate precursor, conversion increased further (from 82 to 91%) compared to ACz support but
the yield decreased from 28 to 23% (Table 4, entries 2–3). Therefore, the reaction selectivity toward
furfural also decreased (from 36 to 27%). With a chloride precursor, the yield increased (from 28
to 32%) compared to the ACz support and the reaction selectivity also increased (from 36 to 51%,
Table 4, entries 2 and 4). Based on the higher furfural yield and reaction selectivity, the FeCl3 precursor
was determined to be more suitable than FeNO3 and was used in further catalysts. Similar results
were obtained by Chareonlimkun et al., who discovered that chloride-based precursors resulted in
higher reactivity compared to nitrate-based precursors in ZrO and TiO catalysts [14]. As mentioned in
Section 2.1.2, chloride ions have been shown to enhance furfural formation from xylose by favoring
the 1,2-enediol formation before dehydration [34]. This is most probably reason why chlorine-based
precursors increase furfural yield and reaction selectivity compared to nitrate-based precursors.
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Table 4. Furfural yield, xylose conversion and reaction selectivity using various chemically activated
catalysts at 160 ◦C with a 1.5-h reaction time.

Entry Catalyst Yield (%) Conversion (%) Selectivity (%)

1 - 12 18 12
2 ACz 28 82 36
3 5FeNO3-ACz 23 91 27
4 5Fe-ACz 32 66 51

Based on the results so far (Table 4), the 5Fe-ACz catalyst appeared to be the most promising
catalyst. Therefore, it was used in conversion at different temperatures using various reaction times
(Table 5, graphical presentation Figure S4). Temperature and reaction time are highly dependent on
each other, so the time was increased at each temperature until the conversion reached 98%. At 160
◦C, a 5 h reaction time was needed to achieve full xylose conversion (98%). In these conditions, the
furfural yield was 48%. However, with a shorter 3-h reaction time, a similar furfural yield of 47%
was achieved with lower conversion (89%). At a higher reaction temperature of 170 ◦C, the same 98%
conversion was achieved in 2.5 h. However, the furfural yield was lower at this temperature with
a 2.5 h reaction time (44%) compared to the yield at 160 ◦C but the highest 50% furfural yield was
achieved with a shorter 2 h reaction time at 170 ◦C. At 180 ◦C, 99% conversion was obtained in 1.5 h
but the furfural yield was low (39%). The highest reaction selectivities (55–56%) were achieved at 160
◦C with 4 and 3 h reaction times and at 170 ◦C with a 2 h reaction time. At 180 ◦C, reaction selectivity
was lowest because of the increasing amount of side reactions. Side reaction products were visible in
chromatograms produced by high performance liquid chromatography (HPLC) (Figure S5).

Table 5. Effect of reaction temperature and time on furfural yield, xylose conversion and reaction
selectivity using 5Fe-ACz as the catalyst. Y= furfural yield, C= xylose conversion, S= reaction selectivity.

Time
160 ◦C 170 ◦C 180 ◦C

Y (%) C (%) S (%) Y (%) C (%) S (%) Y (%) C (%) S (%)

1 25 50 54 36 82 46 38 97 41
1.5 32 66 51 44 93 49 39 99 41
2 38 79 51 50 96 55 - - -

2.5 38 85 48 44 98 48 - - -
3 47 89 55 - - - - - -
4 47 95 56 - - - - - -
5 48 98 54 - - - - - -

Even though good furfural yields and reaction selectivities were achieved with 5Fe-ACz catalyst,
there was some problems related to its stability. That is, all zinc already leached out of the catalyst at
160 ◦C in 3 h. In addition, a significant amount of iron (68–78% from initial, depending on reaction
conditions) leached out of the catalyst. Therefore, more catalyst supports and catalysts were prepared
and tested (Table 6). ACzN was chemically activated similarly to ACz but it was treated with HNO3

after activation in order to remove remaining zinc. It produced a 14% furfural yield and 21% xylose
conversion in 1.5 h at 160 ◦C (Table 6, entry 1), which is significantly less compared to ACz. However,
the support was now zinc free (Table 1). When iron was impregnated on ACzN, the furfural yield
increased from 14 to 22% and the conversion increased from 21 to 47% (Table 6, entries 1–2). The
selectivity of 5Fe-ACzN was similar to that of 5Fe-ACz but the furfural yield and conversion were
lower (Table 6, entry 2 and Table 4, entry 4). The third AC support, ACs, was physically steam activated
with H2O instead of chemical activation. Its surface area was lower than that of ACz or ACzN because
of the activation method but the conversion and furfural yields were comparable to ACzN (Table 6,
entries 1 and 3). After iron impregnation to ACs, the furfural yield increased from 14 to 25% and the

179



Catalysts 2020, 10, 821

conversion increased from 19 to 36%. The reaction selectivity with 5Fe-ACs was significantly higher
than with any other iron catalyst: 72% compared to 27/50/51% (Tables 4 and 6).

Table 6. Furfural yield, xylose conversion and reaction selectivity using various catalysts at 160 ◦C
with a 1.5-h reaction time.

Entry Catalyst Yield (%) Conversion (%) Selectivity (%)

1 ACzN 14 21 71
2 5Fe-ACzN 22 47 50
3 ACs 14 19 81
4 5Fe-ACs 25 36 72

To summarize the experiments so far, the chemical activation method with the AC support
produced the best furfural yields before and after iron impregnation (Tables 4 and 6). However, catalyst
characterization revealed that zinc chloride activation left some zinc remains in the catalyst support,
which further affected its catalytic activity. Furthermore, all the zinc leached out of the catalyst during
the first use and therefore the catalyst was suitable for a single use only. HNO3-treated chemically
activated catalyst did not contain zinc remains but its catalytic activity in furfural production was
comparable to that of physically activated ACs and its selectivity was lower than that of ACs. In
addition, the chemical activation of ACzN demands significant amounts of ZnCl2, which is toxic to the
environment. Therefore, the most reasonable carbon support for iron impregnation would be ACs,
which does not require any chemicals other than water for preparation. As a precursor, FeCl3 was
more selective than FeNO3. The reaction temperature of 170 ◦C led to the highest furfural yield and
thus it was chosen for further experiments.

Conversion studies were continued with ACs-based catalysts—5Fe-ACs and 10Fe-ACs. In
addition, control experiments with plain ACs, without any catalyst and with a similar amount of
homogeneous iron (as in 5Fe-ACs) were carried out. Reactions without any catalyst were able to
produce at most a 37% furfural yield at 170 ◦C in 3.5 h (Figure 5, black squares). Conversion increased
with time and reached 88% at highest. Conversion was notably higher at 170 ◦C than at the lower
160 ◦C reaction temperature and with a shorter 1.5-h reaction time (Table 4). The pH of the water
phase also clearly changed to acidic during the reaction. In autocatalyzed reactions, furfural yields are
strongly dependent on temperature and time but the highest furfural yields have been found around
50% [6]. Our 37% yield at 170 ◦C in 3.5 h is in good agreement with the study of Ershova et al., who
achieved a 42% furfural yield at 180 ◦C in 3.75 h [10].

A plain activated carbon support (ACs) produced a similar furfural yield as water with all reaction
times (Figure 5, red circles). Conversion was slightly higher, probably due to oxygen functionalities
on the carbon surface (Table 3), until after 3 h reaction time it decreased slightly. Additionally, the
selectivity was higher with ACs than with plain water. A 40% furfural yield and 77% conversion
were the highest achieved with ACs in 3.5 h. When the activated carbon support was impregnated
with iron, the furfural yield clearly increased. As expected, iron promoted furfural formation. Yields
with both iron catalysts (5Fe-ACs and 10Fe-ACs) were similar with time (Figure 5, blue triangles up
and green triangles down, respectively). The yields increased until a 3 h reaction time, after which
they leveled off to 55–57% depending on the catalyst. The only exception was the 2.5 h reaction with
10Fe-ACs, in which the furfural yield did not increase when compared to the 2 h reaction. Conversion
was similar with both the 5Fe-ACs and 10Fe-ACs catalysts and it increased with time from 59 to
96%. Conversion was clearly higher than with ACs or without a catalyst, which indicated that iron
impregnation increased the catalysts’ activities. Because the furfural yields and xylose conversions
with 10Fe-ACs and 5Fe-ACs were so similar, it was concluded that 4 wt% iron was already enough to
increase activated carbon catalyst activity and no benefit was obtained with a higher metal content. In
fact, the reaction selectivity was lower with 10Fe-ACs than with 5Fe-ACs. The best reaction selectivity
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(67%) was achieved with the 5Fe-ACs catalyst in 2 h but it did not decrease notably when the reaction
time was increased to 3 h, which resulted in the highest furfural yield.

 

Figure 5. Furfural yield, xylose conversion and reaction selectivity using various catalysts at 170 ◦C.

Based on the previous results, 5Fe-ACs was the most promising catalyst studied. Therefore, it was
compared to homogeneous FeCl3·6H2O in similar conditions and using similar amounts of catalytic
iron (Figure 5, brown rhombuses). A total of 0.0036 mmol of homogeneous FeCl3·6H2O was able to
produce a 27–58% furfural yield in 1–3.5 h. The yield was lower than with 5Fe-ACs until the reaction
time reached 3.5 h. Even then, the increase in furfural yield was marginal compared to that with
5Fe-ACs, only one percentage unit. Conversion increased with time from 44 to 85% but was always
clearly lower than with 5Fe-ACs. Reaction selectivity also increased with time from 28 to 61% but
again it was always lower than with 5Fe-ACs. Better results with carbon-supported 5Fe-ACs than
with homogeneous FeCl3·6H2O demonstrated that activated carbon support is a promising option for
furfural production. Based on catalyst characterization, iron was oxidized in a heterogeneous catalyst,
which may have affected its catalytic activity positively compared to FeCl3. Moreover, hydroxyl groups
were detected on the surface of 5Fe-ACs, which increases the catalyst’s Brønsted acid sites and therefore
can increase furfural production.

The results with 5Fe-ACs (57% yield at 170 ◦C in 3 h) are comparable with studies using
carbon-supported titanium catalysts—Mazzotta et al. reported a 51% furfural yield (180 ◦C, 30 min) in
a biphasic MeTHF/water system, while Russo et al. achieved a 69% furfural yield (170 ◦C, 3.5 h) in
toluene/water [22,23]. The results were higher than with sulfonated SBA- and MCM-supported metal
oxide catalysts (SBA-15/ZrO2-Al2O3/SO4

2 and MCM-41/ZrO2/SO4
2), which resulted in 53 and 50%

furfural yields, respectively, at 160 ◦C with a 4-h reaction time [15,16].

181



Catalysts 2020, 10, 821

2.4. Recycling Experiments

Catalyst recycling experiments were performed with 5Fe-ACs catalyst at 170 ◦C with a 3 h reaction
time. After the reaction, the catalyst was filtered, washed with methanol and water, dried and then
used again in the same conditions for three cycles. As a result, the furfural yield decreased from 48%
to 30% after the first run and then remained constant (Figure 6). Conversion and reaction selectivity
behaved similarly; conversion decreased from 76% to 53% and reaction selectivity from 66% to 59%
after the first run and then they remained constant (Figure 6). The decrease in furfural yield, conversion
and selectivity may be explained by iron leaching. Leaching was observed by measuring the iron
content of the water phase after every reaction. After the first run, 66% of the initial iron amount
was leached out but after second and third runs leaching was only 3% and 1%, respectively. It has
been reported that hot acidic water promotes the solubility of some metal oxides and in particular
the solubility of iron oxides is strongly influenced by the solution pH [48,49]. In our experiments, the
pH changed from 6 to 2 during the reaction with 5Fe-ACs, so the reaction media was clearly acidic.
Chang et al. were able to decrease iron leaching by post-treating the catalyst after impregnation, first
with NaOH and then with HCl [43]. Post treatment was designated to convert iron to ferric hydroxide,
which is poorly soluble in water. This treatment also decreased iron leaching at a low pH (pH = 2) to
21%, while the loss of iron during the post-treatment process was very minor (from 5.2 to 4.5 wt%). In
future work, this must be taken into consideration.

1 2 3
0

10

20

30

40

50

60

70

80

Cycle

 Furfural yield
 Conversion
 Selectivity

Figure 6. Furfural yield, xylose conversion and reaction selectivity in catalyst recycling experiments
after 1–3 cycles.

The stability of the catalyst was also observed by monitoring changes at the catalyst surface with
SEM and STEM. The images revealed that the iron content was decreased and leaching was more
connected to larger iron particles (approx. 15–40 nm) than to small ones (approx. 5 nm) (see Figure S6).
Small iron particles were present throughout the recycled catalysts, while large ones occurred only
randomly. However, some large particles were also left on the catalyst surface after the third cycle,
indicating that they were not all leached out. Leaching of large particles (or agglomerates of small
particles) is reasonable since they are more vulnerable to leaching because they have poorer interaction
with the support surface than smaller particles. In future work, it would be important to optimize the
catalyst preparation to obtain less-agglomerated metal particles.

Based on catalyst weighing, the mass of the catalyst was increased from 5 to 6.7 mg in each
cycle. This indicates that the catalyst was adsorbing some reaction products, such as humins. Humins
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are black carbonaceous side-products generated either by the cross-polymerization of furfural by
itself, between the just-formed furfural and free xylose present in solution or between furfural and
intermediate products [50–52]. Solid humins can plug the pores of the catalyst surface, block the access
of xylose to metal surface sites or totally encapsulate a metal particle [53]. It is also possible that this
blocking of the catalytic sites on the porous structure of the catalyst caused the decrease in furfural
yields. Indeed, pore blocking caused by carbon deposition is a common problem in heterogeneous
porous catalysts; for example, with MCM-41-SO3H, the surface area and pore volume decreased by
50%–60% after the first run and the furfural yield decreased from 54% to 37% [54]. BET analysis of the
used catalysts could not be performed because a very small amount of the catalysts was used in the
reactions. In the SEM and STEM images, there was not any clear coating visible on the surface of the
carbon, as in Reference [55] but some slight changes were observed in the SEM images (Figure S7).
However, based on the figures, no differences were found between catalysts that were used one, two or
three times.

3. Materials and Methods

3.1. Materials

For catalyst preparation, hydrolysis lignin was obtained through a biomass hydrolysis process from
Sekab Oy, Sweden. Other chemicals used in catalyst preparation, conversion reactions, partitioning
experiments and analyses were used as received, without any purification. For high pressure liquid
chromatography (HPLC) sample preparation, regenerated cellulose (RC) syringe filters (0.45 μm, 25
mm, Phenomenex) were used for the organic samples and polytetrafluoroethylene (PTFE) syringe
filters (0.45 μm, 4 mm, Phenomenex) were used for the water samples.

3.2. Furfural Partitioning in Biphasic Reactor System

Furfural partitioning experiments were carried out using a 4.7 wt% furfural solution in water
as feed and toluene or MIBK as an organic solvent. The furfural solution and organic solvent were
measured with alternative ratios (1:1, 1:2 and 1:3) into a microwave reactor tube with a magnetic
stirring bar. The tube was closed, heated five minutes at 160 ◦C and cooled to room temperature.
Samples from both layers were analyzed by HPLC to calculate the partitioning for furfural in different
solvent systems.

3.3. Catalyst Preparation and Characterization

Activated carbon (AC) supports were prepared from hydrolysis lignin, dried in oven at 105 ◦C
and crushed to a particle size of <425 μm. Activation was performed using either a chemical or
physical activation method. Chemical activation was done by impregnation of zinc chloride into the
dried lignin using a 2:1 mass ratio of ZnCl2:biomass. ZnCl2 dissolved into H2O was mixed with the
biomass for 3 h at 85 ◦C and then dried in the oven at 105 ◦C until achieving a constant weight. The
carbonization and activation of the dried ZnCl2-impregnated lignin was done in a stainless-steel tube
in a tube furnace (Nabertherm RT200/13) (Nabertherm GmbH, Lilienthal, Germany) at 600 ◦C for 2
h using a heating ramp of 10 ◦C/min. During the thermal heating process, the reactor was flushed
continuously with N2 (flow 10 mL/min). Alternatively, carbonization followed by physical activation
was performed in in one-step process in a stainless-steel tube in a tube furnace using a heating ramp of
10 ◦C/min to 800 ◦C. At the target temperature, steam was added by feeding water at 0.5 mL/min into
the reactor for 2 h. During the thermal heating process, the reactor was flushed continuously with N2

(flow 10 mL/min). Both resulting activated carbons were washed with hot water, dried overnight at
105 ◦C, crushed and sieved to a fraction size of <100 μm. The supports were named ACz (AC zinc
chloride-activated and water washed) and ACS (AC steam-activated and water washed). In addition,
a support with chemical activation and HNO3 treatment was prepared (ACzN). This was performed in
a round bottom flask with a 10:1 mass ratio of 3 M HNO3 per support and heated for 4 h at 85 ◦C. After
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the acid treatment, the support was filtrated and washed with hot distilled water until neutral pH was
obtained and finally it was dried in the oven at 105 ◦C.

In order to modify the carbon supports with iron, metal salts (FeCl3·6H2O or Fe(NO3)3·9H2O)
were added by incipient wetness impregnation on the support, aiming that the targeted concentration
of iron in the catalyst was 5 or 10 wt% of the total catalyst mass. The metal salts were dissolved in
distilled water equal to the pore volume of the support and mixed with the support, matured for 5 h at
room temperature and finally dried in an oven at 105 ◦C for 16 h. Finally, the catalysts were calcined
at 400 ◦C for 2 h with a continuous flush of N2 (flow 10 mL/min). The iron-impregnated catalysts
were named 5Fe-ACs, 10Fe-ACs, 5FeNO3-ACz, 5Fe-ACz and 5Fe-ACzN according to the targeted iron
concentration, type of support and type of iron precursor (FeNO3 if mentioned, otherwise FeCl3).

Specific SAs and pore size distributions were determined from the physisorption adsorption
isotherms using nitrogen as the adsorbate. Determinations were performed with a Micromeritics ASAP
2020 instrument (Micromeritics Instrument, Norcross, GA, USA). Portions of each sample (100–200
mg) were degassed at low pressure (0.27 kPa) at a temperature of 140 ◦C for 3 h in order to remove
adsorbed gas. Adsorption isotherms were obtained by immersing sample tubes in liquid nitrogen
(-196 ◦C) to achieve constant temperature conditions. Gaseous nitrogen was added to the samples in
small doses and the resulting isotherms were obtained. SAs were calculated from adsorption isotherms
according to the BET (Brunauer–Emmett–Teller) method [56]. The percentual distribution of pore
volumes (vol%) was calculated from the individual volumes of the micropores (pore diameter <2
nm), mesopores (pore diameter 2–50 nm) and macro-pores (diameter >50 nm) using the DFT (Density
Functional Theory) model [57]. The instrumental setup enabled the measurement of micropores down
to 1.5 nm in diameter, even if there might have been some contribution from smaller pores. The SAs
were measured with a precision of ~5%.

The metal contents of the catalysts and supports were measured by ICP-OES using the 5110 VDV
instrument (Agilent Technologies, Santa Clara, CA, USA). Zn, Fe, Ca, K, Mn, S, Na and Mg were
measured from the ACs support; Zn and Fe contents were measured from ACz, 5FeNO3-ACz, 5Fe-ACz,
ACzN and 5Fe-ACzN; while only the Fe content was determined from 5Fe-ACs and 10Fe-ACs. For
determination, samples of 0.1–0.2 g were first digested in a microwave oven (MARS, CEM Corporation)
using the EPA 3051A method with 9 mL of HNO3 and 3 mL of HCl [58]. Subsequently, the solution
was diluted to 50 mL with water and the former elements were analyzed with the ICP-OES.

XPS analyses were performed using the ESCALAB 250Xi XPS System (Thermo Fisher Scientific,
Waltham, MA, USA). With a pass energy of 20 eV and a spot size of 900 μm, the accuracy of the reported
binding energies (BEs) was ±0.3 eV. Fe, C, O and Cl were measured for all samples. The measurement
data were analyzed using Avantage software. The monochromatic AlKα radiation (1486.6 eV) was
operated at 20 mA and 15 kV. Charge compensation of the BEs was performed by applying the C1s
line at 284.8 eV as a reference.

XRD was used to study the phases of 5Fe-ACs and 10Fe-ACs utilizing PANalytical X’Pert Pro X-ray
diffraction equipment (Malvern Panalytical, Almelo, Netherlands). The diffractograms were collected
in the 2θ range of 5–90◦, with a step size of 0.017◦ and a scan speed of 1.06◦/min using monochromatic
CuKα1 radiation (λ = 1.5406 Å) at 45 kV and 40 mA. The crystalline phases and structures were
analyzed with HighScore Plus software and the peaks were identified using International Centre for
Diffraction Data ICDD (PDF-4 + 2020).

The morphology of the catalyst particles was studied using SEM and STEM. A JEOL JEM-2200FS
energy-filtered transmission electron microscope equipped with a scan generator (EFTEM/STEM) (JEOL
Ltd., Tokyo, Japan) was used for STEM analysis. The catalyst samples were dispersed in pure ethanol
and pretreated in an ultrasonic bath for several minutes to create a microemulsion. A small drop of
the microemulsion was deposited on a copper grid pre-coated with carbon (Lacey/Carbon 200 Mesh
Copper) and evaporated in air at room temperature. The accelerating voltage in the measurements was
200 kV, while the resolution of the STEM image was 0.2 nm. The metal particle sizes were estimated
visually from the STEM high-angle annular dark field (HAADF) images. The SEM was performed
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with a Zeiss Sigma Field emission scanning electron microscope (FESEM). In the sample preparation, a
powder sample was placed on a conductive glue tape. The SEM images were taken at a voltage of 5 kV
and a working distance around 5 mm.

Catalyst surface acidity was characterized by applying the Boehm titration method [59–63]. A
total of 100 mg of catalyst was weighed and mixed with 50 mL 0.01 M NaOH. Samples were shaken
(300 rpm) in sealed tubes for 72 h at room temperature and then filtered using a syringe and syringe
filter (0.45 μm, regenerated cellulose). Titration was carried out using a back-titration method by
taking 10 mL of filtrate, mixing it with 20 mL of 0.01 M HCl and finally back-titrating with 0.01 M
NaOH. Acidic groups were calculated using Equation (2), based on the theory that NaOH neutralizes
all acidic oxygen groups (including phenols, lactonic groups and carboxylic acids) present on carbon.
Nonconsumed base content was neutralized with acid and then nonconsumed acid was quantified
through simple acid-base titration.

3.4. Furfural Production from Xylose

In a conversion reaction, 0.25 mmol (37.6 mg) of xylose and 0.0036/0.050 mmol of homogeneous
metal salt (AlCl3·6H2O, ZnCl2, CrCl3·6H2O, SnCl2·2H2O or FeCl3·6H2O) or 5 mg heterogeneous
carbon-based catalyst were placed into a 5 mL reaction tube. A magnetic stirring bar, water (1 mL) and
MIBK (3 mL) were added and the tube was sealed. The reaction was carried out in a Biotage Initiator
microwave reactor (Biotage, Uppsala, Sweden) at 160/170/180 ◦C for 30 min to 3.5 h. After the reaction,
approximate 1 mL samples from both layers were filtered with a syringe filter (an RC filter for the
organic layer and a PTFE filter for the water layer) and then analyzed with HPLC.

3.5. Catalyst Recycling

Catalyst recycling experiments were carried out with 5Fe-ACs catalyst with a 3 h reaction time and
a reaction temperature of 170 ◦C. After the reaction, liquid samples were taken normally for furfural
and xylose analyses. In addition, metal leaching (Fe and Zn) was monitored by measuring the metal
content of the water phase by AAS (see Section 3.6) and the catalyst was collected using a PALL Easy
Pressure Syringe Filter Holder and hydrophilic polypropylene membrane (GHP). The catalyst was first
washed with methanol (4 + 10 mL) and water (3*10 mL) and then dried and weighed. Used catalysts
were analyzed with SEM and TEM (see Section 3.3).

3.6. Analytical Methods for Conversion Studies

Two different HPLC analyses were used to detect furfural and xylose in the samples. In the
analyses, calibrations were performed with commercial furfural or xylose. HPLC analysis for furfural
was carried out using a Waters 2695 separation module fitted with an Atlantis T3 (3 μm, 4.6 × 150
mm) column and a Waters 996 photodiode array (PDA) detector (Waters Corp., Milford, MA, USA).
A mixture of water (0.1% TFA) and methanol (0.1% TFA) (90:10) was used as the mobile phase, with
a flow rate of 1 mL/min. The column temperature was kept constant at 30 ◦C and the UV detection
for furfural was performed at 277 nm. HPLC analysis for xylose was carried out using a Shimadzu
LC-20AT liquid chromatograph instrument fitted with an SIL-20A TH autosampler, RID-20A refractive
index detector, SUGAR SH-G pre-column and Shodex SUGAR SH1821 column (8.0 × 300 mm). Sulfuric
acid (5 mM) was used as a mobile phase with a flow rate of 0.8 mL/min and the column temperature
was kept constant at 60 ◦C.

Atomic absorption spectroscopy (AAS) was used to determine iron and zinc leaching from
5Fe-ACs and 5Fe-ACz catalysts. First, water phase samples of the reactions were diluted with water to
a minimum 10 mL. Then, determinations were made using Varian AA240FS equipment (Varian Inc.,
Palo Alto, CA, USA), air-acetylene fuel, a Varian SpectrAA lamp (Cu/Mn/Zn/Fe) and flame emission
wavelengths of 372.0 nm for Fe and 213.9 nm for Zn.
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3.7. Equations

The partitioning coefficient (P) was calculated using the following formula:

P = [furfural]org/[furfural]aq, (1)

where [furfural]org is the concentration (g/l) of furfural in the organic layer and [furfural]aq is the
concentration of furfural in the water layer.

The total amount of acid sites according to Boehm titration was calculated as follows:

n total acids = [(CNaOH*VNaOH added - (CHCl*VHCl added - CNaOH*VNaOH titration)/ 1
5 ) - n total acids in reference]/m, (2)

where c (NaOH and HCl) are concentrations in mol/L, V (NaOH and HCl) are added volumes in mL, V
(NaOH titration) is the volume of NaOH in ml needed to achieve equilibrium in titration, m is the
mass of carbon weighed and n (total acids in reference) represents a blank solution without carbon.
The factor 1

5 is due to the measurement of the 10 mL aliquots representing 1
5 of the reaction base.

The yield of furfural was calculated as follows:

Yfurfural (%) = [c furf meas org/c furf max] × 100%, (3)

where c furf. meas. org is the measured furfural concentration in the organic phase of the sample and c

furf max is the theoretical maximum concentration of furfural in the sample.
The conversion of xylose was calculated as follows:

Cxylose (%) = [n xyl initial/n xyl final] × 100%, (4)

where n xyl initial is the initial amount of xylose (in moles) fed to the reaction and n xyl final is the amount
of xylose left in the reaction mixture after the reaction.

The selectivity of the xylose to furfural conversion was calculated as follows:

S (%) = [(c furf meas total/c furf max)/conversion] × 100%, (5)

where c furf. meas total. is the measured total furfural concentration in the organic and aqueous phases of
the sample and c furf max is the theoretical maximum concentration of furfural in the sample.

4. Conclusions

In this study, the conversion of xylose to furfural was studied using lignin-based activated
carbon-supported iron oxide catalysts. Three different activated carbon supports and five different
catalysts were prepared and studied in furfural production. Different activation methods, metal
precursors and metal concentrations were used for the catalysts and different temperatures and reaction
times were studied in the conversion reactions. Chemical activation resulted in a higher surface area
and pore volume than physical activation but in conversion reactions, physically activated catalysts
produced better reaction selectivity. FeNO3 precursor yielded higher xylose conversion than FeCl3
precursor but the furfural yield and selectivity were higher with FeCl3 precursor. The best results
for xylose conversion to furfural were achieved with a 4 wt% iron-containing catalyst (5Fe-ACs),
which produced a 57% yield, 92% conversion and 65% selectivity at 170 ◦C in 3 h. The results with a
catalyst containing more iron (9.2 wt%) were lower (54% yield, 93% conversion and 60% selectivity) in
similar conditions. The catalytic amount of Fe in 5Fe-ACs was only 3.6 μmol and using this amount of
homogeneous FeCl3 as a catalyst, reduced the furfural yield, xylose conversion and selectivity. Based
on catalyst characterization, iron was in the form of iron oxide on the surface of the heterogeneous
catalyst, which may have affected to its catalytic activity positively compared to FeCl3. Moreover,
hydroxyl groups were detected on the surface of 5Fe-ACs, which increases catalyst Brønsted acid
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sites and therefore can increase furfural production. The recycling experiments revealed that part
of the iron is easily leached out of the catalyst at a high temperature and in acidic conditions and
the catalyst adsorbed some reactions products. These factors decreased the furfural yield and xylose
conversion after the first round of recycling but then they remained constant. Although the activated
carbon-supported iron oxide catalyst needs some improvements for better stability, it is a feasible
alternative to homogeneous FeCl3.
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