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Preface to ”Catalytic Biomass to Renewable Biofuels

and Biomaterials”

Biomass energy is the oldest and most sustainable resource known to humankind, but it has

been developed inefficiently so that it has been unable to replace fossil resources as an energy

until now. Biomass comes directly or indirectly from the photosynthesis of green plants and is

the only renewable carbon resource. Biomass can be converted into solid, liquid, and gas fuels

and biomaterials by combustion, pyrolysis, chemical reaction, and fermentation. The by-products

from the production process can also be converted into high value-added products to be applied

in various fields. Due to the diversity of biomass types, the methods for biomass conversion are

also abundant. At present, the cost of clean production of biofuels and materials is relatively

high. However, the development of biomass catalytic conversion is propelled through the design

of catalytic materials, optimization of chemical processes, product development, and utilization

of by-product resources as high value-added chemicals. This book focuses on the introduction of

biomass chemical conversion, co-combustion technology, and biological conversion technology in

order to provide guidance for the development and application of biomass energy. Each individual

article was contributed by experts or professionals in related fields and was peer-reviewed and edited

for content and consistency in terminology. This book is titled Catalytic Biomass to Renewable Biofuels

and Biomaterials and contains 12 articles.

Yi-Tong Wang, Zhen Fang

Special Issue Editors
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Catalytic Biomass to Renewable Biofuels
and Biomaterials
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Nanjing 210031, China
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As the only renewable carbon source, biomass can be converted into biofuels, chemicals,
and biomaterials, such as ethanol, butanol, glucose, furfural, biochar, and bio-oils, and is considered as
a substitute for fossil oil. The Special Issue “Catalytic Biomass to Renewable Biofuels and Biomaterials”
focuses on the introduction of biomass chemical conversion, co-combustion technology, and biological
conversion technology to provide guidance for the development and application of biomass energy.
This issue includes eleven papers: one review and ten research articles. Glycerol, the main by-product
in biodiesel production was acetylated to prepare value-added products from the research results of
Bartoli et al. [1]. The conversion of glycerol to acetyl derivatives was facilitated by a heterogeneous
catalyst generated from the thermal hydrolysis of biosolids obtained from a municipal wastewater
treatment facility. This work can help improve the process economics of renewable diesel production.
Based on the most difficult step of the fractionation for lignocellulose-based biorefineries, Hochegger
et al. investigated the potential of a base-catalyzed organosoly process as a fractionation technique for
European larch sawdust. One particular experimental set (443 K, 30% v/v MeOH, 30% w/w NaOH)
resulted in the most promising results, with a cellulose recovery of 89%, delignification efficiency of
91%, and pure lignin yield of 82%. The isolated lignin fractions showed promising glass transition
temperatures (≥424 K) with high thermal stabilities and preferential O/C and H/C ratios. This, together
with high contents of phenolic hydroxyl (≥1.83 mmol/g) and carboxyl groups (≥0.52 mmol/g), indicated
a high valorization potential [2]. Sanahuja-Parejo et al. reported the catalytic co-pyrolysis of grape seeds
and waste tires for the production of high-quality bio-oils in a pilot-scale auger reactor using different
low-cost Ca-based catalysts. The results demonstrated that this upgrading strategy was suitable for
the production of better-quality bio-oils with major potential for use as drop-in fuels. In addition,
owing to the CO2-capture effect inherent to these catalysts, a more environmentally friendly gas
product was produced, comprising H2 and CH4 as the main components [3]. Diesel and jet fuel range
cycloalkanes were obtained in ~84.8% overall carbon yield with cyclopentanone and furfural, which
can be produced from hemicellulose. Carbon yield of 86.1% diesel and jet fuel range cycloalkanes was
gained over Pd/H-ZSM-5 catalyst under solvent-free conditions. The cycloalkane mixture obtained
with a high density (0.82 g mL−1) and a low freezing point (241.7 K) can be mixed into diesel and jet
fuel to increase their volumetric heat values or payloads [4]. Lavarda et al. reported the research for
gel-type and macroporous cross-linked copolymers employed in the catalytic hydrolysis of wheat
straw pretreated in 1-ethyl-3-methylimidazolium acetate to obtain sugars [5]. Long et al. prepared a
highly active, sustainable, and facile catalytic system composed of K2CO3, Ph2SiH2, and bio-based
solvent 2-methyltetrahydrofuran to reduce HMF (hydroxymethylfurfural). At a low temperature of
25 ◦C, HMF could be completely converted to 2,5-bis(hydroxymethyl)furan (BHMF) in a good yield
of 94% after 2 h, based on siloxane in situ formed via hydrosilylation [6]. Xu et al. synthesized a
series of Ca(OH)2/Al2O3 catalysts for selectively producing N-containing chemicals from polyethylene
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terephthalate (PET) via catalytic fast pyrolysis with ammonia process, which can ease environmental
problems from PET [7]. The study on the co-combustion of sludge and wheat straw was presented by
Xue et al. with results of the blended fuel helping to remedy the defect of each individual component
and also to promote the combustion. Addition of sludge could raise the melting point of wheat straw
ash and reduce the slagging tendency. Co-combustion restrained the release of K and transferred
it into aluminosilicate and phosphate as well. The release and leaching toxicity of the two heavy
metals (Pb and Zn) in the co-combustion were weakened effectively by wheat straw [8]. Benevenuti
et al. reported the production of biofuels from fermentation of gases by Clostridium carboxidivorans.
In comparison to ATCC®2713 medium, TYA (Tryptone-Yeast extract-Arginine) increased cell growth
by 77%, reducing the cost by 47% and TPYGarg (Tryptone-Peptone-Yeast extract-Glucose-Arginine)
increased ethanol production more than four-times, and the cost was reduced by 31% [9]. The role
of humic acid’s chemical structure derived from different biomass feedstocks on Fe(III) bioreduction
activity was reported by Wei et al. The role that the different compost-derived humic acids played in
the dissimilatory Fe(III) bioreduction and chemical structures accelerating Fe reduction was discussed.
This study can aid in searching sustainable humic acid-rich composts for wide-ranging applications to
catalyzing redox-mediated reactions of pollutants in soils [10]. In a review, Liberato et al. introduced
some organisms such as Clostridium carboxidivorans, C. ragsdalei, and C. ljungdahlii used to catalyze
the production of biofuels, including ethanol and butanol, and several chemical preparations, such as
acetone, 1,3-propanediol, and butyric acid. In this review, literature data showing the technical viability
of these processes are presented, evidencing the opportunity to investigate them in a biorefinery
context [11].

We are honored to be the Guest Editors of this Special Issue and would like to thank all the authors
of this Special Issue, the reviewers for providing us with their valuable comments, the Editor-in-Chief,
and all the staff of the Catalysts Editorial Office. We wish to acknowledge the financial support from the
Natural Science Foundation of China (No. 21878161) and Nanjing Agricultural University (68Q-0603).
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Experimental Design to Improve Cell Growth and
Ethanol Production in Syngas Fermentation by
Clostridium carboxidivorans
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Abstract: Fermentation of gases from biomass gasification, named syngas, is an important alternative
process to obtain biofuels. Sequential experimental designs were used to increase cell growth
and ethanol production during syngas fermentation by Clostridium carboxidivorans. Based on
ATCC (American Type Culture Collection) 2713 medium composition, it was possible to propose
a best medium composition for cell growth, herein called TYA (Tryptone-Yeast extract-Arginine)
medium and another one for ethanol production herein called TPYGarg (Tryptone-Peptone-Yeast
extract-Glucose-Arginine) medium. In comparison to ATCC® 2713 medium, TYA increased cell
growth by 77%, reducing 47% in cost and TPYGarg increased ethanol production more than four-times,
and the cost was reduced by 31%. In 72 h of syngas fermentation in TPYGarg medium, 1.75-g/L
of cells, 2.28 g/L of ethanol, and 0.74 g/L of butanol were achieved, increasing productivity for
syngas fermentation.

Keywords: syngas fermentation; Clostridium carboxidivorans; biomass production; ethanol;
experimental design; anaerobic process

1. Introduction

The world growing energy demand has incited important discussions about the current energy
system based on fossil fuels. Alternative energy sources from renewable resources are needed mainly
due to ever-higher amounts of greenhouse gas emissions and oil price fluctuation [1].

In this context, biofuels, especially ethanol and butanol, represent potential substitutes of fossil
fuels, such as gasoline. Currently, those alcohols are produced through fermentation processes, mostly
using sugarcane and corn as the raw material. The major disadvantage of these processes is the
competition between food and fuel production [2]. Lignocellulosic feedstocks from agricultural waste
or directly from energy crops emerge as alternative raw materials for biofuel production as they are
inexpensive, renewable, and do not affect food supply [3,4].

The biochemical conversion of lignocellulosic feedstocks into biofuels by anaerobic bacteria,
such as Clostridium species, produces mainly acetone, butanol, and ethanol (ABE), through ABE
fermentation [5]. However, a complex pre-treatment is required to obtain simple sugars from the
polymeric structure of lignocellulose [6]. An alternative destination for lignocellulosic feedstocks
involves biomass gasification, which eliminates the pre-treatment step. In this case, full use of
lignocellulosic biomass, including lignin, is possible through thermochemical conversion. Besides,

Catalysts 2020, 10, 59; doi:10.3390/catal10010059 www.mdpi.com/journal/catalysts5
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urban solid residues can also be used as feedstock for gasification, with the advantage of reducing
environmental impacts. The biomass gasification results in synthesis gas mainly composed of CO
(carbon monoxide), CO2 (carbon dioxide), and H2 (hydrogen). Synthesis gas, also named syngas,
obtained from gasification, can be converted into ethanol and higher alcohols as butanol and hexanol,
through a hybrid thermo/biochemical process. This conversion can be performed by Clostridum sp.,
being Clostridium ljungdahlii, C. carboxidivorans, C. autoethanogenum, and C. rasgdalei the most studied
species. These species use the acetyl-CoA metabolic pathway, also known as Wood–Ljungdahl pathway,
for acetyl-CoA synthesis, energy conservation, and alcohol and acid production [7].

A current problem of anaerobic bioprocesses is low cell density, which reduces productivity [8].
Usually, media composition used in CO/CO2 fermentation is similar to sugar-based media for
Clostridium sp. growth and butanol production. Numerous and expensive components are mixed to
provide essential metals, vitamins, minerals, and nitrogen needed for cell growth and metabolism [9].
As consequence, the preparation of those media requires intensive labor and is expensive. Replacing
these compounds by cheaper and complex sources is an important challenge. ATCC® medium 2713
(Wilkins Chalgren Anaerobic Medium) is indicated by American Type Culture Collection (ATCC)
for Clostridium carboxidivorans activation and growth and ATCC® medium 1754 (without fructose)
is another common medium used for syngas fermentation by Clostridium carboxidivorans, reported
by several authors [10–14]. Low specific growth rates, ranging from 0.005 to 0.08 h−1 were reported
for those media with gaseous or soluble substrates [5,15–17]. Studies using glucose-rich medium or
only carbon monoxide as the carbon source have been carried out to evaluate the effect of the carbon
source on cell growth and solvents production [5,15,17–21] and the maximum values for cell density
and specific growth rate were 0.55 g dry weight of cells/L and 0.231 h−1, respectively. In addition,
the effects of trace metals on product formation were assessed [1,22–26] and the maximum ethanol
production reported was 3.5 g/L after 72 h of fermentation [22].

Therefore, the goal of this work was to obtain a low-cost culture medium, reduced also in number
of components, by a sequence of experimental designs in order to improve cell growth and solvents
production by Clostridium carboxidivorans using glucose and syngas as carbon sources.

2. Results

2.1. Nutrient Screening by Placket–Burman (PB) Design

Syngas fermentation by C. carboxidivorans must be supplemented with nutrient media containing
nitrogen, vitamins, and ions sources. The American Type Culture Collection (ATCC) indicates ATCC®

medium 2713 Wilkins Chalgren Anaerobic Medium for C. carboxidivorans growth, which is composed
of tryptone, 10 g/L; gelatin peptone, 10 g/L; yeast extract, 5 g/L; glucose, 1 g/L; sodium chloride, 5 g/L;
l-arginine, 1 g/L; sodium pyruvate, 1 g/L; menadione, 0.5 mg/L; and hemin, 5 mg/L. These components
were screened by a PB experimental design using ATCC medium concentrations as the higher level
(+1) and absence (zero) as lower level (−1).

For ethanol production, glucose was maintained at 1.0 g/L because of its importance as a simple
sugar to induce microbial metabolism, and the results are present in Table 1.

Ethanol production ranged between 0.03 and 1.92 g/L (Table 2). Analysis of variance (ANOVA) and
the significance of the results were verified using an F-test at 10% of significance. The components that
influence ethanol production can be observed in the Pareto diagram with the bars that extend beyond
the red vertical line (Figure 1). Tryptone, gelatin peptone, and l-arginine influence C. carboxidivorans
ethanol production positively.
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Table 1. Placket–Burman design matrix with real and coded values for C. carboxidivorans syngas
fermentation with 1 g/L glucose. Response variables: ethanol production—PEtOH(g/L).

Run
Real Values (Corresponding Coded Levels)

PEtOH
TRYP 1 PEP 2 YE 3 NaCl 4 l-ARG 5 PYR 6 MEN 7A HEM 8

1 10(1) 0(−1) 5(1) 0(−1) 0(−1) 0(−1) 0.5(1) 5(1) 0.79
2 10(1) 10(1) 0(−1) 5(1) 0(−1) 0(−1) 0(−1) 5(1) 0.90
3 0(−1) 10(1) 5(1) 0(−1) 1(1) 0(−1) 0(−1) 0(−1) 0.69
4 10(1) 0(−1) 5(1) 5(1) 0(−1) 1(1) 0(−1) 0(−1) 0.78
5 10(1) 10(1) 0(−1) 5(1) 1(1) 0(−1) 0.5(1) 0(−1) 1.21
6 10(1) 10(1) 5(1) 0(−1) 1(1) 1(1) 0(−1) 5(1) 1.87
7 0(−1) 10(1) 5(1) 5(1) 0(−1) 1(1) 0.5(1) 0(−1) 0.51
8 0(−1) 0(−1) 5(1) 5(1) 1(1) 0(−1) 0.5(1) 5(1) 0.25
9 0(−1) 0(−1) 0(−1) 5(1) 1(1) 1(1) 0(−1) 5(1) 0.03
10 10(1) 0(−1) 0(−1) 0(−1) 1(1) 1(1) 0.5(1) 0(−1) 0.99
11 0(−1) 10(1) 0(−1) 0(−1) 0(−1) 1(1) 0.5(1) 5(1) 0.51
12 0(−1) 0(−1) 0(−1) 0(−1) 0(−1) 0(−1) 0(−1) 0(−1) 0.04
13
(C) 5(0) 5(0) 2.5(0) 2.5(0) 0.5(0) 0.5(0) 0.25(0) 2.5(0) 1.65

14
(C) 5(0) 5(0) 2.5(0) 2.5(0) 0.5(0) 0.5(0) 0.25(0) 2.5(0) 1.92

15
(C) 5(0) 5(0) 2.5(0) 2.5(0) 0.5(0) 0.5(0) 0.25(0) 2.5(0) 1.79

1 TRYP: tryptone concentration (g/L); 2 PEP: peptone concentration (g/L); 3 YE: yeast extract concentration (g/L);
4 NaCl: sodium chloride concentration (g/L); 5 l-ARG: l-arginine concentration (g/L); 6 PYR: sodium pyruvate
concentration (g/L0; 7 MEN: menadione concentration (mg/L); 8 HEM: hemin concentration (mg/L); (C) central point.

Table 2. Placket–Burman design matrix with real and coded values for C. carboxidivorans syngas
fermentation with 1 g/L glucose. Response variables: biomass concentration—[X24] (g d.w.cells/L)—and
maximum ethanol production—PEtOH (g/L).

Run
Real Values (Corresponding Coded Levels)

[X24]
TRYP 1 PEP 2 YE 3 NaCl 4 GLU 5 ARG 6 PYR 7 MEN 8 HEM 9

1 0(−1) 0(−1) 0(−1) 0(−1) 0(−1) 0(−1) 0(−1) 0(−1) 5(+1) 0.044
2 10(+1) 0(−1) 0(−1) 0(−1) 1(+1) 0(−1) 1(+1) 0.5(+1) 0(−1) 0.400

3 0(−1) 10(+1) 0(−1) 0(−1) 1(+1) 1(+1) 0(−1) 0.5
(+1) 0(−1) 0.423

4 10(+1) 10(+1) 0(−1) 0(−1) 0(−1) 1(+1) 1(+1) 0(−1) 5(+1) 0.735
5 0(−1) 0(−1) 5(+1) 0(−1) 1(+1) 1(+1) 1(+1) 0(−1) 0(−1) 0.407
6 10(+1) 0(−1) 5(+1) 0(−1) 0(−1) 1(+1) 0(−1) 0.5(+1) 5(+1) 0.714
7 0(−1) 10(+1) 5(+1) 0(−1) 0(−1) 0(−1) 1(+1) 0.5(+1) 5(+1) 0.606
8 10(+1) 10(+1) 5(+1) 0(−1) 1(+1) 0(−1) 0(−1) 0(−1) 0(−1) 0.868
9 0(−1) 0(−1) 0(−1) 5(+1) 0(−1) 1(+1) 1(+1) 0.5(+1) 0(−1) 0.202

10 10(+1) 0(−1) 0(−1) 5(+1) 1(+1) 1(+1) 0(−1) 0(−1) 5(+1) 0.481
11 0(−1) 10(+1) 0(−1) 5(+1) 1(+1) 0(−1) 1(+1) 0(−1) 5(+1) 0.286
12 10(+1) 10(+1) 0(−1) 5(+1) 0(−1) 0(−1) 0(−1) 0.5(+1) 0(−1) 0.805
13 0(−1) 0(−1) 5(+1) 5(+1) 1(+1) 0(−1) 0(−1) 0.5(+1) 5(+1) 0.301
14 10(+1) 0(−1) 5(+1) 5(+1) 0(−1) 0(−1) 1(+1) 0(−1) 0(−1) 0.591
15 0(−1) 10(+1) 5(+1) 5(+1) 0(−1) 1(+1) 0(−1) 0(−1) 0(−1) 0.796
16 10(+1) 10(+1) 5(+1) 5(+1) 1(+1) 1(+1) 1(+1) 0.5(+1) 5(+1) 0.984

17 (C) 5(0) 5(0) 2.5(0) 2.5(0) 0.5(0) 0.5(0) 0.5(0) 0.25(0) 2.5(0) 0.701
18 (C) 5(0) 5(0) 2.5(0) 2.5(0) 0.5(0) 0.5(0) 0.5(0) 0.25(0) 2.5(0) 0.692
19 (C) 5(0) 5(0) 2.5(0) 2.5(0) 0.5(0) 0.5(0) 0.5(0) 0.25(0 2.5(0) 0.582

1 TRYP: tryptone concentration (g/L); 2 PEP: peptone concentration (g/L); 3 YE: yeast extract concentration (g/L);
4 NaCl: sodium chloride concentration (g/L); 5 GLU: glucose (g/L); 6 ARG: l-arginine concentration (g/L); 7 PYR:
sodium pyruvate concentration (g/L); 8 MEN: menadione concentration (mg/L); 9 HEM: hemin concentration (mg/L);
(C) central point.
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Figure 1. Pareto diagram for the estimated effect of each variable of the Placket–Burman design for
C. carboxidivorans syngas fermentation with 1 g/L glucose: maximum ethanol production. The point
at which the effects estimates were statistically significant (at p = 0.1) is indicated by the broken
vertical line.

Biomass concentration after 24 h ([X24]) (g d.w. cells/L) of fermentation was included as dependent
variable in another PB design, in this case, including glucose as independent variable. The results are
shown in Table 2.

Cell concentration ranged from 0.04 to 0.98 g d.w. cells/L, while deviation of center point was
inferior to 10%, indicating a good reproducibility. Analysis of variance (ANOVA) and the significance of
the results were verified using Fisher’s statistical test (F-test) at 10% of significance. The Pareto diagram
(Figure 2) shows tryptone, peptone, yeast extract, and l-arginine concentrations as the variables that
influences cell growth, indicating a positive effect. Considering yeast extract is not only a vitamin
source, but also a compound that contains carbon, nitrogen, and other elements, it is possible that it
can replace other compounds for cell growth, as the results show.

 
Figure 2. Pareto diagram for the estimated effect of each variable of the Placket–Burman design for
C. carboxidivorans syngas fermentation on cell concentration ([X24]). The point at which the effects
estimates were statistically significant (at p = 0.1) is indicated by the broken vertical line.
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Therefore, tryptone, peptone, yeast extract, and l-arginine were relevant to biomass production
and they were all considered to optimize cell growth medium. For ethanol, tryptone, gelatin peptone,
and l-arginine were investigated in the next steps, but yeast extract was also included since cell growth
is also important during ethanol production.

2.2. Increasing Biomass Production by Central Composite Rotational Design (CCRD)

A central composite rotational design (CCRD) was considered in order to increase biomass
production during syngas fermentation, excluding the components that were not relevant to cell
growth according to PB design (p > 0.1). For this design, the concentrations of the selected variables
were adjusted, as indicated by the effect of each one of them. Cell concentrations after 24 h of syngas
fermentation by C. carboxidivorans at different conditions of CCRD are shown in Table 3.

Table 3. Central composite rotational design (CCRD) matrix with real and coded values and cell
concentration after 24 h of syngas fermentation by C. carboxidivorans—[X24] (g d.w. cells/L).

Run
Real Values (Coded Levels)

[X24]
TRY 1 PEP 2 YE 3 ARG 4

1 8(−1) 8(−1) 3(−1) 0.8(−1) 0.99
2 8(−1) 8(−1) 3(−1) 1.2(+1) 0.85
3 8(−1) 8(−1) 7(+1) 0.8(−1) 1.05
4 8(−1) 8(−1) 7(+1) 1.2(+1) 1.05
5 8(−1) 12(+1) 3(−1) 0.8(−1) 1.24
6 8(−1) 12(+1) 3(−1) 1.2(+1) 1.03
7 8(−1) 12(+1) 7(+1) 0.8(−1) 0.88
8 8(−1) 12(+1) 7(+1) 1.2(+1) 1.29
9 12(+1) 8(−1) 3(−1) 0.8(−1) 0.99
10 12(+1) 8(−1) 3(−1) 1.2(+1) 1.22
11 12(+1) 8(−1) 7(+1) 0.8(−1) 1.17
12 12(+1) 8(−1) 7(+1) 1.2(+1) 1.36
13 12(+1) 12(+1) 3(−1) 0.8(−1) 1.02
14 12(+1) 12(+1) 3(−1) 1.2(+1) 1.02
15 12(+1) 12(+1) 7(+1) 0.8(−1) 1.29
16 12(+1) 12(+1) 7(+1) 1.2(+1) 1.26
17 6(−2) 10(0) 5(0) 1(0) 0.83
18 14(+2) 10(0) 5(0) 1(0) 1.23
19 10(0) 6(−2) 5(0) 1(0) 1.12
20 10(0) 14(+2) 5(0) 1(0) 1.20
21 10(0) 10(0) 1(−2) 1(0) 1.02
22 10(0) 10(0) 9(+2) 1(0) 1.35
23 10(0) 10(0) 5(0) 0.6(−2) 1.06
24 10(0) 10(0) 5(0) 1.4(+2) 1.07

25 (C) 10(0) 10(0) 5(0) 1(0) 1.06
26 (C) 10(0) 10(0) 5(0) 1(0) 1.16
27 (C) 10(0) 10(0) 5(0) 1(0) 1.06

1 TRY: tryptone concentration (g/L), 2 PEP: gelatin peptone (g/L); 3 YE: yeast extract concentration (g/L); 4 ARG:
l-arginine concentration (g/L). (C) Central point.

Table 3 shows that the cell concentration ranged from 0.83 to 1.35 g d.w. cells/L, both values
higher than those found in the Placket–Burman design (Table 2), showing an improvement in biomass
production by the statistical design. Analysis of variance (ANOVA) and the significance of the results
were verified using Fisher’s statistical test (F-test) at 10% of significance. The ANOVA (Table 4) showed
that tryptone and yeast extract were relevant (p < 0.1) to cell growth. The complete predicted model
was not significant (data not shown) and therefore it was improved by eliminating non-significant
terms (p > 0.1). The ANOVA for the reduced model is presented in Table 4.

9



Catalysts 2020, 10, 59

Table 4. Analysis of variance (ANOVA) for central composite rotational design (CCRD) for biomass
production of syngas fermentation by Clostridium carboxidivorans after 24 h.

Factor SS 1 Df 2 MS 3 F-Value 4 p-Value 5

(1)Tryptone(L) 0.126702 1 0.126702 37.56348 0.025604
(3)Yeast extract(L) 0.117852 1 0.117852 34.93986 0.027448

(4)l-arginine(L) 0.008221 1 0.008221 2.43742 0.258861
1L by 3L 0.029087 1 0.029087 8.62357 0.099034
3L by 4L 0.029224 1 0.029224 8.66407 0.098638

Lack of Fit 0.225563 19 0.011872 3.51964 0.244182
Pure Error 0.006746 2 0.003373

Total SS 0.543396 26
1 SS: sum of squares; 2 Df: degree of freedom; 3 MS: mean square; 4 F-value: Test comparing model variance with
residual (error) variance; 5 p-value: significant <0.1; (L) linear term; (R2 = 0.58).

Table 4 shows that there was no lack of adjustment (p > 0.1) for the predicted model, which
indicates that it is adequate to describe the process. Despite the non-significance of l-arginine, it was
considered in the model as the linear interaction between this component and yeast extract was
significant (Table 4). The first-order polynomial model proposed for cell growth including all the
linear, quadratic, and linear interaction coefficients that were significant to this variable is presented in
Equation (1).

[X24] = 1.54158 − 0.01697 × T − 0.17840 × YE − 0.44168 × A + 0.01066 × T × YE + 0.10684 × YE × A (1)

where T, YE, and A represent real values of tryptone, yeast extract and l-arginine concentrations
(g/L), respectively.

From the presented model, the response surface plots were obtained (Figure 3).

  
(a) (b) 

Figure 3. Response surface plots for C. carboxidivorans syngas fermentation with cell concentration
([X24]) as function of: (a) tryptone and yeast extract and (b) yeast extract and l-arginine.

Due to the non-significance of the quadratic terms of the model, it was not possible to obtain the
conditions that would result in maximum value for cell growth. However, new experiments were
performed in order to validate the obtained model by setting tryptone, yeast extract at higher levels
(14 and 9 g/L, respectively), peptone at a lower level (6 g/L) or absence and l-arginine at a higher
(1.4 g/L), lower (0.6 g/L) levels, or absence, as shown in Table 5. Indeed, absence or presence of peptone
(comparing medium A with C and D with E) did not influence cell growth as predicted by the model.
Furthermore, the absence of l-arginine reduced cell growth (medium B), also as predicted by the model.
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The best condition was obtained with l-arginine at higher level (medium E), similar to the predicted
by the model under these same conditions (1.77 g d.w. cells/L). As a result, we propose a new medium
for C. carboxidivorans cell growth during syngas fermentation - TYA medium: Tryptone 14 g/L; yeast
extract 9 g/L; and l-arginine 1.4 g/L.

Table 5. Biomass production in syngas fermentation by Clostridium carboxidivorans after 24 h.

Component
Medium

A B C D E

Tryptone 14 14 14 14 14
Yeast extract 9 9 9 9 9
l-arginine 0.6 0 0.6 1.4 1.4

Peptone from gelatin 6 6 0 6 0

Model prediction [X24] 1.35 1.04 1.35 1.77 1.77

[X24] (g d.w. cells/L) 1 1.18 ± 0.02 1.09 ± 0.05 1.19 ± 0.04 1.69 ± 0.02 1.73 ± 0.06
1 Experimental value.

2.3. Improving Ethanol Production by Fractional Factorial Design (FFD)

Considering the results of the PB design for ethanol production, a fractional factorial design (FFD)
was proposed to further investigate the influence of the significant variables on ethanol production
during syngas fermentation (tryptone, gelatin peptone, and l-arginine). Yeast extract was also included
in this design because of its effect on cell growth. Glucose was maintained constant (1 g/L) as in the
PB design. Results of ethanol production after 144 h of syngas fermentation by C. carboxidivorans at
different conditions of FFD are present in Table 6.

Table 6. Fractional factorial design matrix with real and coded values and ethanol production after
144 h of syngas fermentation by Clostridium carboxidivorans—PEtOH (g/L).

Run
Real Values (Corresponding Coded Levels)

PEtOH
TRY 1 PEP 2 YE 3 l-ARG 4

1 2(−1) 2(−1) 1(−1) 0.2(−1) 0.287
2 12(1) 12(1) 1(−1) 1.2(1) 0.350
3 2(−1) 2(−1) 1(−1) 1.2(1) 0.340
4 12(1) 12(1) 1(−1) 0.2(−1) 0.257
5 2(−1) 2(−1) 7(1) 1.2(1) 0.216
6 12(1) 12(1) 7(1) 0.2(−1) 0.671
7 2(−1) 2(−1) 7(1) 0.2(−1) 0.677
8 12(1) 12(1) 7(1) 1.2(1) 1.614

9 (C) 7(0) 7(0) 4(0) 0.7(0) 0.985
10 (C) 7(0) 7(0) 4(0) 0.7(0) 0.967

1 TRYP: tryptone concentration (g/L); 2 PEP: peptone concentration (g/L); 3 YE: yeast extract concentration (g/L);
4 l-ARG: l-arginine concentration (g/L); (C) central point.

Ethanol production ranged between 0.216 and 1.614 g/L (Table 6), increasing the lower value of
the PB design (Table 1), but maintaining the higher value, indicating that the concentrations studied in
the PB design were already close to maximum response. All variables of the FFD were relevant to
ethanol production during syngas fermentation by C. carboxidivorans, including yeast extract (Figure 4).
Different concentrations of yeast extract were used in FFD in comparison with PB design, which
might explain this result. All variables affected the response positively, which means that higher
concentrations stimulate ethanol production. Therefore, a culture medium composed of all those
components at the higher levels (+1) of concentration is proposed for syngas fermentation, herein
called TPYGarg, containing: 12 g/L of tryptone, 12 g/L of peptone from gelatin, 7 g/L of yeast extract,
1.2 g/L of l-arginine, and 1 g/L of glucose.
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Figure 4. Pareto diagram for the estimated effect of each variable of the Fractional Factorial Design
on ethanol production—PEtOH—in the syngas fermentation by Clostridium carboxidivorans. The point
at which the effects estimates were statistically significant (at p = 0.10) is indicated by the broken
vertical line.

2.4. Tryptone-Peptone-Yeast Extract-Glucose-Arginine Medium (TPYGarg) for Ethanol Production

2.4.1. Cell Growth

During ethanol production, cell growth is important since more cells produce more ethanol.
Therefore, C. carboxidivorans growth in TPYGarg and ATCC® 2713 media was monitored for comparison.
A short lag phase of approximately 2 h for TPYGarg and 4 h for ATCC® 2713, is depicted in Figure 5a.
Even though 40% more biomass is achieved for TPYGarg after 8 h of growth, in relation to ATCC® 2713
medium, both growth profiles meet after 24 h (Figure 5a). Specific growth rate obtained for TPYGarg
(0.82 h−1) was higher than that obtained for ATCC® 2713 (0.64 h−1). These values are much higher
than those recently reported for ABE fermentation (0.080 h−1) and HBE fermentation (0.086 h−1) by
Fernández-Naveira et al. [18].
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Figure 5. C. carboxidivorans growth (a) and glucose consumption (b) on Tryptone-Peptone-Yeast
extract-Glucose-Arginine medium (TPYGarg) (�) and ATCC® 2713 (�).

Glucose consumption was also monitored during syngas fermentation. Figure 5b shows that
after 7 h of fermentation glucose was completely depleted from TPYGarg medium while total
glucose consumption occurred after 8 h of fermentation on ATCC® 2713 medium. It is possible to
observe that cells are still growing (Figure 5) even after glucose is completely consumed, mainly on
TPYGarg medium.
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2.4.2. Metabolites Production

Two phases are observed during C. carboxidivorans growth on TPYGarg and ATCC® 2713 with
no pH control (Figure 6). At the beginning of fermentation (4 to 5 h), a decrease in pH values before
glucose depletion is detected, and this is followed by an increase in pH levels on both media. These
phases are described in literature as acidogenesis and solventogenesis [27].

5.0
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7.0
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Time (h)

Figure 6. pH during syngas fermentation by C. carboxidivorans on Tryptone-Peptone-Yeast
extract-Glucose-Arginine medium (TPYGarg) (�) and ATCC® 2713 (�).

In the present study, with glucose and CO/CO2 as carbon sources, acid production starts
immediately after seed culture inoculation and along with bacterial biomass increase, as Figure 7
depicts. Most abundant acids obtained were acetic and lactic acids and their concentrations still increase
even after glucose depletion, suggesting that those acids can be produced from carbon sources other
than glucose, as CO and CO2 from syngas, or from tryptone and peptone. Maximum concentrations
of acetic acid were 3.57 g/L and 2.85 g/L after 72 h of fermentation on TPYGarg and ATCC® 2713
media, respectively. For lactic acid, 3-times more acid is produced after 8 h on TPYGarg in relation to
ATCC® 2713, but at the end (70 h) a similar value is obtained on ATCC® 2713.
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Figure 7. Lactic acid (a), acetic acid (b), ethanol (c), and butanol (d) production during syngas
fermentation by C. carboxidivorans on Tryptone-Peptone-Yeast extract-Glucose-Arginine medium
(TPYGarg) (�) and ATCC® 2713 (�).

Maximum ethanol production on TPYGarg was 5.7-times higher than on ATCC® 2713 after 72 h
of fermentation (Figure 7c). Ethanol productivity (considering 24 h) was also improved on TPYGarg
(0.045 g/L·h) in comparison to ATCC ® 2713 (0.020 g/L·h). Fernández-Naveira et al. [5] reported an
inferior ethanol productivity (0.03 g/L·h) using the same microorganism and a medium containing
30 g/L of glucose, 1 g/L of yeast extract, minerals, trace metal, and vitamin solutions, with no syngas
addition. This ethanol productivity was higher than those reported on syngas fermentation [14,19,24],
which might be related to medium composition. Regarding butanol production, TPYGarg performance
was also better than ATCC® 2713, with a butanol production almost 2.5-times higher. For butanol
productivity, Fernández-Naveira et al. [5] reported 0.007 g/L·h, while 0.04 g/L·h was obtained in
this study.

Maximum biomass and solvents production on ATCC® 2713 and TPYGarg over 72 h of syngas
fermentation with C. carboxidivorans are presented in Table 7. Biomass concentration on ATCC® 2713
was 26% inferior in comparison to TPYGarg. Ethanol and butanol production were 4.75- and 2.55-
times higher, respectively, on TPYGarg medium in comparison to ATCC® 2713.

Table 7. Cell concentration ([X24] (g d.w. cells/L)), ethanol and butanol production (PEtOH and PBut,
respectively, in g/L) and productivities (QEtOH and QBut, respectively, in g/L•h) after 72 h of syngas
fermentation by Clostridium carboxidivorans.

Medium
Maximum Values in 72 h

[Xmáx] PEtOH PBut QEtOH QBut

ATCC® 2713 1 1.38 0.47 0.29 0.020 0.004
TPYGarg 2 1.75 2.28 0.74 0.045 0.039

1 10 g/L tryptone, 10 g/L peptone from gelatin, 5 g/L yeast extract; 1 g/L glucose, 5 g/L NaCl, 1 g/L l-arginine, 1 g/L
sodium pyruvate, 0.0005 g/L menadione and 0.005 g/L hemin; 2 12 g/L tryptone, 12 g/L peptone from gelatin, 7 g/L
yeast extract, 1 g/L glucose, and 1.2 g/L l-arginine.

2.4.3. Cost Comparison

The competitiveness of new technologies compared to those already consolidated is very important
to enable its implementation on industrial scale. As important as metabolite production and growth
analysis, a cost-effectiveness study represents a fundamental step. A cost prospect was calculated for
ATCC® 2713, TYA, and TPYGarg media. As shown in Table 8, TYA and TPYGarg are 47% and 31%
cheaper than ATCC®2713 and promote higher cell growth and ethanol production, respectively.
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Table 8. Medium composition and cost of ATCC® 2713, Tryptone, yeast extract, and l-arginine (TYA)
and Tryptone-Peptone-Yeast extract-Glucose-Arginine (TPYGarg).

Compounds
Price ATCC® 2713 TYA TPYGarg

USD/kg 1 g/L 2 US$/L 3 g/L 2 USD/L 3 g/L 2 USD/L 3

Tryptone 94.2 10 0.94 14 1.32 12 1.13
Peptone 70 10 0.70 - - 12 0.84
Yeast extract 48.2 5 0.24 9 0.43 7 0.34
D (+) Glucose 9.96 1 0.01 - - 1 0.01
NaCl 10.56 5 0.05 - - - -
Sodium pyruvate 1430.00 1 1.43 - - - -
Menadione 1630.00 0.0005 ≈0 - - - -
Hemin 5960.00 0.005 0.03 - - - -
l-arginine 46 1 0.48 1.4 0.06 1.2 0.06

Total (USD/L) 4 3.52 1.82 2.37
1 Cost of each component was calculated based on Sigma–Aldrich prices (Accessed on October 2019); 2 amount of
component (g) per liter of medium; 3 Cost of component per liter of medium; and 4 Total cost of medium per liter.

3. Discussion

In the exploratory study to evaluate medium components effect on cell growth, tryptone, peptone,
yeast extract, and l-arginine concentrations were considered significant for biomass production. Zhang
et al. [14] reported that trace metals are required for C. carboxidivorans growth and these elements might
be present in yeast extract. Peptone and tryptone are both sources of amino acids. However, as they
are obtained from different protein sources (peptone is pancreatic digested gelatin and tryptone is
the pancreatic digested casein), they might have complementary functions for cell growth. Another
important observation is that glucose was not significant for cell growth, which might be related to the
presence of CO and CO2, indicating that syngas was used as the carbon source. Although the best
result was obtained for the composition of the ATCC® medium 2713 (Table 1, run 16), the statistical
evaluation shows that some components are not significant to cell growth, which means that its
addition to medium composition just adds costs.

Considering the positive effect of these components on cell growth, the experimental design to
optimize this medium was planned with higher concentrations. In that case, peptone was not significant
to cell growth, which shows that it was only significant in PB design because tryptone concentration
was not enough. The medium proposed for C. carboxidivorans cell growth after optimization, is reduced
to three components, besides syngas. ATCC® medium 2713 is composed of nine components and
many other media reported in literature have more than that, for example BDM—base defined medium
(22 components) and P7Mt medium (20 components) [17]. In those laborious media, cell growth
for C. carboxidivorans ranges from 0.4 to 0.6 g/L [5,17,18]. Therefore, it is evident that the medium
proposed in the present work not only has the advantage of being easy to prepare but also yields a
higher biomass.

For ethanol, experimental design revealed that a culture medium composed of 12 g/L of tryptone,
12 g/L of peptone from gelatin, 7 g/L of yeast extract, 1.2 g/L of l-arginine, and 1 g/L of glucose was the
best for syngas fermentation, herein called TPYGarg. The development of a culture medium with no
yeast extract, but with vitamins (biotin, pantothenic, and p-aminobenzoic acid), ammonia, trace metals,
minerals, cysteine, sodium sulfide, and resazurin was reported by Phillips et al. [17]. After 200 h,
around 3.0 g/L of ethanol (approximately, 0.015 g/L·h) was obtained in a medium 27-times cheaper
than the standard one [14]. Despite cheaper, this medium still requires 20 components and demands
time to prepare it. A ATCC® 1754 modified medium was proposed by Ramachandryia [28], using
cotton seed extract (CSE) and morpholinoethanesulfonic acid (MES), with no yeast extract, resulting
in 2.78 g/L of ethanol after 350 h of fermentation (approximately, 0.008 g/L·h). A modification in the
ATCC® 1754 medium with MES as buffer was also reported, leading to 6.1 g/L of ethanol in a two
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stirred-tank bioreactor (in series) [21], without considering the high cost of MES. Enhancement of
alcohol synthesis was reported using CO-rich off-gas fermentation by C. carboxidivorans by adding
molybdenum/iron/cupper, aiming at the enzymes of the microorganism metabolism [22]. A final
ethanol concentration of 3.5 g/L was obtained after 72 h of fermentation (approximately, 0.049 g/L·h) [19],
the higher productivity found for this process in literature so far, but without considering the culture
medium cost.

Cell growth, glucose consumption, and medium pH were monitored during syngas fermentation
in TPYGarg and high biomass was obtained as well as the detection of two phases: pH reduction in
the beginning followed by pH increase. In classical ABE fermentation using glucose as sole carbon
source or in HBE fermentation using gaseous substrate, the bioconversion by Clostridia occurs in two
steps. First, the exponential bacterial growth and organic acids production can be observed, known as
the acidogenesis phase. Then, those acids are converted into solvents as ethanol, butanol, and acetone
in the ABE process, and hexanol, butanol, and ethanol in the HBE process, known as the solventogenic
phase. The acidogenic phase usually shows greater efficiency at neutral or slightly high pH values,
leading to the medium acidification due to acid production. Concerning ABE fermentation, studies
have reported that the solventogenic phase is stimulated during medium acidification [5]. On the
other hand, HBE fermentation studies have demonstrated that alcohol production usually occurs near
pH 6.0 [29]. Below this pH level, low alcohol production and a decreasing growth capacity are usually
attributed to the “acid crash” phenomenon [30].

In the present study, solvent production started while glucose was being consumed and cells were
growing. Although, it is expected that solventogenic phase only starts after medium acidification as
result of acid production, the production of organic acids and solvents occurred simultaneously in the
present study. Formation of organic acids occurs during exponential growth, decreasing the culture
pH level, making it unfavorable for the cell population and resulting in a metabolic change at the
end of the exponential phase. Therefore, those organic acids are partly re-assimilated and rebuilt into
neutral products as the solvents. However, not all species and strains of solventogenic clostridia have
the same behavior. Lipovsky et al. [31] and Branska et al. [32] verified butanol production associated
with cell growth by clostridia via the acetone–butanol–ethanol (ABE) pathway.

When using syngas as the only carbon source for C. carboxidivorans fermentation, a mixture of
organic acids as acetic, butyric, and hexanoic acids was expected, and further partial conversion of
those acids into respective alcohols, following HBE fermentation process. Using glucose as the only
carbon source, ABE fermentation was expected, producing lactic, acetic, formic, and propionic acids,
which then could be converted into acetone, ethanol, and butanol. However, it was observed that
C. carboxidivorans does not follow classical ABE or HBE fermentations when both carbon sources were
used (glucose and CO/CO2), since acids and alcohols production were detected at the same time on
TPYGarg and ATCC® 2713 media.

Higher growth rates and alcohol productivities obtained in the mixotrophic fermentation (glucose
and CO/CO2) when compared to heterotrophic (glucose) and autotrophic (CO/CO2) processes reported
in the literature [33], is probably the result of the two metabolic pathways synergy, glycolysis and
Wood–Ljungdahl. The glycolysis converts glucose into pyruvate, producing 2 mol of pyruvate,
two ATP, and four electrons. The pyruvate is converted to acetyl-CoA, an important intermediate
for biofuel production, which results in the release of 2 mol of CO2 and 4 additional electrons [33].
The autotrophic metabolism, known as Wood–Ljungdahl (WL) pathway, consists of two branches.
In the methyl branch, CO2 is reduced to a methyl group consuming six electrons and one ATP. While
in the carbonyl branch, CO2 is reduced to CO consuming two electrons. The CO and the methyl group
formed in this first step of WL pathway are converted into 1 mol of acetyl-CoA [33–35]. Thereby,
the glycolysis and WL are complementary pathways as CO2 and electrons produced in the glycolysis
are fully utilized by WL to produce one additional mol of acetyl-CoA increasing its yield by 50% in
relation to glucose metabolism. Besides, the syngas feed contributes to enhance the metabolic flow of
the WL pathway, as CO, CO2, and H2 are introduced [33].
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4. Material and Methods

4.1. Microorganism and Culture Medium

Clostridium carboxidivorans DSM15243 was obtained from Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (Braunschweig, Germany). The strain was anaerobically
activated in ATCC® 2713 medium. ATCC® 2713 contains the following components (per liter):
tryptone, 10 g; peptone from gelatin, 10 g; yeast extract, 5 g; l-arginine, 1 g; sodium pyruvate, 1 g;
menadione, 0.5 mg; hemin, 5 mg; and glucose, 1 g. Next, the cells were grown in 100 mL serum
glass bottles (Wheaton, NJ, USA) containing 50 mL of Brain Heart Infusion (BHI) medium from
Sigma-Aldrich and syngas. Syngas was provided by White Martins Praxair Inc. (Joinville–SC, Brazil)
and it is composed of 25% CO, 43.9% H2, 10.02% CO2, 10.05% N2, and 11.01% methane.

4.2. Syngas Fermentation

All fermentations were performed in 50 mL serum glass bottles containing 30 mL of each culture
medium studied. Media composition is detailed in Tables 1–3, Table 5, and Table 6. After media
preparation, syngas was flushed in the liquid phase for 5 min. The glass bottles were sealed with gas
impermeable butyl rubber septum stopper and aluminum seal and sterilized in autoclave at 0.5 atm
for 20 min. After sterilization, seed culture was aseptically inoculated in all glass bottles to achieve
0.05 g d.w. cells/L. Syngas was added in the headspace at 1.22 atm and the bottles were incubated
horizontally [36] at 37 ◦C and 150 rpm in TECNAL TE-420 shaker. Fermented culture mediums
were sampled for optical density (OD) measurement and high-performance liquid chromatography
(HPLC) analysis.

4.3. Experimental Designs to Increase Cell Growth and Ethanol Production

4.3.1. Screening Medium Components by Plackett-Burman Design

Plackett–Burman (PB) design was applied to screen culture medium components that influence
biomass and ethanol production during syngas fermentation. Eight components and their
concentrations were based on ATCC® 2713 medium (tryptone, 10 g/L; gelatin peptone, 10 g/L;
yeast extract, 5 g/L; glucose, 1 g/L; sodium chloride, 5 g/L; l-arginine, 1 g/L; sodium pyruvate, 1 g/L;
menadione, 0.5 mg/L; and hemin, 5 mg/L). The concentration of each nutrient at different levels
(minimum, −1; central, 0 and maximum, +1) can be found in Tables 1 and 2. A 12-run PB design plus
3 central level (0) was performed for ethanol production, setting glucose was at 1.0 g/L (Table 1) and a
16-run PB design with 3 central level (0) was performed for biomass production. All experiments were
conducted in random order and duplicates.

Biomass concentration after 24 h of fermentation—[X24] and ethanol concentration after 144 h of
fermentation—[PEtOH] were used as response variables.

4.3.2. Central Composite Rotational Design (CCRD) to Increase Cell Growth

A central composite rotational design (CCRD) was proposed after the PB screening in order
to maximize biomass production during syngas fermentation. Cell concentration after 24 h of
fermentation—[X24] was the response variable. The parameters set and used as independent variables
were: tryptone, peptone, yeast extract, and l-arginine concentrations as shown in Table 3, with high
(+1) and low levels (−1), as well as axial (−2, +2), and central (0) levels. A CCRD with 24 runs plus
3 central level assays were performed, totalling 27 tests (Table 3). All experiments were conducted in
random order and duplicates. The results obtained were evaluated by Analysis of Variance (ANOVA)
and the effects were considered significant when p < 0.10.
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4.3.3. Fractional Factorial Design (FFD) to Improve Ethanol Production

A fractional factorial design (FFD) was used to evaluate the relevant components influencing
ethanol production during syngas fermentation. Four parameters (Tryptone, Peptone from gelatin,
yeast extract, and l-arginine concentrations) were screened in this study to determine the most
significant input factors for ethanol production by a two-level fraction factorial design (24−1) with
three central points. The response variable was ethanol production after 144 h of fermentation—PEtOH.
Table 6 shows the values representing the levels for each parameter studied. All experiments were
conducted in random order and duplicates.

4.4. Analytical Methods

4.4.1. Cell Growth

Optical density (OD) was measured at 600 nm using a UV-VIS spectrophotometer (Bell SP
2000 UV). Cell concentration (g dry weight cells/L) was estimated using a standard curve.

4.4.2. Product and by-Products Quantification

Metabolites were analyzed by HPLC (High performance Liquid Chromatography) from Shimadzu
equipped with Aminex® HPX-87H, 300 × 7.8 mm (Bio-Rad Laboratories Ltd., São Paulo–SP, Brazil)
column and RI (refractive index) detector (Shimadzu®, Kyoto, Japan). The mobile phase was H2SO4

5 mM, 0.6 mL/min flow rate, and 20 μL injection volume. The column temperature was set at 55 ◦C.

4.5. Statistical Analysis

The statistical analysis was performed using STATISTICA 7.1 software (StatSoft, Inc., Tulsa, OK,
USA). Analysis of variance (ANOVA) and the significance of the results were verified using Fisher’s
statistical test (F-test) at 10% of significance.

5. Conclusions

Experimental design is a powerful tool for reducing culture medium components. In the present
study, a PB design followed by CCRD indicated that tryptone, yeast extract, and l-arginine were the
most important culture medium components for C. carboxidivorans growth from syngas. The proposed
medium for C. carboxidivorans growth, herein named TYA (14 g/L tryptone, 9 g/L yeast extract,
and 1.4 g/L l-arginine) is cheaper (47%) than ATCC® 2713 and reduced in components. For ethanol
production, peptone and glucose were also relevant. After applying an experimental design sequence,
a culture medium for syngas fermentation by C. carboxidivorans was proposed and named TPYGarg
(12 g/L tryptone, 12 g/L peptone from gelatin, 7 g/L yeast extract, 1.2 g/L l-arginine, and 1 g/L glucose).
Almost five-times higher ethanol concentration and more than two-times higher butanol concentration
were produced on TPYGarg in comparison to ATCC® 2713. TPYGarg represents a 31% reduction in cost
of culture medium for syngas fermentation by C. carboxidivorans compared to ATCC® 2713. The increase
in ethanol productivity with this new medium in comparison to literature reports is outstanding.
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Abstract: Crude glycerol is the main by-product of many renewable diesel production platforms.
However, the process of refining glycerol from this crude by-product stream is very expensive,
and thus does not currently compete with alternative processes. The acetylation of glycerol provides
an intriguing strategy to recover value-added products that are employable as fuel additives. In this
work, the conversion of glycerol to acetyl derivatives was facilitated by a heterogeneous catalyst
generated from the thermal hydrolysis of biosolids obtained from a municipal wastewater treatment
facility. The reaction was studied using several conditions including temperature, catalyst loading,
acetic acid:glycerol molar ratio, and reaction time. The data demonstrate the potential for using two
distinct by-product streams to generate fuel additives that can help improve the process economics of
renewable diesel production.

Keywords: biosolids; esterification; glycerol conversion; heterogeneous catalysis

1. Introduction

Biodiesel and renewable diesel commodities are one of the main driving forces of the green
economy [1] as they decrease the emission of CO2 compared to fossil fuels [2]. Currently, biodiesel
production is mainly performed through transesterification of triglycerides using methyl or ethyl
alcohols, which leads to the massive production of glycerol as a by-product [3]. Other technologies that
are capable of generating renewable diesel, such as thermal conversion of lipids, also generate glycerol
as a by-product [4–6]. The Organization for Economic Co-operation and Development of the Food and
Agriculture Organization of the United Nations (OECD-FAO) reports that global biodiesel production
will increase from 36 to 39 billion litres between 2017 and 2027 [7]. Since the amount of crude glycerol
recovered as a by-product is roughly 10% of the biodiesel generated [8], annual global production of
crude glycerol is anticipated to reach 3.9 billion litres by 2027. Currently, producing refined glycerol
from crude by-product streams is far more expensive than traditional processes [9–11] even if glycerol
itself has many uses [12], such as an additive for cosmetic [13,14] and pharmaceutical [15] industries
and as cattle feed [16,17]. Nonetheless, glycerol is an attractive feedstock for several conversion
procedures, including oxidation [18], hydrogenolysis [19], etherification [20], esterification [21,22],
glycerol carbonate synthesis [23–25] and biological conversions [24]. In particular, glycerol acetyl
derivatives have received increasing attention due to their wide applications in many fields,
from polymer production to fuel additive manufacturing [26–30]. The glycerol acetylation process
produces three different compounds, monoacetins, diacetins and triacetin, whose yields are affected
by many process and chemical parameters [31,32]. Mixtures of diacetins and triacetin are valuable
diesel or gasoline additives leading to enhanced cold resistance, improved viscosity and anti-knocking
properties [33,34]. Similarly, monoacetins could be converted to solketal derivatives that show the same
properties of di- and triacetin, with low consumption of acetic acid required for their production [35].
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Furthermore, acetins mixtures are used by the pharmaceutical industry as filming [36] and as dispersant
agents [37] and as a solvent for hydrophobic molecules and essential oils [38,39].

Glycerol acetylation is generally performed under catalytic conditions using heterogeneous acidic
catalysts (i.e., ion exchange resins [40,41], heteropolyacids [42], zeolites [43], clays [44], biochar [45])
as well as both acetic acid [46] and acetic anhydride [47]. Acetic anhydride is a very effective
acetylation agent under mild conditions (room temperature with short reaction time) and leads to the
chemoselective formation of triacetin with a high release of heat. Despite this, acetic acid is preferentially
used for glycerol acetylation due to its lower cost and the strict regulations associated with acetic
anhydride use [48]. The acetylation procedure carried out using acetic acid as the acylating agent
leads to the formation of various acetyl esters of glycerol and generally requires higher temperatures
and a high acetic acid/glycerol ratio [33]. Acetic acid consumption and product purification has been
optimized using several continuous processes based on distillation as reported in many studies [49–52].

Recently, Bartoli et al. [23] described a novel catalyst derived from the solid residue recovered after
the thermal hydrolysis of biosolids. Thermal hydrolysis of biosolids has been shown to dramatically
improve settling rates, and thus offers a potential alternative to current disposal strategies that employ
natural settling in large biosolids lagoons [53]. To help offset the high costs that would be associated
with the thermal hydrolysis of biosolids at large-scale, valorisation of the metal-rich solid residues
recovered from hydrolysates was explored. Bartoli et al. [23] demonstrated that this material functioned
as an effective inter- and intramolecular esterification agent for the production of glycerol carbonate
and glycidol through urea glycerolysis.

Following up on this study, the same biosolids-based catalyst was employed and evaluated for
glycerol acetylation using acetic acid. The esterification reaction was studied under several conditions
of reaction time, temperature, acetic acid/glycerol ratio, and catalyst loading. Here, we provide
a proof-of-concept that our biosolids-based catalyst can facilitate conversion of glycerol to acetyl
derivatives, which could potentially provide value to both renewable diesel producers, as well as
wastewater treatment facilities.

2. Results

2.1. Preliminary Considerations Regarding Catalyst-Induced Reactivity and Composition

Glycerol acetylation proceeds through a well-known, multi-step mechanism (Figure 1). The first
esterification reaction occurs using one of the hydroxylic functionalities bounded to either a terminal or
internal carbon atom of glycerol. The acetylation of terminal groups is both statistically and chemically
preferred due to less steric hindrance. As a consequence, the formation of 1-monoacetin is far more
common than the formation of 2-monoacetin. The second acetylation occurs preferentially on the
remaining terminal carbon of 1-monoacetin, again due to steric hindrance. According to Zhou et al. [54],
the production of internal acetin is very slow and is the rate determining step in each acetylation
reaction [31,55] causing a low yield of triacetin, 1,2-diacetin and 2-moacetin.

Catalysts currently used for glycerol acetylation are mainly solid acids, such as resins or inorganic
salts [43], that promote a classical acid-mediated esterification. Nonetheless, Reddy et al. [56] reported
the use of metal oxides as effective catalysts for glycerol acetylation. Considering the beneficial activity of
metal oxides joined to acidic sites, the heterogeneous biosolids-based catalyst studied by Bartoli et al. [23]
for the urea glycerolysis process is also a promising candidate for glycerol acetylation. The solid residue
obtained through the thermal hydrolysis of biosolids showed very promising characteristics, such as a
high concentration of acidic sites (up to 5.32 ± 0.03 mmol/g) and several transitional metals (Table 1),
mainly as oxide derivatives [23], as shown by XRD analysis reported in Figure 2.
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Figure 2. XRD pattern of thermally hydrolysed biosolids-based material in the range from 20 2θ to 60
2θ compared with pure phases of Fe2O3, Al2O3 and SiO2 [57].

Due to the very complex composition of thermally hydrolysed biosolids-based material, XRD
analysis can provide only qualitative data. The XRD pattern of thermally hydrolysed biosolids-based
material using QualX software (IC-CNR, Bari, Italy) and the RRUFF™ Project database for pure
materials showed the presence of silicon oxide, iron oxide and aluminum oxide (quality match of
94%, 89% and 79%, respectively) as amorphous or mixed phase materials. The additional peaks in the
spectrum were reasonable due to residual oxides, halides, phosphate metals and organic residues that
compose the complex mixture of biosolids-based catalysts.

Since the early years of 19th century, it has been known that metals and their oxides could improve
the performance of catalysts during the esterification reactions [58]. Consequently, the metals mixture
recovered from thermally-hydrolysed biosolids could potentially be used as a catalyst without further
purification procedures.

2.2. Influence of Temperature on Glycerol Acetylation Conversion Rate and Selectivity

The influence of the reaction temperature on glycerol acetylation was investigated during a 4 h
period using four different temperatures (60 ◦C, 80 ◦C, 100 ◦C, 120 ◦C) and a fixed catalyst/glycerol
weight ratio (4 wt%) and acetic acid/glycerol molar ratio (6:1) as reported in Figure 3. According to
two-way ANOVA tests, the temperature and reaction time both had significant relevance (p < 0.05) on
the conversion values. At a temperature of 60 ◦C, conversions were generally low reaching a maximum
of 32.1 ± 1.6% after 4 h. When the reaction temperature was increased to 80 ◦C, the conversion slightly
increased to 41.1 ± 2.1% after 4 h, but at the 1 h or 2 h time points, there were no significant differences
compared with the corresponding time points at 60 ◦C. After 1 h at 100 ◦C, the conversion value
observed (8.9 ± 0.7%) was not statistically different from the 1 h reactions conducted at both 60 ◦C and
80 ◦C. However, an increase in reaction time at 100 ◦C led to improved conversion values, reaching a
maximum of 63.2 ± 1.5% after 4 h. Furthermore, significantly higher conversion was achieved at all
time points at 120 ◦C, reaching 27.7 ± 1.2% and 78.4 ± 0.2% after 1 h and 4 h, respectively.

According to two-way ANOVA tests (p < 0.05), selectivity was also affected by both temperature
and reaction time (Table 2). At 60 ◦C, the use of a catalyst derived from thermally hydrolysed biosolids
led to selective formation of monoacetins within the first 3 h of the reaction. However, diacetins were
detected in appreciable amounts (11.4 ± 0.9%) after 4 h. Although the selectivity for the monoacetins at
60 ◦C was quite high, the overall yields (calculated as the product of selectivity and conversion) were
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quite low reaching a maximum of around 28% after 4 h. At 80 ◦C, selectivity for monoacetins was still
extremely high (95.7 ± 0.6%) after 1 h, decreasing to 87.5 ± 1.0% after 4 h. At the same time, diacetins
conversion increased from 3.6 ± 0.1 after 1 h to 11.3 ± 0.6% after 4 h. Moreover, traces of triacetin were
detected in appreciable amounts after 4 h (1.2 ± 0.4%). A further increase in temperature to 100 ◦C
dramatically reduced monoacetins selectivity to 53.3 ± 0.7% after 4 h, while the occurrence of diacetins
reached 41.3 ± 0.4%. Under these conditions, triacetin was also detected at 5.4 ± 0.8%. After 4 h at 120 ◦C,
the selectivity of monoacetins (45.5 ± 1.4%) and diacetins (46.6 ± 1.5%) were statistically similar (p < 0.05),
while the selectivity for triacetin increased to 6.6 ± 0.8%. Generally, increments in diacetin and triacetin
conversion were observed as a result of both increasing temperature, as well as longer reaction times.

Table 2. Effect of the temperature on the selectivity during glycerol acetylation catalysed by a
biosolids-based catalyst. Reactions were carried out using a catalyst/glycerol ratio of 4% (w/w), and a
molar ratio of acetic acid:glycerol of 6:1.

T [h] T [◦C]
Conversion a

(%)

Selectivity b (%)

Monoacetins Diacetins Triacetin

1

60

8.3 ± 1.7 >99 Not detected Not detected
2 20.0 ± 3.4 >99 Not detected Not detected
3 26.8 ± 0.5 >99 Not detected Not detected
4 32.1 ± 1.6 88.4 ± 0.8 11.4 ± 0.9 Not detected

1

80

8.9 ± 1.3 95.7 ± 0.6 3.6 ± 0.3 0.7 ± 0.2
2 22.8 ± 1.2 93.7 ± 0.5 6.1 ± 0.5 0.5 ± 0.2
3 29.3 ± 0.8 91.0 ± 0.7 8.6 ± 0.4 0.5 ± 0.3
4 41.1 ± 2.5 87.5 ± 1.0 11.3 ± 0.6 1.2 ± 0.4

1

100

8.9 ± 0.7 86.6 ± 0.7 12.5 ± 0.2 0.8 ± 0.2
2 37.3 ± 1.2 73.9 ± 0.3 25.3 ± 0.6 0.9 ± 0.3
3 51.1 ± 0.7 62.7 ± 0.9 33.5 ± 0.3 3.8 ± 0.9
4 63.2 ± 1.5 53.3 ± 0.7 41.3 ± 0.4 5.4 ± 0.8

1

120

27.7 ± 1.2 70.9 ± 1.9 23.9 ± 2.0 1.5 ± 0.1
2 51.1 ± 1.1 64.7 ± 0.5 33.1 ± 1.7 2.0 ± 0.7
3 66.1 ± 0.3 54.2 ± 1.4 40.8 ± 3.0 4.6 ± 0.1
4 78.4 ± 0.2 45.5 ± 1.4 46.6 ± 1.5 6.6 ± 0.8

a Conversion: 100 × ((initial mass of glycerol − final mass of glycerol)/(initial mass of glycerol)); b Selectivity :
100× (area o f producti/

∑
i area producti).

Figure 3. The effect of temperature on the conversion of glycerol to acetyl derivatives catalysed by
the biosolids-based catalyst. Reactions were carried out using a catalyst:glycerol ratio of 4% (w/w),
and a 6:1 molar ratio of acetic acid:glycerol. The conversion values were examined using four different
temperatures: 60 ◦C, 80 ◦C, 100 ◦C and 120 ◦C. The averages ± standard deviations shown were
calculated using values from three experiments. Data annotated with different letters are significantly
different (at a 95% confidence level).
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2.3. Influence of the Acetic Acid:Glycerol Ratio on Glycerol Acetylation Conversion Rate and Selectivity

The influence of the molar ratio of acetic acid and glycerol on glycerol acetylation using a
biosolids-based catalyst was investigated using four different acetic acid:glycerol molar ratios (9:1, 6:1,
3:1 and 1:1) at 120 ◦C, and a catalyst/glycerol weight ratio of 4% as shown in Figure 4. According to
two-way ANOVA tests, both reaction time and acetic acid/glycerol ratio had a significant impact
on conversion. Despite this, there were no statistically differences (p < 0.05) in conversion after 1
h between the various acid:glycerol molar ratios tested, with an average conversion value around
27%. Using an acetic acid:glycerol molar ratio of 1:1, a slight increase in conversion from 26.0 ± 1.2%
after 1 h to 40.8 ± 0.5% after 4 h was observed. A greater increase in conversion was observed using
an acetic acid:glycerol ratio of 3:1, reaching 73.1 ± 0.7% after 4 h. Further increments in the acetic
acid:glycerol molar ratio (6:1 and 9:1) led to increases in conversion of 78.4 ± 0.2% and 85.8 ± 1.2% after
4 h, respectively.

Figure 4. Effect of the acetic acid:glycerol molar ratio on the conversion of glycerol to acetyl derivatives
catalysed by a biosolids-based catalyst. For the reactions shown above, the catalyst/glycerol ratio was
maintained at 4 wt%, with a reaction temperature of 120 ◦C. To determinate the relationship between
conversion and the acetic acid:glycerol ratios, four molar ratios were employed: 9:1, 6:1, 3:1 and 1:1.
The errors bars represent the standard deviations from the averages calculated from triplicate experiments.
Data annotated with different letters are significantly different (at a confidence level of 95%).

Selectivity (Table 3) was also affected by both temperature and acetic acid:glycerol molar ratio
according to two-way ANOVA outputs (p< 0.05). Considering a reaction time of 1 h, the biosolids-based
catalyst showed a monoacetins selectivity of 74.3 ± 3.2% using an acetic acid:glycerol molar ratio of
1:1. A decrease in monoacetins selectivity to around 70% was observed using molar ratios of acetic
acid:glycerol of 3:1 and 6:1. A further increment in acetic acid:glycerol ratio (9:1) led to a monoacetins
selectivity of 80.4 ± 3.8%. Monoacetins selectivity generally decreased with reaction time down to
43.8 ± 2.0% using an acetic acid:glycerol molar ratio of 1:1 after 4 h. A similar trend was observed for all
other ratios tested. Conversely, diacetins selectivity increased with increasing acetic acid:glycerol molar
ratios. Considering yields instead of the selectivity values, it is very clear that the acetic acid:glycerol
molar ratio had a remarkable impact. Using acetic acid:glycerol at a molar ratio of 1:1, the yields of
monoacetins and diacetins were 17.9 ± 1.0% and 20.0 ± 1.4% after 4 h, respectively. Increasing the
acetic acid:glycerol molar ratio to 9:1 led to increased monoacetins and diacetins yields of 40.2 ± 2.4%
and 41.5 ± 0.8%, respectively.
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Table 3. Effect of the acetic acid:glycerol molar ratio on the selectivity during glycerol acetylation
catalysed by a biosolids-based catalyst. For the reactions, the catalyst/glycerol weight ratio was
maintained at 4 wt% and the reaction temperature used was 120 ◦C.

T [h]
Acetic Acid:

Glycerol
(mol/mol)

Conversion a

(%)

Selectivity b (%)

Monoacetins Diacetins Triacetin

1

1

26.0 ± 0.5 74.3 ± 3.2 24.5 ± 1.8 1.2 ± 0.3
2 35.8 ± 0.3 59.7 ± 2.6 34.6 ± 1.1 4.1 ± 0.9
3 36.5 ± 0.5 51.7 ± 0.9 42.5 ± 2.6 5.5 ± 0.5
4 40.8 ± 0.7 43.8 ± 2.0 49.0 ± 2.8 6.3 ± 0.1

1

3

26.6 ± 0.3 70.9 ± 1.9 23.9 ± 2.0 1.5 ± 0.1
2 45.3 ± 1.9 64.7 ± 0.5 33.1 ± 1.7 2.0 ± 0.7
3 63.5 ± 0.6 54.2 ± 1.4 40.8 ± 3.0 4.6 ± 0.1
4 73.1 ± 0.7 45.5 ± 1.4 46.6 ± 1.5 6.6 ± 0.8

1

6

27.7 ± 0.7 70.9 ± 1.9 23.9 ± 2.0 1.5 ± 0.1
2 51.1 ± 1.1 64.7 ± 0.5 33.1 ± 1.7 2.0 ± 0.7
3 66.1 ± 0.3 54.2 ± 1.4 40.8 ± 3.0 4.6 ± 0.1
4 78.4 ± 0.2 45.5 ± 1.4 46.6 ± 1.5 6.6 ± 0.8

1

9

28.1 ± 0.9 80.4 ± 3.8 17.0 ± 0.5 0.9 ± 0.1
2 65.6 ± 1.2 62.1 ± 2.6 34.2 ± 1.5 2.4 ± 0.4
3 75.9 ± 0.5 49.7 ± 2.1 44.1 ± 0.7 3.9 ± 0.3
4 85.8 ± 1.2 46.9 ± 2.0 48.4 ± 0.3 6.3 ± 0.4

a Conversion: 100 × ((initial mass of glycerol – final mass of glycerol)/(initial mass of glycerol)); b Selectivity :
100× (area o f producti/

∑
i area producti).

2.4. Influence of Catalyst Loading on Glycerol Acetylation Conversion Rate and Selectivity

The effect of catalyst loading on acetylation of glycerol was studied using five different catalyst/glycerol
weight ratios (0 wt%, 2 wt%, 4 wt%, 8 wt%, 16 wt%). The reactions were carried out for 4 h at 120 ◦C,
with an acetic acid:glycerol molar ratio of 6:1 as shown in Figure 5. Two-way ANOVA testing (p < 0.05)
confirmed that both catalyst loading and reaction time affected the conversion during acetylation of
glycerol. The uncatalysed reaction in which no biosolids-based catalyst was employed proceeded very
slowly, reaching a conversion of only 3.6 ± 0.4% after 1 h and 65.7 ± 0.4% after 4 h. Using the same
conditions, a catalyst loading of 2 wt% substantially improved conversion, reaching 22.6 ± 0.7% after
1 h and 72.2 ± 1.5% of after 4 h. Further increments in catalyst loading induced significant increases in
conversion, achieving 90.8 ± 2.3% after 4 h using a catalyst loading of 16 wt%. The effect of catalyst was
particularly evident after 1h. In this experiment, a catalyst loading of 2–8% promoted conversions of
~22–27% while a catalyst loading of 16 wt% resulted in a conversion of 54.9 ± 1.1%.

The selectivity achieved during glycerol acetylation was also affected by catalyst loading and
reaction time. According to the data shown in Table 4, the trends observed with regards to the selectivity
of monoacetins and diacetins were comparable with other experiments. In general, a simultaneous
increase in diacetins and a decrease in monoacetins was observed with increasing reaction time and
catalyst loading. Triacetin selectivity followed the same trend as diacetins, albeit at much lower levels,
with the exception of the experiments without the use of catalyst where no triacetin was detected.
This suggests that a catalyst is necessary in order to promote the third esterification reaction, which is
associated with a very low kinetic rate due to the high steric hindrance of diacetins. Thus, the catalyst
obtained through thermal hydrolysis of biosolids positively affected the esterification of the internal
hydroxylic functionality that is characterized by a reaction ΔG higher than terminal groups [32].

27



Catalysts 2020, 10, 5

Figure 5. The effect of the catalyst loading on the conversion of glycerol to acetyl derivatives. Reactions
were performed at 120 ◦C, with a 6:1 molar ratio (acetic acid:glycerol). For these experiments,
different catalyst/glycerol weight ratios (0 wt%, 2 wt%, 4 wt%, 8 wt%, 16 wt%) were examined,
using a biosolids-based catalyst. The data reported represent averages ± standard deviations of
triplicate experiments. Values that are annotated with different letters are statistically different at a 95%
confidence level.

Table 4. The effect of catalyst loading on selectivity during glycerol acetylation catalysed by the
biosolids-based catalyst. Reactions were performed at 120 ◦C, with a 6:1 molar ratio of acetic acid:glycerol.

T [h] Catalyst [wt%]
Conversion a

(%)

Selectivity b (%)

Monoacetins Diacetins Triacetin

1

0

3.6 ± 0.4 65.2 ± 2.6 34.5 ± 2.6 Not detected
2 21.5 ± 0.9 56.6 ± 1.2 42.9 ± 2.8 Not detected
3 35.5 ± 0.9 49.0 ± 3.7 52.3 ± 1.9 Not detected
4 65.7 ± 0.4 44.4 ± 1.0 55.8 ± 2.6 Not detected

1

2

22.6 ± 0.3 74.3 ± 3.2 24.5 ± 3.0 1.2 ± 0.3
2 47.0 ± 2.0 59.7 ± 2.6 34.6 ± 1.5 4.1 ± 0.9
3 60.7 ± 0.3 51.7 ± 0.9 42.5 ± 1.8 5.5 ± 0.5
4 72.2 ± 1.5 43.8 ± 2.0 49.0 ± 1.1 6.3 ± 0.1

1

4

27.7 ± 1.2 70.9 ± 1.9 23.9 ± 2.0 1.5 ± 0.1
2 51.1 ± 1.1 64.7 ± 0.5 33.1 ± 1.7 2.0 ± 0.7
3 66.1 ± 0.3 54.2 ± 1.4 40.8 ± 3.0 4.6 ± 0.1
4 78.4 ± 0.2 45.5 ± 1.4 46.6 ± 1.5 6.6 ± 0.8

1

8

47.5 ± 2.2 78.6 ± 2.2 20.3 ± 2.3 1.0 ± 0.3
2 64.8 ± 3.1 65.2 ± 2.5 33.0 ± 1.9 2.5 ± 0.4
3 82.2 ± 1.3 54.1 ± 1.2 41.4 ± 1.1 4.6 ± 0.4
4 86.0 ± 0.5 46.1 ± 1.3 47.2 ± 0.3 6.8 ± 0.7

1

16

54.9 ± 1.1 80.4 ± 3.8 17.0 ± 0.5 0.9 ± 0.1
2 69.3 ± 1.6 62.1 ± 2.6 34.2 ± 1.5 2.4 ± 0.4
3 84.6 ± 1.3 49.7 ± 2.1 44.1 ± 0.7 3.9 ± 0.3
4 90.8 ± 2.3 46.9 ± 2.0 48.4 ± 0.3 6.3 ± 0.4

a Conversion: 100 × ((initial mass of glycerol – final mass of glycerol)/(initial mass of glycerol)); b Selectivity :
100× (area o f producti/

∑
i area producti).
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2.5. Influence of Catalyst Recycling on Glycerol Acetylation Conversion Rate and Selectivity

To assess reusability of the catalyst generated through thermal hydrolysis of biosolids, the same
catalyst sample was used for five consecutive reactions. The reactions were performed at a catalyst
loading of 4 wt%, an acetic acid:glycerol molar ratio of 6:1, and at 120 ◦C for 4 h (Figure 6). According to a
one-way ANOVA test, there were no significant differences (p < 0.05) in the conversion values assessed
during the five catalytic runs with average values ~78%. Furthermore, comparable selectivity was
also observed in the reaction products from the five catalytic runs (Table 5). Considering the metals
concentrations assessed after the fifth catalytic run (Table 1), it reasonable to assume that the catalytic
activity of thermally hydrolysed biosolids-based materials during glycerol acetylation was exploited
by both metals and acidic sites. Acid sites remained untouched after the fifth catalytic runs with a
concentration of 5.28 ± 0.05 mmol/g while key metals (Fe, Al) did not show any leaching. According to
these observations, acetylation of glycerol was promoted by acidic sites, such as hydroxylic functionalities
(mainly on silica as reported by Bartoli et al. [23]) and metal centres that can act as Lewis acids [59].

Figure 6. Conversion performance using recycled biosolids-based catalyst. The reactions were
performed using a catalyst/glycerol ratio of 4 wt%, a temperature of 120 ◦C, an acetic acid:glycerol
molar ratio of 6. These reactions were performed for 4 h. The values shown represent the average
± standard deviations of three independent experiments. Data annotated with different letters are
significantly different (at a confidence level of 95%).

Table 5. Selectivity observed in glycerol acetylation reactions using recycled biosolids-based catalysts.
Reactions were performed with a catalyst loading of 4 wt%, an acetic acid:glycerol molar ratio of 2:1,
and at 120 ◦C for 4 h.

Catalytic Run Conversion a (%)
Selectivity b (%)

Monoacetins Diacetins Triacetin

1st 78.4 ± 0.2 45.5 ± 1.4 46.6 ± 1.5 6.6 ± 0.8
2nd 77.9 ± 0.9 44.9 ± 0.5 45.9 ± 1.1 6.3 ± 0.6
3rd 77.9 ± 0.4 44.6 ± 0.3 46.3 ± 1.3 6.7 ± 0.4
4th 78.1 ± 0.2 46.6 ± 0.8 45.8 ± 0.8 6.0 ± 0.9
5th 78.1 ± 0.3 42.0 ± 0.7 46.2 ± 1.1 6.9 ± 0.5

a Conversion: 100 × ((initial mass of glycerol – final mass of glycerol)/(initial mass of glycerol)); b Selectivity :
100× (area o f producti/

∑
i area producti).
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2.6. Considerations on Catalytic Performance of Thermally Hydrolysed Biosolids and Available Catalysts

The catalytic performance of the biosolids-based catalyst is not as high as other reported materials,
such as superacid resins. Dosuna-Rodríguez et al. [40] compared several acidic resins reaching a
maximum conversion of up to 95% after 200 min with a selectivity for monoacetins and diacetins
of up to 81% and 5%, respectively, using 0.8 wt% of Dowex-2®. Similar and even better results
were achieved only using a high loading of thermally hydrolysed biosolids catalyst (from 8 wt% to
16 wt%). Other acid catalyst such as ionic liquids outperformed the biosolids-based catalyst, reaching
conversions of up to 99% and selectivity for triacetin up to 47% [60]. Furthermore, nanostructured
sulphated zirconia led to higher yields of triacetin (up to 40%) with low catalyst loading [61]. A similar
behaviour was also observed using acidic zeolites as reported by many authors [62–64]. Nonetheless,
thermally-hydrolysed biosolids catalyst operates at lower temperature compared with heteropolyacidic
catalytic systems reaching the same performances [65]. Furthermore, as the biosolids-based catalyst is
generated from a negative value material, the cost of this catalyst may offer significant advantages in
commercial applications.

3. Materials and Methods

3.1. Materials

Tetrahydrofuran (HPLC grade, >99.9%) and methyl nonadecanoate (used as internal standard for
gas chromatography) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Acetic acid (>98%)
and glycerol (98%) were purchased from Fisher Chemical (Fair Lawn, NJ, USA). Gases (Air, N2, H2, He)
were purchased from Praxair (Praxair Inc., Edmonton, AB, Canada). The biosolids-based catalyst was
obtained through thermal hydrolysis (121 ◦C, 1 h, >15 psi) of digested biosolids (~3.5% dry solids; pH
≈ 9) as previously described [23,53] The solid material was collected through centrifugation, then dried
at 105 ◦C to constant weight in a drying oven. The dried solids were then ground with a mortar and
pestle, and then passed through a 200 mesh nylon cloth. The material passing through the filter was
used as the biosolid-based catalyst.

3.2. Methods

3.2.1. Catalytic Acetylation of Glycerol

Glycerol (5 g) was placed into a one neck balloon with acetic acid (acetic acid:glycerol molar ratios
of 9:1, 6:1, 3:1, and 1:1) and the biosolids-based catalyst (catalyst/glycerol weight ratio of 16 wt%, 8 wt%,
4 wt%, 2 wt%, and 0 wt%), which was then connected to a condenser. The reaction mixtures were
stirred and heated at different temperatures (60 ◦C, 80 ◦C, 100 ◦C and 120 ◦C), with sampling every
hour for a total of 4 h. After, the reaction mixture was cooled to room temperature and the catalyst
was recovered through centrifugation (7155× g for 10 min), washed with acetone (5 mL three times),
dried overnight at 105 ◦C, and then analysed as described below. Each test was replicated three times.

3.2.2. Sample Analysis

The reaction mixture was analysed as previously reported [23]. Briefly, 100 μL of the crude
reaction mixture were diluted with 900 μL of tetrahydrofuran and 10 mg of methyl nonadecanoate
were added as the internal standard. The solution was analysed using a gas chromatograph
(6890N, Agilent Technologies, Fort Worth, TX, USA) equipped with an autosampler (Agilent 7683
series; Agilent Technologies, Fort Worth, TX, USA), a flame ionization detector (FID) and a mass
spectrometer (Agilent 5975B inert XL EI/CI MSD; Agilent Technologies, Fort Worth, TX, USA) used
for the quantification and identification of each peaks, respectively. Analyses were carried out by
injecting 1 μL of the samples into a DB-5 column (100 m × 250 μm × 0.25 μm; Agilent Technologies,
Fort Worth, TX) according to the methodology described previously [66]. Analysis were carried out
using helium as the carrier gas (flow rate of 1 mL/min), an injector temperature of 310 ◦C and FID
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temperature of 320 ◦C, respectively. The starting oven temperature was set at 35 ◦C, which was held
for 0.1 min, increased to 280 ◦C at 10 ◦C/min, and then held for 5.4 min to reach a total time of 30 min.
Mass spectrometry outputs were analysed and matched to those of the National Institute of Standards
and Testing (NIST) mass spectral library. The concentration of unreacted glycerol was evaluated using
a five point calibration curve (m = 0.185 ± 0.02; R2 = 0.994) established through the use of methyl
nonadecanoate as the internal standard.

Analysis of the main inorganics in the catalyst was performed using a Thermo iCAP 6000 series
Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES; Thermo Fisher Scientific,
Madison, WI, USA) at the Natural Resources Analytical Laboratory (Department of Chemistry,
University of Alberta). 50 mg of each sample were digested dissolved in 5 mL of trace-metal grade
HNO3 and further diluted with Milli-Q water to 25 mL. An internal standard solution containing
Yttrium is used to correct for matrix effects in each sample. Final analyte values are reported after
this correction factor has been applied. Analyses were carried out before and after the five catalytic
runs. Analysis of acid residual groups on the surface of the catalyst was carried out according to
methodology reported by Bartoli et al. [23], which was based on a modified Boehm’s test [67].

XRD analysis was carried out using a D8 Discover X-ray diffractometer (Bruker, Madison, WI,
USA) employing Cu Ka (k = 1.5418 Å) radiation. Diffractograms were acquired in the 2θ range from
10.0◦ to 90.0◦, applying a step size of 0.50◦. Inorganic species were detected using freeware software
QualX software. Only species with a quality match of 80% or higher were reported.

3.2.3. Statistical Analysis

One-way and two-way ANOVA tests and t-tests with a significance level of 0.05 (p < 0.05)
were carried out using Excel™ software (Microsoft Corp., Redmond, WA, USA) and the “Data
analysis” tool. Statistical analysis was performed using triplicate data, with the means and standard
deviations reported.

Five grams (5 g) was placed into a one neck balloon with acetic acid (acetic acid:glycerol molar
ratios of 9:1, 6:1, 3:1, and 1:1) and the biosolids-based catalyst (catalyst/glycerol weight ratio of 16 wt%,
8 wt%, 4 wt%, 2 wt% and 0 wt%), which was then connected to a condenser. The reaction mixtures
were stirred and heated at different temperatures (60 ◦C, 80 ◦C, 100 ◦C and 120 ◦C), with sampling
every hour for a total of 4 h. After, the reaction mixture was cooled to room temperature and the
catalyst was recovered through centrifugation (7155× g for 10 min), washed with acetone (5 mL three
times), dried overnight at 105 ◦C, and then analysed as described below. Each test was replicated
three times.

4. Conclusions

In this work, the effectiveness of a heterogeneous catalyst obtained from thermally hydrolysed
biosolids in promoting glycerol acetylation was demonstrated. Glycerol conversion was studied using
various temperatures, acetic acid:glycerol molar ratios, catalyst loading and reaction times. The results
highlight the ability of the biosolids-based catalyst to promote a rapid conversion of glycerol to a
mixture of monoacetins, diacetins, and triacetin. The maximum conversion obtained was 90.8 ± 2.3%
after 4 h at 120 ◦C using a catalyst loading of 16 wt% and an acetic acid:glycerol molar ratio of 6:1.
Furthermore, under the same conditions, an extremely high selectivity of monoacetins were achieved
after only 1 h. Considering the catalytic activity and negative cost of the material recovered from
biosolids, a waste stream from wastewater management processes, catalysts recovered from thermally
hydrolysed biosolids is a promising tool for the glycerol acetylation process.
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Abstract: Lignocellulose-based biorefineries are considered to play a crucial role in reducing fossil-fuel
dependency. As of now, the fractionation is still the most difficult step of the whole process.
The objective of this study is to investigate the potential of a base-catalyzed organosolv process
as a fractionation technique for European larch sawdust. A solvent system comprising methanol,
water, sodium hydroxide as catalyst, and anthraquinone as co-catalyst is tested. The influence of
three independent process variables, temperature (443–446 K), catalyst loading (20–30% w/w), and
alcohol-to-water ratio (30–70% v/v), is studied. The process conditions were determined using a
fractional factorial experiment. One star point (443 K, 30% v/v MeOH, 30% w/w NaOH) resulted
in the most promising results, with a cellulose recovery of 89%, delignification efficiency of 91%,
pure lignin yield of 82%, residual carbohydrate content of 2.98% w/w, and an ash content of 1.24%
w/w. The isolated lignin fractions show promising glass transition temperatures (≥424 K) with high
thermal stabilities and preferential O/C and H/C ratios. This, together with high contents of phenolic
hydroxyl (≥1.83 mmol/g) and carboxyl groups (≥0.52 mmol/g), indicates a high valorization potential.
Additionally, Bjorkman lignin was isolated, and two reference Kraft cooks and a comparison to three
acid-catalyzed organosolv fractionations were conducted.

Keywords: lignin; organosolv; fractionation; European larch; characterization

1. Introduction

Interest in renewable resources to supply energy and products significantly increased over the last
20 years. The driving factors of this trend are the reduction of fossil-fuel dependence, sustainability,
mitigation of greenhouse gas emissions, and the ever-increasing global energy demand. Lignocellulosic
biorefineries will play a key role in achieving these goals, as they are able to generate chemicals, fuels,
and energy from non-feed/food biomass such as primary wood processing (e.g., wood chips and
sawdust) [1,2].

The pretreatment step of lignocellulosic biomass is one of the crucial steps of biomass valorization,
as well as one of the most cost-intensive, accounting for up to 40% of the total processing
costs [1]. A plethora of biological, chemical, physical, and thermal fractionation methods, as well
as combinations thereof, were developed to efficiently separate biomass into its main components,
cellulose, hemicellulose, and lignin, as well as extractives [1]. For softwoods, sulfite, sulfate, and
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soda pulping are available on a commercial scale; alternative techniques include steam explosion and
(auto)catalyzed organosolv pretreatment [3].

The first studies on the organosolv process were published in 1931 by Kleinert and Tayanthal, who
found that wood could be delignified using aqueous ethanol at elevated temperature and pressure [4].
Over the years, different solvent systems were tested, including alcohols, ketones, lactones, organic
acids, phenols, amines, and various catalysts including acids, bases, and neutral salts [5]. There are two
major advantages of organosolv over conventional sulfate and sulfite pulping processes: production
of high amounts of valuable side streams/byproducts, such as sulfur-free lignin, and ease of solvent
recovery via distillation. The latter is unfortunately only true for simple solvent systems, such as
alcohol–water [6].

Recent studies in the field of alcohol based organosolv fractionation of softwoods were mainly
performed under acid catalysis. Løhre et al. investigated a two-step semi-continuous process
comprising a sulfuric acid-catalyzed organosolv fractionation followed by lignin solvolysis. They used
spruce as feedstock and primarily focused on fractionation performance and oil yield [7]. Rossberg
et al. investigated the impact of different processing conditions of a sulfuric acid-catalyzed ethanol
organosolv process on lignin properties, using spruce, and focusing on downstream processability of
the lignin fraction [8]. Nitsos et al. also used spruce to study the effect of sulfuric acid-catalyzed ethanol
organosolv pretreatment on fractionation performance and resulting lignin properties, with focus on
process performance [9]. Imlauer-Vedoya et al. studied a combined steam explosion and uncatalyzed
organosolv process for the fractionation of radiata pine. However, they were only interested in the
pulp fraction [10]. Lesar et al. investigated the uncatalyzed ethanol organosolv fractionation of spruce
and mixed softwood. They also focused their research on the hydrolyzability of the pulp fraction [11].

A two-stage base-catalyzed organosolv process, named Organocell, was developed in the 1970s in
Germany, as an alternative to the Kraft process [12]. In the first step, hemicellulose and part of the lignin
fraction are dissolved at elevated temperatures, 443–463 K, in a 1:1 methanol–water mixture. In the
second step, the methanol content is reduced (30% v/v) and the chips are cooked with up to 30% NaOH
on a dry wood basis. Additionally, 0.1%–0.2% anthraquinone (AQ) is added as a redox co-catalyst, to
reduce pulp loss and increase delignification efficiency [13]. As the initial step, AQ oxidizes a reducing
end of a carbohydrate chain (to form an aldonic acid group), limiting carbohydrate degradation in
the process. The in situ formed anthrahydroquinone species then reduces a lignin quinone methide
structure, cleaving a β-aryl ether bond in the process, significantly improving delignification efficiency
and reducing lignin condensation reactions [14]. Furthermore, terminal oxidation of primary alcohols
to aldehydes leads to extensive lignin fragmentation via retro aldol reactions [13]. The process was
also run as a single alkaline step, due to economic considerations [6].

However, to the best of the authors’ knowledge, no detailed investigation of fractionation
performance and direct comparison to other processes was published; the only available literature to
date dealing with the lignin fraction of an Organocell-type pretreatment process is a four-part study by
Lindner and Wegener published from 1988 to 1990 [15–18]. In these studies, the lignin fractions from
both pulping stages were isolated and analyzed. However, they only investigated the reaction time
dependence of these properties and kept all other parameters constant. The isolated lignin fractions
had promising properties for valorization, such as low carbohydrate content, relatively low molecular
weight, and high content of functional groups; therefore, the authors decided to further investigate this
fractionation process.

The aim of this work was to evaluate the potential of a one-step Organocell process using European
larch sawdust. The feedstock was chosen due to the high volume of larch timber on the European
wood market [19]. The valorization potential of the pulp fraction and the isolated lignin fraction
is of major interest. The usability of the lignin fraction mainly depends on the physicochemical
properties, as conventional pulping processes, namely, sulfate and sulfite processes, result in technical
lignins of low purity that contain sulfur and are highly degraded [20], which reduce the valorization
potential significantly. Thus, a high fractionation performance combined with a high-quality lignin
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fraction would significantly increase the attractiveness of the base-catalyzed methanol organosolv
process for softwood fractionation. The efficiency of the fractionation was investigated using a
fractional factorial design on reaction temperature, catalyst loading, and methanol-to-water ratio.
The conditions were derived from literature reporting on the Organocell process [12,15–18]. The results
were compared to two lab-scale Kraft processes and three previously reported acid-catalyzed organosolv
fractionations [21]. The properties of the resulting lignin fractions were analyzed and compared using
ultimate, thermal, 31P-NMR, thioacidolysis GC/MS, and HPLC–SEC analysis.

2. Results and Discussion

In this publication, the feasibility of a base-catalyzed organosolv treatment with focus on usability
of the lignin fraction is explored. In the first part, the fractionation performance is investigated, including
purity of the resulting fractions and comparison to two lab-scale Kraft and three acid-catalyzed ethanol
organosolv processes from a previous study [21]. In the second part, the physicochemical properties of
the isolated lignin fractions are investigated and compared.

2.1. Feedstock Composition

The chemical composition of European larch sawdust was determined according to the
NREL/TP-510-42618 protocol published by Sluiter et al. [22]. In a previous publication by the
authors [21], the composition was determined using a different technique. However, due to the
distinctly higher throughput of the protocol described by Sluiter et al. [22], it was analyzed again for a
better comparison to the pulp fractions (see Table 1).

Table 1. Composition of European larch, reported as mean (n = 3) ± standard deviation.

Cellulose Hemicellulose a Total Lignin b Extractives c Ash [21]

Content %
w/w 42.3 ± 0.4 29.6 ± 0.2 26.4 ± 0.1 2.70 ± 0.09 0.17 ± 0.02

a 1.17% ± 0.01% arabinan, 5.77% ± 0.07% xylan, 5.54% ± 0.07% galactan, and 17.0% ± 0.2% glucomannan; b 26.07%
± 0.02% Klason lignin and 0.3% ± 0.1% acid-soluble lignin; c acetone extractives.

In comparison, Scots pine (Pinus sylvestris) contained a slightly higher amount of cellulose and
hemicellulose with 40.0% and 28.5% respectively. However, the lignin and extractive contents were
both slightly decreased, with 27.7% and 3.5%, respectively. White spruce (Picea glauca) contained a
lower amount of cellulose and extractives, with 39.5% and 2.1%, respectively. Both the hemicellulose
and the lignin content were elevated in comparison, with 30.6% and 27.7%, respectively [23].

2.2. Interpretation of Results from Experimental Design

2.2.1. Pulp Fraction

Firstly, preliminary fractionation experiments on alcohol-to-water ratio, type of alcohol used, and
concentration of base catalyst were performed in a limited set of combinations (see Supplementary
Materials). Based on that, the fractional factorial design of experiment was set up. The quantitative
results from the 23-1 fractional factorial design are summarized in Table 2. Statistical analyses of the
data from the three center point replicates (CP1-3) showed that the response to the base-catalyzed
organosolv fractionation (BCOS) was reproducible, when comparing lignin and pulp yields, as well
as the composition of the respective fractions. The validity of the optimization was limited due
to the small number of experiments, as chemical pulping is a rather complex system. Moreover,
several responses showed significant curvature (see Supplementary Materials), indicating that a more
sophisticated design of experiments, such as response surface methodology, should be used for a
proper optimization. However, it was deemed sufficient for an exploratory analysis.

39



Catalysts 2019, 9, 996

Table 2. Mass flows for the pulp fraction of the base-catalyzed organosolv fractionation.

Parameters a Pulp Fraction b

T S C Total KL c ASL TL Cellulose Hemicellulose

Sawdust 100 26.07 0.35 26.42 42.34 29.56
SP1 (−/+/−) 443 70 20 54.00 4.28 0.35 4.63 37.61 11.76
SP2 (−/−/+) 443 30 30 52.46 2.12 0.37 2.49 37.73 12.25
SP3 (+/−/−) 463 30 20 44.69 0.35 0.20 0.55 35.12 9.02
SP4 (+/+/+) 463 70 30 34.42 0.62 0.19 0.81 26.50 7.10
CP1 (0/0/0) 453 50 25 45.79 0.96 0.26 1.22 34.07 10.50
CP2 (0/0/0) 453 50 25 46.19 0.88 0.31 1.20 34.51 10.74
CP3 (0/0/0) 453 50 25 46.12 0.92 0.26 1.18 34.27 10.67

CP1-3 46.0 0.92 0.28 1.20 34.3 10.6
Avg ± SD 0.2 0.03 0.02 0.02 0.2 0.1

a T, cooking temperature (K); S, solvent ratio (% v/v methanol); C, catalyst concentration (% oven-dried wood (odw)
NaOH). b All data are yields of components (g) per 100 g (oven-dried weight) untreated larch sawdust. c KL, Klason
lignin; ASL, acid-soluble lignin; TL, total lignin.

Using the Design-Expert 12 software, the major effects of three factors, temperature (X1),
methanol-to-water ratio (X2), and NaOH concentration (X3) on pulp and cellulose yield, as well as
residual lignin content, were investigated. These three responses were chosen as they are among the
most critical results for an efficient fractionation. The Shapiro–Wilk test was used to test for normality.
ANOVA and multiple linear regression analysis were used to determine if the effects were either positive
or negative [24] (see Supplementary Materials). Only the residual lignin content did not follow a normal
distribution (α < 0.05). Except for the methanol (MeOH)/H2O ratio in the case of residual lignin content,
all factors had a negative effect. Pareto charts were drawn to visualize the magnitude and importance of
the effects. Additionally, the linear correlation coefficients of the three coded factors on each response were
plotted, to visualize the significance of the respective effects (see Figures 1 and 2). As can be seen in both
figures, all three factors had a significant influence on the response. Temperature, as already indicated by
the preliminary experiments (see Supplementary Materials), indeed had the greatest impact, especially for
cellulose and lignin yield. Interestingly, catalyst loading and MeOH/H2O ratio had, on average, similar
magnitudes of effect over all responses. These data clearly show that a delicate balance of catalyst loading,
MeOH/H2O ratio, and temperature has to be found for optimal fractionation performance, since the effect
of both delignification and cellulose degradation is positive, albeit with different magnitudes. However,
as the effect of the MeOH/H2O ratio is inverse for delignification and cellulose degradation, a low MeOH
content is to be preferred for maximum fractionation performance.

 

Figure 1. Pareto charts showing the effect of temperature, methanol (MeOH)/H2O ratio, and NaOH
concentration on the respective responses. (a) Responses of the pulp fraction; (b) responses of the lignin
fraction. On the x-axis, the square roots of the F-values from the ANOVA analysis are plotted. Factors
denoted with an asterisk and dashed lines are positive, while all others are negative. The t-value limit
(line of significance) is denoted by a dashed line, whereas the Bonferroni limit (absolute significance)
by a solid line.
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Figure 2. Effects of the three factors, temperature, MeOH/H2O ratio, and NaOH concentration, on
the responses of pulp, cellulose, and lignin yield, as well as residual lignin and residual carbohydrate
(CH) content. The responses are increased/decreased by positive/negative correlation coefficients,
respectively. Colored bars have a significant correlation at p = 0.05, bars with ˆ have a significant
correlation at p = 0.01. # denotes a significant effect at p = 0.10. The linear correlation coefficients are
derived from multiple linear regression analysis (see Supplementary Materials).

The lowest amount of residual lignin in the pulp fraction was achieved under SP3 conditions
(463 K, 30% v/v MeOH, and 20% w/w NaOH) with 1.23% Klason lignin (2.07% of initial wood content)
(see Table 2). The pulp and cellulose yields of 44.69% oven-dried wood (odw) and 82.96% initial wood
(i.w.), respectively, were comparable to center point conditions but were significantly lower compared
to the reactions performed at 443 K (SP1, SP2) (see Table 2). Pulping run SP4 was given the maximum
values of all variables. These maximum conditions significantly decreased the pulp and cellulose
recovery, resulting in the lowest yields of this study, with 46.74% i.w. and 62.59% i.w., respectively.
Additionally, the delignification efficiency was reduced compared to SP3, making these experimental
conditions unfeasible.

Although being less efficient than SP3 in terms of raw fractionation performance, the authors decided
that the conditions of SP2 resulted in the most preferential results. Cellulose recovery was excellent at
89%, with a delignification efficiency of 91%. It was deduced from a publication by van Tran [25] that,
after bleaching via oxygen delignification to the same residual lignin content as SP3, the expected pulp
yield would still be significantly higher, with an estimated 68% i.w. versus 61% i.w. It also would not
significantly impair the physical properties of the pulp fraction according to Yang et al. [26].

As can be seen in all tested experimental conditions (see Table 2), the presence of anthraquinone
hindered efficient hemicellulose removal. This was expected, since anthraquinone (AQ) protects the
reducing sugar ends groups via oxidation to aldonic acid groups [14]. For a proper hemicellulose
removal, the authors suggest either a pre- or a post-pulping hydrolysis step at elevated temperatures.
The former concept was used in the two-step Organocell process, the basis for the investigations in this
study [12]. However, recently, it was demonstrated by Borrega et al. [27] that a post-pulping hydrolysis
step increases both cellulose yield and purity in comparison to pre-pulping hydrolysis in traditional
Kraft pulps. Possible high-value applications for the pulp fraction, due to the high cellulose and low
lignin content, after hemicellulose removal and possible bleaching, include cellulose nanofibers [28,29]
and dissolving pulp preparation [6].
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Higher fractionation efficiency in comparison to catalyzed ethanol organosolv pulping

Both Kraft processes were performed at a lower liquid-to-solid ratio of 3.5 versus 8. Therefore, the
solid loading was increased to 40 g oven-dried wood, to reach the solvent level required for adequate
mixing in the stirred batch reactor.

The low-severity Kraft process (Kraft (−)) was the least efficient fractionation process tested
in this study, resulting in a delignification efficiency of just 78.95% (see Table 3). The conditions
were chosen, as reaction temperature (440 K vs. 443 K), residence time (58 min vs. 60 min), and
effective alkali charge (19% odw vs. 20% odw) were almost identical to SP1. Compared to that, the
pulp and cellulose yields were similar, albeit slightly lower. Hemicellulose recovery was distinctly
decreased for the low-severity Kraft process, which was expected due to the protective properties
of anthraquinone, which is detrimental for an efficient hemicellulose removal. As expected, pulp,
cellulose, and hemicellulose yields, as well as residual lignin content, were significantly lower for
the high-severity Kraft process (see Table 3). The residual lignin content was comparable to that of
SP2 (8.61% i.w. vs. 9.36% i.w.); however, the cellulose and hemicellulose yields were significantly
decreased, closer to that of SP3, albeit slightly lower. Comparing the Kraft cooks of this study to the
results by Hörhammer et al. [30] on Siberian larch, significantly higher pulp yields were achieved
for the low-severity pulping run, with 52.1% w/w vs. 43.2% w/w. This also coincided with a higher
kappa number, 50.3 vs. 67.1, which was calculated using a previously published approximation
(% Klason lignin = 0.159 × kappa number) [6]. The kappa number is an indicator for bleachability
and degree of delignification for pulp samples and is based on the reaction of a 0.1 N potassium
permanganate solution with lignin [6]. This trend can be also seen in the high-severity process, albeit
distinctly less pronounced, with 42.8% w/w vs. 40.2% w/w and 33.4 vs. 24.2, respectively. These
results indicate a significantly poorer fractionation performance of the Kraft processes in this study,
which can be attributed to lower humidity (40% w/w vs. 21% w/w), poorer mixing, and difference in
feedstock composition.

Table 3. Mass flows for the Kraft and acid-catalyzed organosolv fractionations.

Pulp Fraction a Lignin Fraction

Total KL b ASL Cell Hcell Total KL ASL TL CH Ash

Sawdust 100 26.07 0.35 42.34 29.56 - - - - - -
Kraft (−) 52.08 4.84 0.72 36.86 9.66 23.27 19.14 0.35 19.50 0.51 0.56
Kraft (+) 42.83 1.98 0.29 33.05 7.51 26.90 22.76 0.55 23.31 0.46 0.68
EOS (−) c 47.79 8.45 0.18 36.98 2.23 16.36 15.48 0.07 15.55 0.09 >0.05
EOS (0) 38.56 4.91 0.15 32.84 0.67 19.42 18.12 0.15 18.27 0.08 >0.05
EOS (+) 29.74 5.31 0.12 24.05 0.27 20.83 19.52 0.24 19.78 0.18 >0.05

a Data are yields of components (g) per 100 g (oven-dried weight) untreated larch sawdust. b EOS, ethanol
organosolv; KL, Klason lignin; ASL, acid-soluble lignin; Cell, cellulose; Hcell, hemicellulose; TL, total lignin; CH,
residual carbohydrates. c Sulfuric acid loading, reaction time, and liquid-to-solid ratio were set to 1.10% odw, 30
min, and 7 v/w, respectively; reaction temperatures were 440 K (−), 450 K (0), and 460 K (+), respectively.

Higher fractionation efficiency in comparison to catalyzed ethanol organosolv pulping

To be able to better assess the fractionation performance of the base-catalyzed organosolv process,
three pulp and corresponding lignin samples were included that were isolated in a previous study on
acid-catalyzed ethanol organosolv fractionation of the same feedstock [21].

The most distinct difference between the results of the acid-catalyzed organosolv fractionation and
both base-catalyzed processes was obviously hemicellulose yield, as hemicellulose is significantly more
susceptible toward acid hydrolysis [31]. Even in low-severity conditions, the hemicellulose content of
the pulp fraction was just 7.52% of initial wood content, compared to 24.02% i.w. for the most severe
base-catalyzed organosolv process (SP4) (see Table 3). On the downside, with increasing temperature
(440–460 K), the cellulose yield decreased significantly, from 87.33% i.w. to 56.80% i.w., dropping
to levels lower than that of SP4 (62.59% i.w.). At the same time, the residual lignin content did not
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decrease accordingly, with a minimal content of 19.02% i.w., only being able to surpass the least efficient
base-catalyzed process in terms of fractionation performance (Kraft low, 21.05% i.w.). Additionally, at
460 K, pseudo-lignin formation likely occurred, increasing the Klason lignin content. Pseudo-lignins
are aromatic compounds that are hypothesized to form from carbohydrate degradation products,
such as 5-hydroxymethylfurfural (C6 sugars) and furfural (C5 sugars) via a series of rearrangement,
oxidation, polymerization, and condensation reactions [32,33].

2.2.2. Lignin Fraction

Lignin isolation yields must also be considered when deciding the optimum process conditions
of a lignocellulosic biomass fractionation process. The pure lignin yields ranged from 64.7% (SP1) to
88.0% (SP3) of initial wood content (i.w.) (see Table 4). As expected, the maximum yield coincided
with the lowest residual lignin content of the pulp fraction (SP3) and vice versa (SP1). The main factor
affecting lignin yield was temperature, having a positive effect according to ANOVA analysis (see
Figures 1 and 2). The methanol-to-water ratio had the second biggest effect, correlating negatively to
lignin yield. The average of lignin purity, including all tested reaction conditions, was 93.7% ± 0.2%
w/w. The t-value of effect for all three factors (X1–X3) failed to reach the t-value limit, suggesting their
independence (not shown). Impurities of the lignin fractions included not only residual carbohydrates
and ash but also residual water, as well as water/diluted methanol-insoluble wood extractives/resins
and degradation products. The latter two only reduce apparent purity if they either decompose
or evaporate at 378 K; they contribute to the acid-insoluble lignin fraction otherwise. The content
of residual carbohydrates was low for each lignin fraction, ranging from 2.98% w/w (SP2) to 0.76%
w/w (SP4). Interestingly, temperature was the only factor having a significant effect on the residual
carbohydrate content of the lignin fraction, correlating negatively to it (see Figures 1 and 2). The t-value
of the effect of MeOH/H2O ratio barely exceeded the Bonferroni limit, and that of NaOH concentration
did not even reach the t-value limit. The ash content of all lignin fractions was low as well, ranging
from just 0.53% w/w to 1.24% w/w. The ash content was only determined by the initial base loading
and the washing efficiency during work-up.

Table 4. Mass flows for the lignin fractions of the base-catalyzed organosolv fractionations.

Lignin Fraction a Aqueous Fraction

Total KL ASL TL CH Ash ASL

SP1 (−/+/−) 18.44 16.78 0.56 17.34 0.40 0.10 4.56
SP2 (−/−/+) 21.53 19.57 0.62 20.19 0.64 0.27 3.94
SP3 (+/−/−) 24.82 22.38 0.87 23.24 0.31 0.19 3.61
SP4 (+/+/+) 23.08 21.07 0.52 21.59 0.18 0.28 7.06
CP1 (0/0/0) 22.28 20.01 0.65 20.66 0.28 0.23 5.63
CP2 (0/0/0) 22.16 20.24 0.58 20.82 0.22 0.24 5.62
CP3 (0/0/0) 22.57 20.42 0.67 21.10 0.25 0.25 5.62

CP1-3 22.3 20.2 0.64 20.9 0.25 0.24 5.62
Avg ± SD 0.2 0.1 0.05 0.2 0.03 0.01 0.01

a Data are yields of components (g) per 100 g (oven-dried weight) untreated larch sawdust.

The mass balances for lignin for the base-catalyzed organosolv fractionations are shown in Table 5.
Note that the lignin recoveries were all over 100%, except for the two experiments performed at
lower temperatures (443 K). This can be attributed to the more excessive carbohydrate degradation at
higher temperatures that can lead to overestimation of the acid-soluble lignin content of the aqueous
fraction. Additionally, the presence of 2.70% w/w acetone extractives in European larch wood further
complicated the exact determination, as they can influence both Klason lignin and acid-soluble lignin
content [34].
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Table 5. Lignin recovery for the base-catalyzed organosolv fractionations.

Pulp Fraction a Lignin Fraction
Aqueous
Fraction

Lignin
Recovery

KL ASL KL ASL ASL %

SP1 (−/+/−) 4.28 0.35 16.78 0.56 4.56 100.4
SP2 (−/−/+) 2.12 0.37 19.57 0.62 3.94 100.8
SP3 (+/−/−) 0.35 0.20 22.38 0.87 3.61 103.8
SP4 (+/+/+) 0.62 0.19 21.07 0.52 7.06 111.5
CP1 (0/0/0) 0.96 0.26 20.01 0.65 5.63 104.1
CP2 (0/0/0) 0.88 0.31 20.24 0.58 5.62 104.6
CP3 (0/0/0) 0.92 0.26 20.42 0.67 5.62 105.6

CP1-3 0.92 0.28 20.2 0.64 5.62 104.8
Avg ± SD 0.03 0.02 0.1 0.05 0.01 0.5

a Data are yields of components (g) per 100 g (oven-dried weight) untreated larch sawdust

Higher purity compared to Kraft pulping

The pure lignin yields of both Kraft processes were comparatively high, reaching up to 88.24% i.w.,
with Kraft (+) being the highest in this study, on par with SP3 (87.98% i.w.). The high yields despite
lower delignification efficiency can be attributed to the decreased solubility of lignin in pure acidified
water compared to acidified 20% aqueous methanol for the base-catalyzed organosolv fractionations.
The purity of both lignin fractions was significantly lower compared to the base-catalyzed organosolv
processes, with 83.78% w/w (−) and 86.67% w/w (+). The content of residual carbohydrates was low,
with 2.21% w/w and 1.71% w/w, which was similar to the BCOS. The ash content was distinctly higher
for both sulfate processes, with 2.21% w/w and 2.41% w/w on lignin content. This is to be expected, as
(co-)catalyst concentration was between 1.7 and 3.2 times higher based on pulping liquor.

Higher yields compared to catalyzed ethanol organosolv pulping

As expected, lignin yields were lower for the acid-catalyzed process (61.92%–78.84% i.w.), due
to the lower delignification efficiency. However, lignin purity was slightly higher in all three runs
(94.08%–95.6%), with both lower ash and residual carbohydrate content. The former can be explained
by the significantly decreased catalyst loading, whereas the latter due can be explained by the enhanced
carbohydrate fragmentation under acidic conditions.

2.3. Influence of Pulping Conditions on Lignin Properties

As the second part of this study, the physicochemical properties of the isolated lignin fractions
were investigated. They are a key factor for both lignin downstream valorization and feasibility of the
whole fractionation process.

2.3.1. Ultimate Analysis

The influence of pulping conditions on the elemental composition was determined via ultimate
analysis, and the results are shown in Table 6. Both molar hydrogen-to-carbon and oxygen-to-carbon
molar ratios can be used as indicators for degrees of aromaticity and of oxygenation, respectively.
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Table 6. Results from ultimate and HPLC–SEC analysis.

C
% w/w

H
% w/w

O
% w/w

S
% w/w

H/C
mol/mol

O/C
mol/mol

Mn
a

kg/mol
Mw

kg/mol

MWL 60.78 5.71 33.51 - b 1.04 0.50 1.76 2.61
SP1 (−/+/−) 66.13 5.78 28.09 - 1.05 0.32 1.89 2.94
SP2 (−/−/+) 65.32 5.78 28.90 - 1.06 0.33 1.80 2.88
SP3 (+/−/−) 66.75 5.77 27.48 - 1.04 0.31 1.68 2.77
SP4 (+/+/+) 67.27 5.85 26.88 - 1.04 0.30 1.75 2.56
CP1 (0/0/0) 66.43 5.79 27.78 - 1.05 0.31 1.65 2.58
CP2 (0/0/0) 66.36 5.78 27.86 - 1.05 0.31 1.62 2.52
CP3 (0/0/0) 66.27 5.82 27.91 - 1.05 0.32 1.62 2.55

CP1-3 66.35 5.80 27.85 - 1.05 0.31 1.63 2.55
Avg ± SD 0.08 0.02 0.07 - <0.01 <0.01 0.02 0.03

Kraft (−) 61.78 5.33 30.23 2.66 0.99 0.44 1.81 3.05
Kraft (+) 61.57 5.44 30.26 2.73 0.97 0.43 1.78 2.92
EOS (−) 66.42 6.22 27.36 - 1.12 0.31 1.06 2.50
EOS (0) 66.83 5.86 27.32 - 1.05 0.31 1.12 2.40
EOS (+) 67.18 6.04 26.78 - 1.08 0.30 0.97 2.02

a Mn, number average molecular weight; Mw, weight average molecular weight. b Below 0.05%.

All samples were free of nitrogen and, except for both Kraft samples, free of sulfur, which could
not be effectively removed with the milled wood lignin (MWL) purification method. Of the tested
base-catalyzed organosolv conditions, SP4 produced the lignin fraction with the lowest H/C and O/C
ratios, indicating both severe lignin side-chain degradation and condensation. However, it was recently
mentioned by Rossberg et al. [8] that a low H/C and O/C ratio is desirable for special application such
as carbon-fiber production, for which Kraft and soda lignins are frequently used. The Kraft lignin
samples isolated in this study had the highest degree of both oxygenation and aromaticity. However,
the difference of aromaticity was comparably small. This, together with the high purity, makes the
base-catalyzed organosolv samples promising feedstocks for carbon-fiber production. The previously
reported acid-catalyzed samples (ethanol organosolv, EOS) [21] had a lower aromaticity with a similar
degree of oxygenation. The former was expected, especially for EOS (−), since the fractionation
conditions were distinctly less severe.

2.3.2. Molecular Weight Analysis

The average molecular weights of the isolated lignin fractions were investigated via size exclusion
chromatography (SEC) (see Table 6, Figure 3b). Due to the lack of proper lignin standards, this technique
can only provide an estimation on relative molecular mass. Several attempts for a standardization of
molecular weight analysis were made previously [35,36]. The objective of this investigation was to use
the molecular weights (MWs) as an indicator for downstream processability, especially solubility.

As can be seen in Table 6, MWs were not significantly impacted by the pulping conditions.
The lowest MWs were achieved under center point conditions, with 1.63 kg/mol and 2.55 kg/mol,
respectively, which was just 16% lower than the maximum (SP1). The Mw range for the
acid/base-catalyzed organosolv samples was in agreement with data found in the literature, which also
reported lower values for organosolv compared to commercial soda and Kraft processes [8,37–39]. In
this study, this was only true for the average molecular weight (Mn) of the acid-catalyzed organosolv
samples, whereas the difference in average molecular weight (Mw) was distinctly less pronounced.
Interestingly, the heterogeneity (Mw/Mn) of the acid-catalyzed organosolv lignins was higher (2.1–2.4)
than for the other lignin fractions (1.5–1.7). This might be attributed to the milder fractionation
conditions, as less extensive fragmentation of β-O-4 bonds occurred, with similar observations being
made by others [40,41]. All heterogeneities, however, were distinctly lower compared to literature
values [38,39,42]. Each lignin fraction, regardless of fractionation technique, was still fully soluble in
1,4-dioxane, DMSO, THF, and ethanol/dichloroethane (1:2).
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2.3.3. Quantitative 31P-NMR analysis

31P-NMR analysis can be used to distinguish and quantify functional groups of lignin fractions
after phosphorylation [43]. In this study, the content of aliphatic and phenolic hydroxyl groups, as
well as carboxylic acid groups, was investigated (see Figure 3a). Cyclohexanol was used as an internal
standard, despite possible underestimation of hydroxyl groups as reported by Balakshin et al. [44],
due to its high stability under the used reaction conditions.

 

Figure 3. (a) 31P-NMR spectra of selected lignin samples. The integrals of the C5-substituted OHPh are
added to the integrals of the guaiacyl OHPh to yield the total phenolic hydroxyl groups (OHPh.). (b)
Molecular weight distribution of selected lignin samples. Note that CP2 is displayed in both figures to
increase comparability.

A distinct decrease in aliphatic hydroxyl groups can be seen in Table 7, when comparing the
organosolv and Kraft lignins to the milled wood lignin sample. This indicates that the OHalk groups were
either cleaved off or chemically modified during the pulping process. The presence of anthraquinone in
the base-catalyzed organosolv process favors the oxidation of primary hydroxyl groups to aldehydes,
leading to either retro aldol reaction or subsequent oxidation to carboxylic acids. AQ also increases the
oxidation of secondary alcohols to ketones, further decreasing OHalk [13]. As can be seen in Table 7,
the OHalk content for the base-catalyzed organosolv samples was mainly determined by reaction
temperature, reaching a minimum of 1.18 mmol/g at SP3. In roughly comparable pulping conditions
(SP1/Kraft (−)) in terms of temperature, time, and effective alkali charge, the Kraft sample contained
a slightly lower amount of OHalk, indicating similar to slightly higher lignin fragmentation in the
given conditions.
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Table 7. Results from 31P-NMR-, thioacidolysis GC/MS, and thermal analysis.

31P-NMR Analysis Thermal Analysis

OHAlk

mmol/g
OHPh

mmol/g
OHtotal

mmol/g
Ph/Alk

ratio
COOH
mmol/g

β-O-4
% (μmol/g)

Tg

K
T5%

K

MWLa 3.67 1.84 5.51 0.5 0.11 100 (947) 432 563
SP1 (−/+/−) 1.54 3.47 5.01 2.3 0.43 8.2 (78) 433 496
SP2 (−/−/+) 1.52 3.44 4.96 2.3 0.52 4.1 (39) 433 528
SP3 (+/−/−) 1.18 3.60 4.78 3.1 0.51 2.6 (25) 429 567
SP4 (+/+/+) 1.38 3.83 5.21 2.8 0.47 2.7 (26) 426 578
CP1 (0/0/0) 1.51 3.68 5.19 2.4 0.50 4.6 (44) 424 497
CP2 (0/0/0) 1.54 3.69 5.23 2.4 0.50 5.0 (47) 425 512
CP3 (0/0/0) 1.59 3.78 5.37 2.4 0.52 4.8 (45) 425 483

CP1-3 1.55 3.72 5.27 2.4 0.51 4.8 (45) 425 497
Avg ± SD 0.04 0.06 0.09 >0.1 0.01 0.2 (2) 1 14

Kraft (−) 1.48 3.56 5.04 2.41 0.61 7.4 (70) - b 473
Kraft (+) 1.44 4.01 5.45 2.78 0.68 3.7 (35) - b 412
EOS (−) 1.92 1.78 3.70 0.9 0.09 45.8 (443) 393 512
EOS (0) 1.61 2.35 3.96 1.5 0.07 36.8 (365) 402 516
EOS (+) 1.37 2.5 3.87 1.8 0.09 24.6 (233) 401 471

a MWL, milled wood lignin; OHAlk, aliphatic hydroxyl; OHPh, phenolic hydroxyl; COOH, carboxylic acid; β-O-4,
content of residual β-O-4 linkages relative to MWL; Tg, glass transition temperature, T5%, temperature at 5% weight
loss. b No Tg detectable.

The content of phenolic hydroxyl groups (OHPh) of all isolated lignins was distinctly higher than
that of the milled wood lignin sample, due to excessive breaking of ether bonds during the different
fractionation processes [31]. Looking at the data shown in Tables 6 and 7, a clear indirect correlation
between molecular weight and free phenolic hydroxyl groups can be identified for both catalyzed
organosolv processes. Among those, the highest content of OHPh, 3.83 mmol/g (SP4), did not coincide
with the lowest MW, indicating a higher degree of lignin condensation. This theory is supported by the
fact that both catalyst loading and temperature were the highest for this pulping run. However, the
lignin fractions from acid-catalyzed organosolv fractionations displayed significantly lower amounts of
OHPh. Overall, the Kraft (+) sample had the maximum number of OHPh groups, which was expected
due to the high concentration of Na2S and NaOH, leading to excessive lignin fragmentation [20]. When
comparing molecular weights and phenolic hydroxyl contents of both Kraft lignins to the base-catalyzed
organosolv samples, a lower degree of recondensation at a similar level of fragmentation was indicated
for the latter, due to lower MW and reduced OHph content. This observation was also supported by a
higher H/C ratio (see above), making them more promising feedstocks for downstream valorization.
The content of phenolic hydroxyl groups for the base-catalyzed organosolv samples from European
larch was high compared to other softwood organosolv lignins found in literature. The reported values
ranged from 2.6 to 3.5 mmol/g [8], from 2.44 to 3.64 mmol/g [9], and 2.99 mmol/g [42] for spruce, 2.8
mmol/g for lodgepole pine [45], and 2.81 mmol/g for loblolly pine [46].

A distinct increase in carboxylic acid groups can be found for the lignin fractions of the tested
Kraft and base-catalyzed organosolv processes. This can be mainly attributed to oxidation of the
primary alcohols in the aliphatic side chains [13,20]. All three acid-catalyzed lignin fractions displayed
a distinctly lower COOH content, similar to that of the milled wood lignin sample, due to the
lower process severity [31]. High amounts of phenolic and carboxyl hydroxyl groups, together with
comparably low average molecular weight, make the base-catalyzed organosolv samples promising
additives for cellulose nanofiber–starch composite films, which were recently investigated by Zhao
et al. [47]. The same properties make them also usable as adhesives for wood panel production, as
discussed by Koumba-Yoya et al. [48].

2.3.4. Thioacidolysis GC/MS Analysis

As this study serves as a basis for further investigations in this field, thioacidolysis GC/MS was
used to quantify the fragmentation of the lignin fraction during the different pulping processes. In
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this method, the aryl ether linkages in the lignin samples were selectively cleaved, derivatized, and
quantified via GC/MS. A high content of releasable monomers indicates less lignin degradation and
consequently more benign fractionation conditions.

The purified MWL sample of European larch contained a total of 947 μmol/g of releasable
monomers, 845 μmol/g G-units, 82 μmol/g vanillic units, and 20 μmol/g H-units, respectively (see
Table 6). The former two originated from guaiacyl monomers, while the second was mostly formed
via lignin side-chain oxidation that can even occur during mild MWL extraction [31]. H-units are the
thioacidolysis derivates of p-hydroxyphenyl monomers, which are uncommon in the heartwood lignin
of softwood species, but common in bark lignin [49].

As determined by the Design-Expert 12 software, all three factors (temperature, methanol content,
NaOH loading) had a significant impact on the number of residual β-O-4 linkages, with MeOH/H2O
ratio having a positive effect and the other two having a negative effect (not shown). All lignin
fractions from both Kraft and base-catalyzed organosolv processes contained less than 10% of the
initial β-O-4 linkages, demonstrating significant lignin fragmentation (see above). Overall, G-units
made up 69–88% of the total releasable monomers with the rest being vanillic units (see Supplementary
Materials). The lowest values for the base-catalyzed samples were achieved under SP3 and SP4

conditions (2.6/2.7 μmol/g), which coincided with the highest amount of OHPh (SP4) and lowest amount
of OHalk (SP3). This trend was also true for the Kraft samples and the acid-catalyzed organosolv lignins.
The EOS retained a significantly higher content of β-O-4 linkages, ranging from 24.6% to 45.8%, as
described previously [21]. Therefore, only the acid-catalyzed organosolv lignins are suitable feedstocks
for downstream depolymerization. However, the base-catalyzed organosolv lignins are a suitable
feedstock for slow pyrolysis, due to the absence of sulfur and the small amount of impurities, such as
ash and carbohydrates, as well as low O/C ratio, and higher hydrophobicity compared to soda and
Kraft lignins [50].

2.3.5. Thermal Analysis

As this study aimed to evaluate the valorization potential of the lignin fraction, the thermal
processability was investigated, which is crucial for applications such as melt pressing and melt
spinning [8]. The thermal properties reflect the molecular features of lignin including rigidity and
flexibility that are influenced by inter-/intramolecular hydrogen bonds, degree of cross-linking, and
aromaticity, as well as molecular weight distribution [51]. Therefore, the glass transition temperature
(Tg) and thermal stability of the lignin fractions were determined via differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA), respectively.

The acid-catalyzed organosolv lignins had the lowest Tgs (see Table 7, Figure 4), with EOS (−)
being the minimum at 393 K. This coincided with the highest content of residual β-O-4 linkages, lowest
amount of free phenolic hydroxyl groups, lowest average molecular weight, and lowest aromaticity
(highest H/C ratio). As expected, the glass transition temperatures of the base-catalyzed organosolv
samples were higher in comparison, ranging from 424 K to 433 K. No glass transition temperature
was detected for both Kraft lignins. This can be attributed to the presence of sulfur (as –SH) and
other impurities, high aromaticity, Mw and OHPh, extensive cross-linking, and a low number of ether
linkages [51]. The acid-catalyzed organosolv lignins from European larch exhibited slightly lower Tg

values compared to values reported recently by Rossberg et al. for spruce organosolv lignins, with
393–402 K versus ~405 K [8] at distinctly lower average molecular weights, 2.0–2.5 kg/mol versus
6.2 kg/mol [8]. The thermal stability of the samples was investigated by determining the 5% mass
loss temperature via TGA. The values ranged from 412 K to 578 K; the comparably low values of
the Kraft fraction can be explained due to the presence of impurities such as sulfur (see Figure 5).
The better performance of base-catalyzed organosolv lignins (SP2–SP4) compared to the acid-catalyzed
lignins originates from the higher degree of condensation and aromaticity of the former [51]. The T5%

temperatures were comparable to literature values for organosolv and Kraft lignins of spruce, with
516 K [42] and 536 K [42]/544 K [47], respectively. Note that water/solvent residue from incomplete
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drying during lignin purification can negatively impact T5%. The high differences between Tg and T5%
of up to 152 K (SP4) indicate good workability, as materials are not instantly ductile or flowable at
the respective Tg but need to be heated further. These findings further demonstrate the promising
properties of the base-catalyzed lignin fraction for applications such as additives for composite films
and biopolymers [47], feedstock for carbon fiber [8], and adhesive for wood panel production [48].

 
Figure 4. Differential scanning calorimetry (DSC) curves for selected lignin samples. ΔCP denotes the
change in heat capacity caused by the glass transition.

 
Figure 5. Thermogravimetric analysis (TGA) curves for selected lignin samples. (a) Results for the
base-catalyzed organosolv lignins. (b) Results for the milled wood lignin sample, one Kraft, two
acid-catalyzed organosolv, and one base-catalyzed organosolv lignin sample again for comparison.
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3. Materials and Methods

European sawdust was used as feedstock in this study; the origin, storage conditions, and sampling
were described previously [21]. Selected lignin and pulp fractions from this previously reported
acid-catalyzed organosolv fractionation using the same feedstock were also analyzed and compared.

3.1. Base-Catalyzed Organosolv Fractionation

The reactions were performed in a stirred batch reactor with an internal volume of 0.5 L (Series
4575A HP/HT, Parr Instrument Company, St. Moline, IL, USA), which was described previously in
detail [21]. The used process conditions were based on the Organocell process [12]. As a first step,
preliminary fractionation experiments on alcohol-to-water ratio, type of alcohol used, and concentration
of base catalyst were performed using a limited set of combinations (see Supplementary Materials).
Based on that, a fractional factorial design of experiment was used to investigate the dependence
of sugar composition, delignification, lignin yield, and properties on the experimental conditions.
The three variables of the 23-1 experimental design were reaction temperature (X1), solvent ratio (X2),
and catalyst concentration (X3). To reduce the required number of experiments, only a balanced half of
the possible variable combinations was used. Four star point (+/−) plus three center point experiments
(0) were performed; the latter were carried out to check for curvature and determine reproducibility.
The residence time was kept constant at 1 h at the reaction temperature with a heating rate of 8–10
K/min, whereas mixing was achieved using a turbine type impeller at 300 rpm. Furthermore, the
loading of the co-catalyst, as well as the solid-to-liquid ratio, was kept constant at 0.1% (oven-dried
wood, odw) and 8 v/w, respectively (see Table 8).

Table 8. Experimental variables for the base catalyzed organosolv process.

Variable Assignment (−) (0) (+)

X1 Temperature (K) 443 453 463
X2 Methanol (MeOH)/H2O (v/v) 30:70 50:50 70:30
X3 NaOH (w/w odw a) 20 25 30

a odw, oven-dried wood.

In detail, for each run, a fresh methanol (99.9%, Fischer Scientific, Schwerte, Germany)/water
mixture was prepared. The required amount of NaOH (≥99%, VRW Chemicals, Germany) was then
dissolved in the solution and left to cool down to room temperature. Then, 250 mL of this solution was
combined with 32 g of sawdust (odw) and 32 mg of anthraquinone (97%, Sigma Aldrich, Steinheim,
Germany) as co-catalyst in the reactor. After the desired reaction time elapsed, the ceramic heater was
removed, and the pulping liquor was cooled down via internal cooling loop to 323 K at an average rate
of 6 K/min. The pulping liquor was then filtered in a Büchner funnel with a Whatman No. 5 filter paper
to separate the cellulose-rich pulp fraction from the lignin- and hemicellulose-containing liquid fraction.
The pulp was washed three times with 65 mL of warm (323 K) aqueous MeOH with identical solvent
ratio to the pulping liquor, followed by three washes with warm (323 K) water (65 mL each), which
was combined with the initial filtrate. The washed pulp fraction was then transferred to a 500-mL
round-bottom flask and freeze-dried for 40 h. To ease the consequent lignin precipitation, the methanol
content in the combined liquor was diluted to roughly 20% v/v via water addition. Then, concentrated
HCl (37%, Merck, Darmstadt, Germany) was added dropwise under constant stirring until a pH of 3.5
was reached, which was monitored with a pH meter (Metrohm 691, Metrohm, Herisau, Switzerland).
To be able to isolate the lignin fraction, the resulting suspension was centrifuged at 12,000× g for 20
min, and the supernatant liquid was decanted, filtered, and stored for analysis. The lignin fraction was
resuspended in deionized H2O, thoroughly mixed, ultrasonicated of 5 min, and centrifuged, which
was repeated once, before freeze-drying for 40 h in a 250 mL round-bottom flask (see Figure 6).
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Figure 6. Reaction scheme for the base-catalyzed organosolv fractionation including the work-up
procedure. Product fractions are written in bold, and dashed lines indicate solid fractions, whereas
solid lines indicate liquid fractions (modified from a previous study by the authors [21]).

3.2. Data Analysis

To determine the significant factors and their influence on process yield and pulp and lignin
characteristics, Design-Expert software for Windows (version 12, 2019, Stat-Ease Inc, Minneapolis, MN,
USA) was used. The Shapiro–Wilk test was used to for normality, while ANOVA analysis and multiple
linear regression were used to determine the effects of the factors on the responses [24].

3.3. Lab-Scale Kraft Pulping

As reference for the fractionation processes, two different lab-scale Kraft cooks were performed,
based on conditions published by Hörhammer et al. [30]. A low-severity process and a high-severity
process were chosen, according to both H-factor and catalyst/co-catalyst loading. The H-factor
combines both temperature and time into a single factor; however, it does not account for catalyst
dosage [52]. For both cooks, the liquid-to-solid ratio, reaction temperature, heating time, and stirring
speed were kept constant at 3.5 v/w, 440 K, 15 min and 300 rpm, respectively. Then, 40 g of sawdust on
a dry wood basis was loaded into the reactor with 140 mL of deionized H2O, containing the desired
amount of NaOH and Na2S (≥60%, Sigma Aldrich, Steinheim, Germany) (see Table 9). The work-up
procedure was performed similarly to the base-catalyzed organosolv processes (see Figure 6), with
some modifications. Firstly, the pulp fraction was washed with five times with 65 mL of warm (323
K) water. Secondly, the lignin fraction was washed with water acidified to pH 3.5, using acetic acid
(≥99%, Merck, Darmstadt, Germany), to remove excess sulfur as H2S.

Table 9. Experimental conditions of the low- and high-severity Kraft cooks (liquid-to-wood ratio 3.5,
heat-up/cooldown time of 15 min, 440 K).

Parameter Low High

Reaction time, min 58 134
H-factor, h 850 1650

NaOH, % (odw) 15.0 17.7
Na2S, % (odw) 5.76 7.61
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3.4. Crude Milled Wood Lignin (MWLc) Preparation

Firstly, 20 g of European larch sawdust was milled to a fraction <60 mesh and extracted with
acetone in a Soxhlet apparatus for 16h at ≥6 cycles per hour with 300 mL of solvent prior to MWL
preparation. The crude milled wood lignin was prepared based on a method described by Zinovyev
et al. [53]. In detail, 4 g of extracted sawdust was milled in a 250-mL ZrO2 bowl, with 34 ZrO2 balls
(Ø 5 mm) in a planetary ball mill (Pulverisette 6, Fritsch, Idar-Oberstein, Germany). The milling was
performed at 500 rpm with 30 min of milling followed by 15 min of pause, to avoid excess heating,
for a total of 15 cycles. The whole procedure was performed three times. Then, 11.2 g of fine wood
meal was subjected to a fourfold aqueous dioxane (96% v/v) (≥99.5%, Sigma Aldrich, Steinheim,
Germany) extraction. For this, 2.81 g of wood meal was mixed with 39.3 mL of solvent in separate
50-mL centrifuge tubes (Greiner, Sigma Aldrich, Steinheim, Germany) and shaken constantly for 24 h
in the absence of light. Afterward, the suspensions were centrifuged at 3000× g for 10 min (Centrifuge
5702, Eppendorf, Wesseling-Berzdorf, Germany) to easily decant the supernatant solution, which
was combined in a single flask and stored at 4 ◦C. This procedure was repeated four times, and the
combined solution was filtered in a Büchner funnel with Whatman No. 5 filter paper (Sigma Aldrich,
Vienna, Austria), and the solvent removed under vacuum at 35 ◦C. The solid matter was resuspended
in 100 mL of water, ultrasonicated for 15 min, and freeze-dried for 40 h to remove traces of both dioxane
and water. The yield of the crude milled wood lignin was 0.78 g, corresponding to 26% of the total
lignin content.

3.5. Milled Wood Lignin Purification

To remove residual carbohydrates, which impede the quantitative determination of structural
features, a purification according to Björkman et al. [54] was performed. In detail, the crude MWL
was firstly dissolved in 20 mL/g 90% v/v acetic acid (≥99%, Merck, Darmstadt, Germany) and then
added dropwise to 230 mL/g DI water under constant stirring. The suspension was then centrifuged at
12,000× g for 20 min (CR 22 N, Hitachi, Tokyo, Japan), the supernatant solution was discarded, and the
solid matter was freeze-dried for 48 h. As the last step, the dried lignin phase was dissolved in a 20
mL/g 2:1 mixture of 1,2-dichloroethane (≥99.8%, Sigma Aldrich, Steinheim, Germany) and ethanol
(≥99.5%, Merck, Darmstadt, Germany), before being filtered and precipitated in 230 mL/g petrol ether
(extra pure, Carl ROTH, Karlsruhe, Germany). The insoluble fraction was separated via filtration,
washed three times with 20 mL of fresh petrol ether, and dried in vacuo overnight to yield the purified
milled wood lignin (MWL).

3.6. Lignin Purification

To remove residual carbohydrates and extractives, catalyst, and cocatalyst, which all interfere
with follow-up lignin analyses, approximately 3.5 g of the raw lignin fractions from the base-catalyzed
organosolv and Kraft fractionations were purified according to milled wood lignin protocol (see above).

3.7. Analysis of Chemical Composition

The composition of the feedstock, pulp, and lignin fractions was analyzed according to Sluiter et
al. [22] using a two-step hydrolysis method. In detail, as the first step, the pulp sample was hydrolyzed
in 72% w/w H2SO4, at an acid-to-pulp ratio of 10 mL/g, at 303 K, for 1 h. The resulting suspension was
subjected to the second hydrolysis in 4% w/w H2SO4, with an acid-to-pulp ratio of 300 mL/g, in an
autoclave at 394 ± 1 K, for 1 h. After filtration using a glass frit (porosity 4), the acid-insoluble (Klason)
lignin was determined gravimetrically, while the content of acid-soluble lignin (ASL) was determined
by measuring the absorbance at 205 nm (spectrophotometer Shimadzu UV-2550), using 110 L/(g··cm)
as the extinction coefficient. The monosaccharides were determined via high-performance anion
exchange chromatography (HPAEC–PAD) in a Dionex ICS-3000 system, equipped with a CarboPac
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PA20 column. The hemicellulose and cellulose content of European larch sawdust and the resulting
pulp fractions were calculated according to the Janson formulas [55].

3.8. Thermal Analysis

To determine thermal stability and processability of the purified lignin fractions, thermal analyses
were performed. Thermogravimetric analysis (TGA) was carried out on a STA 449 C Jupiter thermal
analyzer (NETZCH, Selb, Germany). Here, 2–3 mg of sample was placed into an aluminum pan
crucible, and the temperature range was set to 293 to 823 K at a heating rate of 10 K/min with a 15-min
holding time at maximum temperature. Helium was used as the purge gas with a flow rate of 50
cm3/min. Differential scanning calorimetry (DSC) was performed on a DSC 8500 (Perkin Elmer Rodgau,
Germany) with a temperature range from 273 to 453 K at a heating rate of 20 K/min. The analysis was
carried out under nitrogen atmosphere, with a flow rate of 20 cm3/min and 8–10 mg per sample. Glass
transition temperatures (Tg) from the second heating run were interpreted as the midpoint of change
in heat capacity

3.9. Further Analysis Techniques

The methods below were described in detail in a previous publication [21] and, thus, are only
briefly mentioned here.

The phenolic (OHPh) and aliphatic hydroxyl (OHAlk) groups, as well as carboxyl groups (COOH),
were determined via 31P-NMR analysis on a Bruker Biospin Avance III 400 MHz spectrometer (Bruker,
Billerica, MA, USA) using cyclohexanol as the internal standard and chromium(III) acetylacetonate as
the relaxation agent.

The number of residual β-O-4 linkages was determined via thioacidolysis GC/MS on a Saturn
2100 (Varian, Agilent, Palo Alto, CA, USA) equipped with a poly(dimethylsiloxane) column (30 m
× 0.25 mm; PB-1, Supelco, Sigma Aldrich, St. Louis, MO, USA) with heneicosane (C21H44, Fluka
Analytical, Darmstadt USA) as the internal standard.

The molecular weight of the lignin fractions was estimated via HPLC–SEC–UV using a
styrene–divinylbenzene PLgel column (5 mm, 100 Å, 600 mm length, 7.5 mm inner diameter, Agilent,
Polymer Laboratories, Palo Alto, CA) with a photodiode array detector (Dionex Ultimate 3000 UV/VIS
detector) and propylene oxide standards (Igepal, Sigma Aldrich Steinheim, Germany ).

4. Conclusions

In this study, for the first time, a comprehensive analysis of fractionation performance and the
influence of pulping conditions on lignin properties of a NaOH/anthraquinone-catalyzed organosolv
fractionation of softwood was discussed. This study should also serve as the step stone for
future valorization of European larch sawdust, and it demonstrated that lignins with promising
physicochemical properties can be isolated.

The most promising fractionation conditions, 443 K, 30% v/v MeOH, 30% w/w NaOH, achieved
a cellulose recovery of 89% and a delignification efficiency of 91%. The pure lignin yield was 82%
with a residual carbohydrate content of 2.98% w/w and 1.24% w/w ash. The high purity and high
aromaticity, on the one hand, make the lignin fractions good feedstocks for carbon fibers or slow
pyrolysis. Furthermore, the high contents of phenolic hydroxyl and carboxyl groups, together with low
molecular weight and promising thermal properties (low Tg with high T5%), indicate good usability as
feedstock for biopolymer synthesis and as an additive in composite films and in wood panels.

Further investigations on larch wood sawdust and the isolated lignin fractions are planned to
fully assess the potential of the feedstock and its fractionation products. As a next step, a green
fractionation technique, γ-valerolactone pulping, will be investigated and compared. Additional
analysis techniques are also planned such as zeta potential, two-dimensional (2D) HSQC NMR, and
quantitative 13C-NMR analysis.
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Abstract: The catalytic co-pyrolysis of grape seeds and waste tyres for the production of high-quality
bio-oils was studied in a pilot-scale Auger reactor using different low-cost Ca-based catalysts. All
the products of the process (solid, liquid, and gas) were comprehensively analysed. The results
demonstrate that this upgrading strategy is suitable for the production of better-quality bio-oils with
major potential for use as drop-in fuels. Although very good results were obtained regardless of the
nature of the Ca-based catalyst, the best results were achieved using a high-purity CaO obtained
from the calcination of natural limestone at 900 ◦C. Specifically, by adding 20 wt% waste tyres and
using a feedstock to CaO mass ratio of 2:1, a practically deoxygenated bio-oil (0.5 wt% of oxygen
content) was obtained with a significant heating value of 41.7 MJ/kg, confirming its potential for use
in energy applications. The total basicity of the catalyst and the presence of a pure CaO crystalline
phase with marginal impurities seem to be key parameters facilitating the prevalence of aromatisation
and hydrodeoxygenation routes over the de-acidification and deoxygenation of the vapours through
ketonisation and esterification reactions, leading to a highly aromatic biofuel. In addition, owing to
the CO2-capture effect inherent to these catalysts, a more environmentally friendly gas product was
produced, comprising H2 and CH4 as the main components.

Keywords: co-pyrolysis; biomass; waste tyres; bio-oils; Ca-based catalyst; auger reactor

1. Introduction

The bio-oil produced from lignocellulosic biomass pyrolysis has outstanding potential as a
renewable source of green energy and chemicals [1]. It should also be mentioned that several companies
have implemented the commercial stages for bio-oil production [2]. However, an attractive market
for this liquid product is not yet available [3], and it is still necessary to facilitate the standardisation
and commercialisation of these liquid bio-oils [4]. Interestingly, the first insights into the application
of this liquid as a drop-in fuel have shown great potential, increasing its market opportunities [5,6].
However, the complex nature of the bio-oil poses challenges for its competitive incorporation into
the current energy market, particularly given its excessive content in reactive oxygen compounds,
which affect both its handling and storage, and therefore, limiting its value for consideration as a
drop-in fuel in current energy infrastructure. To overcome these limitations, upgrading methods such
as hydrodeoxygenation, catalytic cracking, fast catalytic pyrolysis, hydrogenation, and molecular
distillation are considered the most promising strategies to reach this aim [7]. Interestingly, due to
their potential economic advantages and moderate operating conditions, catalytic processes focused
on the in-situ cracking of this bio-oil are emerging as a potentially effective method to achieve this [8].
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Zeolites are the main type of catalysts studied for this purpose [9,10]. In general terms, the
main drawback of using these high-cost materials lies in catalyst deactivation, essentially the result of
zeolite coking. Although zeolite regeneration may be carried out by char combustion in an integrated
process [11,12], the high combustion temperatures required (above 700 ◦C), together with the presence
of steam (approximately 10% in volume), would restrict their use in industrial processes due to their
long-time deactivation by partial dealumination. Hence, the search for low-cost catalysts [13] must be
considered as a promising economically viable strategy to compete in the current energy market. Basic
catalysts such as MgO or calcium-based materials are emerging as attractive and relatively economical
catalysts with which to carry out catalytic pyrolysis [13–15]. In this regard, Kalogiannis et al. [16]
evaluated the fast catalytic pyrolysis of commercial lignocellulosic biomass at a representative scale
using a circulating fluidised-bed facility with MgO catalysts and commercial zeolites. These authors
found that ketonisation and aldol condensation reactions were promoted by the basic sites of MgO,
resulting in a hydrogen-rich bio-oil being produced. In another interesting study conducted by our
research group in a pilot auger reactor plant, calcined calcite and calcined dolomite were evaluated as
catalysts for use in a self-sustained energy system. The oxygen fraction and acidic character of the
bio-oil were decreased in both cases, while pH and calorific values were increased. Unfortunately,
these bio-oils still require a further upgrading step if they are to be contemplated as a real substitute
for fossil fuels or even as a drop-in fuel.

New alternative strategies such as the incorporation of polymer residues into conventional
pyrolysis processes have also been considered in recent years. Detailed information on the latest
advances in this process can be found in different exhaustive reviews [17–19]. In particular, the
addition of waste tyres [20–22] and different plastic waste such as polystyrene [23], polyethylene [24],
and polypropylene [25] to lignocellulosic biomass was studied as a potential route to improving
the properties of the bio-oil, both by decreasing oxygen content and increasing heating value [26].
In this case, waste plastics acted as hydrogen donors by promoting oligomerisation, cycling, and
hydrodeoxygenation reactions. Again, there is general consensus, mainly owing to its high viscosity,
water content, oxygen content, acidic nature, solid, and ash content, and non-homogenous nature, that
a further upgrading step is still necessary to facilitate the incorporation of this bio-oil obtained by
co-pyrolysis processes into the energy market, especially for use as drop-in fuels.

Thus, a combined strategy involving the catalytic co-pyrolysis of lignocellulosic biomass with
polymer waste has emerged as a very promising solution for the production of drop-in fuels in a simple,
one-step process. Recent progress in this strategy can be found in different extensive reviews [27–29].
The catalysts successfully studied for this purpose were mainly zeolites (HY and HZSM-5), mesoporous
materials (MCM-41 and SBA-15), alumina, spent Fluid Catalytic Cracking (FCC) catalysts, and a
number of minerals, such as bentonite. Interestingly, our research group was also able to demonstrate
the potential of this process to facilitate the production of drop-in fuels in a laboratory-scale fixed-bed
reactor. Particularly, the catalytic co-pyrolysis of grape seeds (GSs), as a form of agricultural waste,
and waste tyres (WTs) was successfully carried out using calcined limestone as the catalyst [30]. Thus,
this combined strategy made it feasible to produce a deoxygenated and aromatic-rich drop-in fuel
by applying one simple stage. More specifically, the positive effects attached to CaO were not only
responsible for promoting the dehydration and dehydrogenation reactions of acids and phenols, but
also for the production of a more environmentally friendly gas because of the in-situ CO2-capture effect
associated with CaO carbonation. Although the results of catalytic co-pyrolysis are very encouraging,
most of the work in this field has been carried out in micro and lab-scale reactors [31–37], and the
demonstration of this process on a larger scale is still limited [38]. Therefore, the study of this upgrading
strategy to a larger scale (Technology Readiness Levels, TRL ≥ (5)) seems necessary as a first step
towards the implementation of the catalytic co-pyrolysis processes of lignocellulosic biomass with
waste plastics in future bio-refineries. In this sense, the use of auger reactors at TRL-5 have shown to be
a robust and flexible option for pyrolysis processes [15,39–42]. However, further experimental research
is required to verify the proposed approaches in a relevant environment. Specifically, to the best of our
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knowledge, there is no published data on catalytic co-pyrolysis using both of these feedstocks (grape
seeds and waste tyres) on a relevant scale that could contribute to validating the potential of these
upgraded bio-oils.

Thus, the aim of this work is to demonstrate the potential of the catalytic co-pyrolysis of waste
tyres and grape seeds for the production of improved bio-oils in a relevant environment (TRL-5). For
this purpose, the experiments were conducted in an Auger reactor pilot plant operating at atmospheric
pressure. GSs and WTs (up to 20 wt%) were used as feedstock. Four Ca-based materials obtained from
different companies were studied as low-cost commercial catalysts.

2. Results

2.1. Characterisation of Catalysts

The purity and crystallinity of each catalyst was verified by X-ray diffraction (XRD), see Figure 1.
It is worth mentioning that while the Ca-based-1, Ca-based-2, and Ca-based-3 catalysts were obtained
from limestone calcination at 900 ◦C, the Ca-based-4 catalyst was obtained from dolomite calcination
at the same temperature. Accordingly, it can be observed that the Ca-based-1, Ca-based-2, and
Ca-based-3 catalysts mainly presented the characteristic diffraction peaks of calcium oxide. These
peaks were situated at 2θ 33◦, 38◦, 53◦, 63◦, and 68◦, corresponding to the crystallographic planes
(111), (200), (202), (311), and (222), respectively [43,44]. Diffraction patterns also showed diffraction
peaks related to Ca(OH)2, which could be associated with the fact that water was absorbed from the
environment during handling [45], which is more significant in the case of the Ca-based-3 catalyst. The
presence of magnesium calcite cannot be ruled out in this sample. Finally, CaO and MgO diffraction
peaks were identified for the Ca-based-4 catalyst, in line with the use of dolomite as its raw mineral.
Diffraction peaks could also be observed at 2θ 23◦, 29◦, 40◦, and 48◦, corresponding to the structure of
magnesium calcite and highlighting that 900 ◦C was not a high enough temperature to ensure the total
decomposition of this phase during the pre-calcination step. Finally, Ca(OH)2 was also identified as
a minor phase. It is worth mentioning that while these hydroxides were again transformed into the
metal oxide under pyrolysis conditions, the opposite was true in the case of magnesium calcite.

Figure 1. XRD patterns of the different Ca-based catalysts.
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Table 1 shows the elemental composition of the different Ca-based catalysts as determined by
inductively coupled plasma-optical emission spectrometry (ICP-OES). As expected, the main elements
were Ca and Mg. The remaining elements found in the catalysts were identified in quantities lower
than 1.0 wt% (Al, Fe, K, S, and Si). As could be expected, the highest MgO content was identified in
the Ca-based-4 catalyst (47.6 wt%), while the remaining catalysts showed lower MgO content, between
0.33-0.86 wt%. The high purity of the Ca-based-1 catalyst should be pointed out since CaO was present
in a very high percentage, 95 wt%. For the different catalysts, Ca content in the order from higher to
lower was as follows: Ca-based-1 > Ca-based-2 > Ca-based-3 > Ca-based-4. Table 1 also shows that all
the Ca-based catalysts displayed quite a low specific surface area, with this being slightly higher in
the case of the catalyst obtained from dolomite. It is also worth highlighting that the average pore
diameter of the Ca-based-4 catalyst ranged between 2 and 50 nm, which corresponded to a mesoporous
structure according to the International Union of Pure and Applied Chemistry (IUPAC) classification.
The remaining catalysts (Ca-based-1, Ca-based-2, Ca-based-3) had an average pore diameter >50 nm,
which indicated a macroporous structure. With regards to porosity values, no significant differences
were observed since values remained in the range of 42–53% for all the catalysts.

Table 1. ICP-OES and the structural characterisation of the Ca-based catalysts. BET and Dp determined
by N2 adsorption. Porosity was determined by Hg porosimetry.

CaO (wt%) MgO (wt%)
Al2O3

(wt%)
Fe2O3

(wt%)
K2O (wt%) SiO2 (wt%)

BET
(m2/g)

Dp

(nm)
Porosity

(%)

Ca-based-1 95.1 ± 0.7 0.86 ± 0.03 0.14 ± 0.01 0.29 ± 0.02 0.02 ± 0.00 0.51 ± 0.02 < 2 520 50
Ca-based-2 89.8 ± 0.6 0.78 ± 0.03 0.14 ± 0.01 0.10 ± 0.01 0.15 ± 0.01 1.09 ± 0.04 5 428 42
Ca-based-3 79.8 ± 0.4 0.33 ± 0.02 0.14 ± 0.01 0.07 ± 0.00 0.04 ± 0.00 0.60 ± 0.00 6 192 53
Ca-based-4 47.6 ± 0.2 33.2 ± 0.10 0.08 ± 0.00 − 0.02 ± 0.00 0.24 ± 0.01 12 48 50

The acidity of the Ca-based catalysts was studied with the TPD-NH3 technique, using a mass
spectrometer as a detector, and values of desorbed μmolNH3/g were calculated by dividing the area of
the peak between the mass of the treated sample. Those values were included in Table 2.

Table 2. Amount of CO2 and NH3 desorbed from the TPD-CO2 and TPD-NH3 profiles of the
different catalysts.

Ca-based-1 Ca-based-2 Ca-based-3 Ca-based-4

molNH3/g 0.2 0.1 0.3 0.8
(T Peak (◦C)) (630) (650) (690) (750)

mmolCO2/g 0.04 0.10 0.10 0.11
(T Peak (◦C)) (550) (562) (592) (598)

Figure 2 shows a quantitative analysis of the desorbed NH3 based on the fragment m/z = 15 for
the different Ca-based catalysts. Values were quite small (ranging between 0.1 and 0.8 μmolNH3/g),
in line with the marginal acidity also observed by other researchers using similar catalysts [13]. The
Ca-based-4 catalyst was the solid with the highest amount of acid sites, suggesting that these strong
acid sites could be linked to the presence of magnesium calcite. Accordingly, a slightly lower acidity
can be seen for the Ca-based-3 catalyst, while the Ca-based-1 and Ca-based-2 catalysts presented the
lowest values.
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Figure 2. Quantitative analysis of the desorbed NH3 referenced to the fragment m/z = 15. Ca-based-1
(green), Ca-based-2 (cyan), Ca-based-3 (blue), and Ca-based-4 (red).

TPD-CO2 technique was performed to know the basicity of the Ca-based catalysts. These basic
sites can play an important role as active centres in such specific deoxygenation reactions [46] as
esterification and ketonisation. As an example, and for simplification, the TPD-CO2 profile of the
Ca-based-1 catalyst was plotted in Figure 3. Similar strength of the basicity sites was observed for all
the catalysts showing CO2 desorption temperatures of 550–600 ◦C. More importantly, the Ca-based-1
catalyst showed the lowest amount of evolved CO2, 0.04 mmolCO2/g, whereas comparable higher
values of 0.10–0.11 mmolCO2/g were found for the other materials (see Table 2). The lower specific
surface area observed in the Ca-based-1 catalyst could explain its lower total basicity [13,47].

Figure 3. TPD-CO2 profile of the Ca-based-1 catalyst (fragment m/z = 44).

2.2. Product Yields

To evaluate the importance of the addition of WTs on the distribution of the products, different
mixtures of GSs and WTs (10 and 20 wt%) were treated in an auger pilot plant. Yields obtained from
the pyrolysis of both raw materials are also shown in Table 3 for comparative purposes. Thus, the
liquid yield derived from GSs was 42.5 wt%, while the solid and gas yields were 31.2 and 23.2 wt%,
respectively. On the other hand, the pyrolysis of WTs generated a lower liquid yield (37.8 wt%) and a
comparable gas fraction (23.5 wt%), leading to a higher solid yield (37.5 wt%). These values could be
considered in line with other work related to WT pyrolysis in auger reactors [40]. According to these
values, the addition of WTs to GSs follows an expected trend in the distribution of products. Thus, the

61



Catalysts 2019, 9, 992

liquid yield decreased with respect to GSs. Correspondingly, the solid yields were higher, and gas
yields were close to those obtained in biomass pyrolysis and WTs pyrolysis.

Table 3. Product yields (liquid, solid, and non-condensable gas) and liquid phase distribution (organic
and aqueous phases) obtained after the pyrolysis and co-pyrolysis experiments carried out in the Auger
pilot plant. Catalytic co-pyrolysis experiments were carried out, adding 20 wt% of waste tyres. Values
were determined as the average of two runs.

Liquid (wt%) Solid (wt%)
Gas Balance

Phase Distribution
(wt%)

Org. Aq. Char Coke CO2 Org. Aq.

GSs 16.0 ± 0.8 26.5 ± 1.3 31.2 ± 1.6 0 0 23.2 ± 1.2 96.9 37.7 62.3
WTs 37.8 ± 1.9 0.0 ± 0.0 37.5 ± 1.8 0 0 23.5 ± 1.2 98.8 100.0 0.0

GSs/WTs (90/10) 12.8 ± 0.6 20.2 ± 1.0 36.7 ± 1.2 0 0 28.9 ± 1.5 98.5 38.9 61.1
GSs/WTs (80/20) 17.4 ± 0.8 18.2 ± 0.9 35.4 ± 1.8 0 0 24.2 ± 1.2 95.1 48.8 51.2

Ca-based-1 15.7 ± 0.8 23.0 ± 1.2 34.6 ± 1.7 0.37 1.8 20.5 ± 1.0 95.2 40.6 59.4
Ca-based-2 15.8 ± 0.8 21.4 ± 1.1 37.7 ± 1.9 0.39 1.6 19.7 ± 1.0 96.6 42.4 57.6
Ca-based-3 15.7 ± 0.8 20.6 ± 1.0 37.2 ± 1.8 0.41 2.4 20.1 ± 1.0 96.4 43.2 56.8
Ca-based-4 16.8 ± 0.9 20.0 ± 1.0 37.6 ± 1.9 0.41 2.6 18.7 ± 0.9 96.2 45.6 54.4

With regard to GS pyrolysis, the liquid fraction resulting from the non-catalytic co-pyrolysis process
was composed of two phases (aqueous and organic), which were easily separated by centrifugation.
While the organic phase is the most interesting fraction for use in fuel and energy applications [48], the
possibilities for valorising the aqueous phase are still limited, given that the production of chemical
products such as H2, ethanol or even light acids is the option attracting more interest. Accordingly,
the main target of this study was focused on improving the yield and fuel properties of the organic
phase. Interestingly, the yield to this fraction only increased with the highest WT percentage (20 wt%),
reaching values up to 10% higher, approximately. This behaviour was also observed in previous
co-pyrolysis work where the addition of polymer waste to the biomass pyrolysis process enhanced the
yield to the organic fraction [18,27].

Several catalytic tests using the Ca-based-1 catalyst were carried out using GSs and WTs on their
own. Since no significant improvement was evidenced, the resulting information was only included
as supporting information (Tables S1 and S2). Subsequently, the catalytic co-pyrolysis of GSs and
WTs using low-cost Ca-based materials was studied at TRL-5. We would point out here that a ratio
(GSs +WTs) to catalyst of 2 was selected, since we had previously observed that higher catalyst ratios
excessively promoted cracking reactions, leading to the formation of undesired heavy condensable
organic compounds [49,50]. On the other hand, the use of lower catalyst proportions in the feedstock
hardly affected process performance compared to the non-catalytic test. Table 3 compiles the result
obtained for the different GS and WT catalytic co-pyrolysis tests. Liquid yields are observed to range
between 36.8 and 38.0 wt%, slightly higher in comparison with non-catalytic experiments. Interestingly,
organic fraction yields were only slightly lower in comparison with the non-catalytic tests, remaining
in the same range of values for all the catalytic experiments. This fact could be explained by the
promotion of dehydration reactions by Ca-based materials, eventually increasing the yield to the
aqueous fraction. This tendency has also been observed by other researchers [51]. For these catalytic
tests, the solid yield was separated into char, CO2 (as carbonate), and coke yields (by TGA analysis).
As can be observed in Table 3, the effect of CaO carbonation is evident after the experiments, while
remarkably low values of coke yield (0.37–0.41 wt%) were achieved. Slightly higher carbonation was
observed in those Ca-based materials where Magnesium calcite phase was observed by XRD since this
phase could be decarbonated under TGA conditions. In addition, gas yields were slightly lower after
the catalytic experiments in comparison with the non-catalytic tests.

2.3. Upgraded Bio-Oil: Analysis of the Organic Fraction Properties

Since the main target in this work was to improve the quality of the organic fraction, this product
was comprehensively characterised. Table 4 summarises the main properties of this fraction. First, it can
be seen that the organic phase obtained from GS pyrolysis had a remarkably high water content (5.09
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wt%), whereas the water content of the WT pyrolytic oil was practically negligible. Correspondingly,
the water content of the organic fraction was drastically reduced by adding WTs to the feedstock,
especially at 20 wt% (1.07 wt%). Focusing on the catalytic experiments (see Table 4), the exceptional
performance of Ca-based catalysts can be highlighted, with the water content in the organic fraction
decreasing to values lower than 1 wt%. Other important physical properties of the organic phase as a
liquid fuel, such as density and viscosity, were also determined [52]. While the organic fraction from GS
pyrolysis is a viscous liquid (87.1 mPa.s) with higher density (1.30 g/mL) than commercial fuels [53,54],
organic WTs pyrolytic oil can be considered similar to fossil fuel-derived oils, showing a viscosity of
3.2 mPa.s and a density of 0.87 g/mL. In this regard, positive effects on these physical properties can be
directly obtained through to the addition of WT to the feedstock. Accordingly, viscosity and density
values were reduced down to 21.3–16.3 mPa.s and 1.15–1.11 g/mL, respectively, depending on the
WT percentage in the feedstock. These findings were in line with the results found by Cao et al. [55],
which showed that there was an improvement in these physical properties when the co-pyrolysis
of pine sawdust and waste tyres was carried out in a fixed-bed reactor. Significantly, these positive
effects were further improved when Ca-based catalysts were incorporated into the process [56]. Thus,
a remarkable reduction in the parameters of viscosity and density was achieved, leading to values
lower than 6 mPa.s and 1 g/mL, respectively, for all the catalysts. Specifically, the Ca-based-1 catalyst
produced the organic fraction with the lowest water content (0.62 wt%) and the best physical properties
as a fuel (υ = 3.5 mPa.s; ρ = 0.91 (g/mL), which were seen as very remarkable achievements.

Table 4. Organic fraction properties after the pyrolysis, co-pyrolysis, and catalytic co-pyrolysis processes.
Deox.: deoxygenation; LHV: lower heating value.

Properties Elemental Analysis (wt%)

H2O
(wt%)

pH υ (mPa.s) ρ (g/mL) C N H S O
Deox.
(%)

LHV (MJ/kg)

GSs 5.09 ± 0.7 8.0 87.1 ± 2.6 1.30 77.4 ± 0.8 2.5 ± 0.2 8.3 ± 0.2 0.2 ± 0.02 11.6 ± 0.6 − 34.6 ± 1.0
WTs <0.3 ± 0.0 8.3 3.2 ± 0.2 0.87 89.9 ± 1.0 1.1 ± 0.1 7.6 ± 0.1 0.7 ± 0.03 0.7 ± 0.1 − 42.4 ± 1.3

GSs/WTs
(90/10) 4.83 ± 0.6 9.6 21.3 ± 1.2 1.15 80.6 ± 0.9 2.8 ± 0.2 8.3 ± 0.2 0.6 ± 0.03 7.8 ± 0.5 32.8 36.0 ± 1.4

GSs/WTs
(80/20) 1.07 ± 0.1 9.5 16.3 ± 0.8 1.11 83.6 ± 0.9 2.6 ± 0.2 9.5 ± 0.2 0.4 ± 0.02 3.9 ± 0.2 66.4 38.78 ± 1.2

Ca-based-1 0.62 ± 0.1 9.1 3.5 ± 0.2 0.91 87.0 ± 0.8 2.5 ± 0.1 9.6 ± 0.2 0.4 ± 0.02 0.5 ± 0.1 95.7 40.7 ± 1.5

Ca-based-2 0.70 ± 0.1 8.9 4.7 ± 0.2 0.95 85.5 ± 0.7 2.7 ± 0.2 10.2 ± 0.3 0.6 ± 0.03 1.1 ± 0.2
0.3 90.5 40.7 ±1.5

Ca-based-3 0.90 ± 0.1 9.1 5.5 ± 0.3 0.97 85.0 ± 0.7 2.7 ± 0.2 9.9 ± 0.2 0.5 ± 0.02 1.9 ± 0.3 83.6 40.3 ±1.4
Ca-based-4 0.76 ± 0.1 9.1 5.6 ± 0.3 0.98 84.9 ± 0.4 2.8 ± 0.2 10.0 ± 0.1 0.6 ± 0.03 1.8 ± 0.2 84.5 40.1 ± 1.4

Another important parameter to measure the quality of the liquid is acidity. In this case, acidity
was measured by pH determination. Interestingly, the GS-derived organic fraction presented a pH
value of 8, preventing the presence of the corrosion issues associated with the handling and storage
of the highly acidic bio-oils usually obtained from lignocellulosic biomass (pH 3–4). This value was
in the range of other pyrolytic oils obtained from GSs, probably due to the presence of a remarkable
amount of basic N-derived compounds in the feedstock [26,30]. The pH value for WT-derived oil was
quite similar (8.3). It is worth highlighting that both co-pyrolysis and catalytic co-pyrolysis bio-oils
only entailed a slight increase in pH values, while still preserving an appropriate value (8.9–9.6) for
handling and storage purposes.

In relation to the elemental analysis, it could be also seen that the bio-oil derived from the pyrolysis
of GSs contained 11.6 wt% of oxygen. Although it could be still considered a remarkable oxygen
content for its further direct utilisation as a drop-in fuel, this value was quite low when compared to
those found in bio-oils produced from the pyrolysis of other types of lignocellulosic biomass [14,57,58].
This result confirmed that those lignocellulosic agricultural wastes were exceptional alternatives to be
used in the pyrolysis process. On the contrary, pyrolytic WT oil presented insignificant amounts of
oxygen (<1 wt%). Obviously, the incorporation of WT led to a better-quality bio-oil in relation to lower
oxygen content. It should be highlighted that this improvement was always better than that expected
according to the rule of mixtures. Specifically, it was possible to reduce the oxygen content down to
3.9 wt% by adding up to 20 wt% of WTs. The effect of catalyst addition on the deoxygenation process
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was more apparent. Oxygen contents in the upgraded bio-oils were always lower than 2 wt%, reaching
the lowest value of 0.5 wt% with the Ca-based-1 catalyst. In this sense, although the formation of H2O
soluble compounds cannot totally be ruled out, retention of CO2 and H2O seems to be enhanced by
these catalysts. At this point, it should be pointed out that the elemental composition of the aqueous
fraction was also determined (Table S3, supplementary data). The values of carbon content determined
were quite similar and were in the range of 4.14–6.53 wt%, where small differences can be attributed
to experimental error. Thus, these results suggest that a great effect of the catalysts is produced in
improving the organic fraction since no additional organic components seem to be dissolved in the
aqueous fraction.

Hence, a practically deoxygenated organic fraction was produced (values of deoxygenation
in range of 83.6–95.7%), entailing significant lower heating values (LHVs) of about 40–41 MJ/kg.
Although all the catalysts led to very good results, again, it is worth highlighting the performance of the
Ca-based-1 catalyst, which produced the best organic oil in terms of lower oxygen content and LHV.

2.4. Non-Condensable Gas Composition

Table 5 summarises the non-condensable gas composition after pyrolysis, co-pyrolysis, and
catalytic co-pyrolysis reactions. It can be observed that, in the case of GS pyrolysis, the composition
of this gas was rich in CO2 (10.5 g/100 g feedstock), and also in CO (3.1 g/100 g feedstock) and CH4

(5.5 g/100 g feedstock). The remaining C2-C4 hydrocarbons were present as marginal content. In
the case of pyrolysis of WTs, hydrogen and methane were the main gases, since CO and CO2 were
produced in lower amounts, as could be expected by the low oxygen content present in WTs. When
WTs were added to the feed, there was a decrease in CO2 in the gas stream and a slight increase in CH4

and H2. As a consequence, a more valuable non-condensable gas in terms of LHV was produced as the
WT ratio in the feedstock was increased from 10 to 20 wt%, 28.5, and 30.3 MJ/Nm3, respectively. By
adding the catalyst to the GS/WT mixture, significant positive differences were seen in the composition
of the gas. First, it can be highlighted the meaningful increase regarding the production of hydrogen
and methane, and the significant reduction in the CO2 emitted. This reduction in CO2 can be explained
assuming that CaO is a CO2 sorbent. This reaction favours the production of hydrogen caused by the
enhancement of the water gas shift reaction, which in turn affects the reaction of methane reforming [15].
Accordingly, a direct relationship can be found between the amount of CO2 in the gas fraction and
the CaO content in the catalysts, with the Ca-based-1 and Ca-based-4 catalysts leading to the lowest
and highest amounts of CO2 in the gas fraction, respectively. The poor performance of the Ca-based-4
catalyst was not surprising since it is well known that MgO in Ca-based sorbents does not significantly
contribute to CO2 capture at such temperature [15]. Additionally, some Magnesium calcite phase was
detected, which cannot contribute to this process. Another positive effect of incorporating Ca-based
catalysts was found in the increase in heating value. Thus, by means of the addition of these types
of solids, it was possible to enhance heating values up to 40 MJ/Nm3, approximately. Interestingly,
emissions of H2S in the catalytic co-pyrolysis processes were comparable to those obtained during the
GS pyrolysis, which may be associated with the desulphuration capacity of Ca-based materials.

Table 5. Lower heating value (LHV) (MJ/Nm3) and non-condensable gas composition (g/100 g feedstock)
produced after the pyrolysis, co-pyrolysis, and catalytic co-pyrolysis processes.

Experiment H2 CO2 CO CH4 C2H6 C2H4 C3-C4 H2S
LHV

(MJ/Nm3)

GSs 0.21 ± 0.01 10.5 ± 0.60 3.1 ± 0.16 5.5 ± 0.31 0.8 ± 0.05 1.1 ± 0.06 1.9 ± 0.10 0.02 24.1 ± 1.2
WTs 0.34 ± 0.03 0.65 ± 0.06 0.21 ± 0.02 10.2 ± 0.60 2.1 ± 0.16 1.7 ± 0.14 8.1 ± 0.65 0.25 53.6 ± 2.0

GSs/WTs(90/10) 0.21 ± 0.02 7.9 ± 0.40 2.5 ± 0.13 5.3 ± 0.32 0.9 ± 0.10 1.1 ±.0.09 2.5 ± 0.25 0.04 28.5 ± 1.4
GSs/WTs(80/20) 0.22 ± 0.02 7.07 ± 0.40 2.2 ± 0.12 5.5 ± 0.35 0.9 ± 0.10 1.1 ± 0.09 2.7 ± 0.35 0.04 30.3 ± 1.5

Ca-based-1 0.31 ± 0.03 2.42 ± 0.12 3.2 ± 0.16 7.3 ± 0.45 1.5 ± 0.12 1.2 ± 0.12 4.3 ± 0.40 0.00 39.3 ± 1.8
Ca-based-2 0.33 ± 0.03 1.7 ± 0.09 3.0 ± 0.15 7.1 ± 0.40 1.3 ± 0.11 1.1 ± 0.10 4.2 ± 0.35 0.00 39.8 ± 1.8
Ca-based-3 0.33 ± 0.02 1.9 ± 0.10 3.3 ± 0.17 7.3 ± 0.40 1.4 ± 0.14 1.1 ± 0.09 4.5 ± 0.42 0.02 39.9 ± 1.9
Ca-based-4 0.19 ± 0.01 5.34 ± 0.35 3.2 ± 0.16 6.4 ± 0.38 1.3 ± 0.12 1.0 ± 0.11 4.1 ± 0.34 0.02 37.0 ± 1.7
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2.5. GC-MS

A semi-quantitative identification of the compounds (relative area percentage, r.a.%) found in
the organic phase was performed using gas chromatography-mass spectrometry (GC-MS). Table 6
summarises the chemical composition of the organic fractions derived from the pyrolysis, co-pyrolysis,
and catalytic co-pyrolysis processes. The chemical composition of the organic fraction obtained
after the GS pyrolysis was composed mainly of oxygenated compounds (phenols, esters, fatty acids,
aromatics, ketones, cyclic hydrocarbons, olefins, and other oxygenated compounds) [59,60]. It should
be pointed out that these compounds were already identified in previous work as the main oxygenated
compounds in the organic fraction of the bio-oil obtained from the pyrolysis of grape seeds [24,30].
Interestingly, a noteworthy amount of aromatic compounds was also identified (31.6%). On the other
hand, the organic fraction of the pyrolysis liquid of WTs presented a prevailing fraction of aromatics
(more than 90 r.a.%), followed by a significant proportion of cyclic hydrocarbons (6.2 r.a.%). The
more relevant aromatic components of the liquid fraction were also identified, which were benzene
and benzene-derived compounds (toluene, xylene, ethyl-benzene, and styrene) [61]. A list of the
main identified components can be found in the supporting information in Tables S4 and S5. It can
be observed in Table 6 that in the case of GS/WT co-pyrolysis, a considerable increase in cyclic and
aromatic hydrocarbon production was achieved in comparison with GS pyrolysis. A remarkable
reduction in oxygenated compounds, mainly esters but also phenols and fatty acids, was observed
at the same time. These tendencies may be associated with the promotion of hydrodeoxygenation
reactions due to the H2-donor effect of the WTs [3]. For more information on the compounds identified
after the co-pyrolysis process, see Table S6, supplementary data.

Table 6. Chemical composition of bio-oils derived from the pyrolysis, co-pyrolysis, and catalytic
co-pyrolysis processes as the percentage of the relative area (r.a.%). HC: Hydrocarbons; OC: Oxygenated
Compounds. Catalytic co-pyrolysis experiments were carried out, adding 20 wt% of waste tyres.

Experiment Aromatics Olefins Linear HC Cyclic HC Phenols Esters Ketones
Fatty
Acids

Others OC

GSs 31.6 ± 2.5 7.6 ± 0.6 − 18.8 ± 1.5 28.7 ± 2.3 0.8 ± 0.3 7.4 ± 0.3 5.1 ± 0.2
WTs 91.8 ± 2.5 − 8.2 ± 0.5 − − − − −

GSs/WTs (90/10) 63.3 ± 2.6 2.9 ± 0.3 0.4 ± 0.2 23.0 ± 1.2 6.4 ± 0.8 0.9 ± 0.2 0.1 ± 0.0 1.1 ± 0.2 1.9 ± 0.2
GSs/WTs (80/20) 64.3 ± 2.8 2.8 ± 0.3 0.4 ± 0.2 24.0 ± 1.5 4.9 ± 0.5 0.8 ± 0.2 0.1 ± 0.0 1.1 ± 0.2 1.8 ± 0.2

Ca-based-1 70.9 ± 2.9 2.3 ± 0.2 0.6 ± 0.3 16.0 ± 0.8 1.3 ± 0.3 1.5 ± 0.2 2.0 ± 0.1 1.7 ± 0.3 3.6 ± 0.4
Ca-based-2 60.4 ± 2.2 4.1 ± 0.5 1.8 ± 0.4 16.1 ± 0.9 2.8 ± 0.6 2.6 ± 0.3 5.0 ± 0.7 2.5 ± 0.4 4.1 ± 0.5
Ca-based-3 54.5 ± 2.0 5.7 ± 0.8 2.8 ± 0.5 18.0 ± 1.0 2.8 ± 0.6 3.2 ± 0.4 6.2 ± 0.8 2.7 ± 0.5 4.0 ± 0.4
Ca-based-4 58.3 ± 2.2 5.0 ± 0.6 1.6 ± 0.3 18.3 ± 1.0 3.9 ± 0.3 2.9 ± 0.3 5.0 ± 0.7 2.4 ± 0.4 4.0 ± 0.4

The chemical composition of the organic fractions obtained in the catalytic co-pyrolysis experiments
is also shown in Table 6. A different composition to that analysed in the bio-oil of the GS pyrolysis run
was clearly identified. As in the case of the co-pyrolysis test, a notable reduction in the phenol, ester, and
fatty acid contents were achieved, while aromatics, olefins, linear paraffins, and cyclic hydrocarbons
were significantly increased. Therefore, this behaviour could be again related to the prevalence of
aromatisation and hydrodeoxygenation reactions owing to the significant amount of H2 produced
by both the thermal cracking of WTs and the water gas shift reaction assisted by CaO. These results
were in line with the low oxygen content and the marginal amount of water found in these liquids.
With regard to the effect of the catalyst on process performance, a slightly different organic fraction
composition was evidenced depending on the Ca-based material. There was generally observed to be
a reduction in the cyclic-hydrocarbon composition compared to the non-catalytic process. This fact,
together with a remarkable increase in ketones, pointed to the cascade of reactions associated with
the hydrodeoxygenation of ketones in order to favour cyclic-hydrocarbon production not being fully
accomplished. Accordingly, another important deoxygenation route during the catalytic co-pyrolysis
experiments seemed to be decarboxylation. This behaviour was in line with previously published
works showing that basic metal oxides, including CaO, could act as promoters of this reaction [62].
Interestingly, these ketone compounds could also be considered valuable components of biofuels since
they are quite stable during handling and storage. We would like to highlight the results found with

65



Catalysts 2019, 9, 992

the Ca-based-1 catalyst in terms of aromatic content, as it was the only catalyst that led to a higher
aromatic content than the non-catalytic co-pyrolysis run. For this catalyst, the aromatisation of olefins
and hydrodeoxygenation of phenols may play a key role in the production of aromatics, particularly
due to the intensification of H2 production and the promotion of dehydration and cracking reactions
in this catalyst. Given that the total basicity of the Ca-based-1 catalyst determined by the CO2-TPD
data was significantly lower than that determined for the other Ca-based catalysts, and the fact that
this catalyst showed a pure CaO crystalline phase with marginal amount of impurities, it could be
assumed that these properties of these catalysts could be key parameters facilitating the prevalence of
aromatisation and hydrodeoxygenation routes over de-acidification and deoxygenation of the organic
fraction through both ketonisation and esterification reactions. Accordingly, the higher content in
ketones and esters obtained for the remaining Ca-based catalysts confirmed these assumptions. The
main compounds identified after the catalytic process are shown in the supplementary data (Table S7).

At this point, it should be mentioned that although no regeneration cycles were performed in
this study, a moderate deactivation of the catalyst by partial carbonation was expected according to
previous tests at the pilot scale considering this type of catalysts [14]. This fact would make necessary
the incorporation of a purge and input of fresh catalyst in order to maintain bio-oil quality. Fortunately,
this purge would only slightly decrease the energy integration of the process, and the economic impact
would also be moderate since this is inexpensive and widely available solid.

2.6. Char Characterisation

The solid fraction was also characterised in order to evaluate its potential as a solid fuel. Char
produced by GS pyrolysis has a lower heating value (LHV) of 26.9 MJ/kg, whereas the char produced
by WT pyrolysis showed an LHV of 30.9 MJ/kg. These values could be expected owing to the high
carbon content in WT char fraction, and they were also in line with previous results [30]. At this point,
it should be pointed out that the LHVs of the co-pyrolysis and catalytic co-pyrolysis chars were those
theoretically expected, approximately 28 MJ/kg. These results confirmed the high potential of this
product to be used for further energy purposes and to be used to support the heat requirements of the
integrated process. Moreover, and in line with previous results in the fixed-bed reactor, a remarkable
decrease in the sulphur content (0.5 wt%) was also achieved for all catalysts in comparison with the
theoretically expected value (2.0 wt%). This could be expected since CaO is considered an ideal active
solid for H2S adsorption, forming CaS, and H2O as products [63]. Thus, char desulphuration enhanced
by the addition of Ca-based catalysts was also confirmed at this scale, as previously observed in the
fixed bed reactor [30].

3. Materials and Methods

3.1. Biomass, Waste Tyres, and Catalysts

In this study, the biomass used was GSs (Vitis vinifera), obtained as a waste product of the
wine industry in the north-east of Spain. The fresh biomass was dried to guarantee moisture levels
below 2 wt% before being used directly. The WTs were received in the granulated form with particle
sizes between 2 and 4 mm. WTs were supplied without the steel thread and textile netting. Table 7
summarises the main properties (proximate and ultimate analysis and heating value) of both feedstocks.
The determination of these properties was carried out in accordance with standard methods [30]. As
can be seen in Table 7, significant differences were apparent between the two raw materials. The high
oxygen content (33.7 wt%) of GSs should be pointed out, which implies a low LHV (22.2 MJ/Kg),
whereas WTs are characterised by high carbon content and low oxygen composition. It is worthy of
mention that the heating values attributed to WTs are comparable to or even higher than the heating
values characteristic of fossil fuels (% C: 87.9 wt%, % H: 3.3 wt%, LHV: 37 MJ/kg).
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Table 7. Main properties of grape seeds and waste tyres.

GSs 1 WTs 2

Ash (wt%) 4.3 3.8
Volatile matter (wt%) 65.1 63.6
Fixed Carbon (wt%) 24.3 31.8

Ultimate analysis (wt%)
C 53.9 87.9
H 6.6 7.4
N 2.2 0.3
S 0.1 1.1
O 37.2 3.3

LHV (MJ/Kg) 20.5 37.0
1: Stabilised for 48 h at room temperature; 2: As received.

In this study, four different Ca-based catalysts obtained from the calcination of low-cost limestone
(Ca-based-1, Ca-based-2, Ca-based-3) and dolomite (Ca-based-4) were selected. Private companies
situated in different regions of Europe supplied these solids. The Ca-based-1 catalyst was extracted
from a German mine; the Ca-based-2 catalyst was excavated in the north of Spain; and, finally,
the Ca-based-3 and Ca-based-4 catalyst samples were mined in the north-east of Spain. All solids
were obtained after calcination at 900 ◦C. Particle size distribution for all solids was in the range of
300–600 μm.

X-ray diffraction (XRD), N2-physisorption, mercury porosimetry, temperature-programmed
desorption of ammonia (NH3-TPD), temperature-programmed desorption of carbon dioxide (CO2-TPD),
and inductively coupled plasma-optical emission spectroscopy (ICP-OES) were also carried out to
complete the characterisation of the catalysts. Experimental details related to XRD N2-physisorption
and mercury porosimetry techniques can be found elsewhere [64,65], and NH3-TPD and CO2-TPD
determination have also been described by other authors [13].

3.2. Pilot Plant

Experiments were conducted in a pilot plant equipped with an auger reactor operating at
atmospheric pressure. N2 was used as the inert carrier gas. A detailed description of the pilot plant
operation can be found in the supplementary information. The process flow diagram of this pilot
plant is shown in Figure 4. This Auger reactor is able to process up to approximately 20 kg/h of GSs
or WTs. The feeding system comprises two independent stirred hoppers to prevent the formation of
voids, which can each be filled with approximately 25 kg of GSs or WTs. One hopper is used to feed
the GS and WT mixture, and the other is used to feed the catalysts. Additionally, it should also be
pointed out that catalysts were always diluted with an inert (sand), maintaining a (sand + catalyst) to
feedstock ratio of 3:1. This stock of solids would be the minimum amount of heat carrier required for a
self-sustainable process from an energy perspective [15]. In an integrated process, char combustion
would be performed in a secondary reactor, providing the energy for the next pyrolysis step through
the cycling of the heat carrier (sand + catalyst).
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Figure 4. Process flow diagram of the pilot plant used for the catalytic co-pyrolysis experiments.

The reactor is surrounded by three independent electrical heating elements that provide the
energy required to carry out the pyrolysis process. The converted product continuously leaves the
reactor by gravity at the end of the reactor. The pyrolytic gas produced in the reactor is cooled in a shell
and tubes condenser. Before flaring the gas, several samples were analysed by gas chromatography.
The pilot plant is also provided with a control and acquisition system to monitor pressure by four
pressure transducers and temperature by 10 thermocouples in different locations.

3.3. Catalysts Characterisation

A complete characterisation of the catalysts was carried out by means of XRD, ICP-OES, N2

adsorption, and Hg porosimetry. The acidic characteristics of the Ca-based catalysts were studied by
NH3-TPD, and the basic characteristics of the catalysts were studied with TPD-CO2. XRD patterns
were measured with a Bruker D8 Advance series II diffractometer (Bruker, Delft, The Netherlands)
using monochromatic Cu–Ka radiation (k = 0.1541 nm). Data were collected in the 2 h range from 5◦ to
80◦ using a scanning rate of 1◦/min. The elemental composition of the different Ca-based catalysts
(Al, Ca, Fe, Mg, K, Na, Si, Ti, P, Mn, and S) was determined by ICP-OES in a Perkin Elmer Optima
4300 system (Waltham, MA, Estados Unidos). N2 physisorption was performed by a Quantachrome
Autosorb 1 gas adsorption analyser (Graz, Austria). Prior to the adsorption measurements, the
samples were outgassed in situ under a vacuum (4 mbar) at 250 ◦C for 4 h. The pore structure of the
samples was determined by Hg porosimetry in a Micromeritics AutoPore V instrument (Norcross,
GA, USA), according to the ISO 15901 standard. TPD techniques were measured by a Micromeritics
Pulse Chemisorb 2700 instrument (Norcross, GA, USA) equipped with a thermal conductivity detector
(TCD). Detailed information on the process conditions can be found in other research work [13].
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3.4. Product Characterisation

The different products obtained after the process (liquid, solid, and gas) were characterised. Liquid
and char yields were calculated by weight, and gas yield was calculated by balance. A heterogeneous
liquid fraction was obtained, composed of two totally differentiable phases. The samples were
centrifuged at 2000 rpm for 10 m, and the two liquid layers (organic/top and aqueous/bottom) were
subsequently collected by a decantation process. The organic phase was then analysed in triplicate
to determine different physicochemical properties, in accordance with standard methods. For the
physical-chemical characterisation of the organic fraction, final composition, calorific value, water
content, and pH were determined according to standard procedures [30], and density was determined
by gravimetry. The GC-MS technique was also performed to analyse the chemical composition of
the organic phase. Experimental details can be found in previous works [30]. The solid fraction
was divided into char, CO2, and coke yields for catalytic experiments. Yields of CO2, and coke were
directly calculated by the % of mass loss calculated from TGA experiments on each catalyst. The solid
product (char) was also characterised by determining its calorific value and elemental analysis [30].
The non-condensable gas fraction was determined by GC using a TCD detector coupled to the Hewlett
Packard II series [30,66]. Several thermogravimetric analyses were also performed in order to analyse
catalyst carbonation.

4. Conclusions

The catalytic co-pyrolysis of both grape seeds and waste tyres using Ca-based catalysts was
successfully performed in an Auger reactor at the pilot scale. The results demonstrated the great
potential of this process for the production of an improved bio-oil. In general, a deoxygenated bio-oil
with improved physical properties, such as viscosity and density, can be obtained using any low-cost
Ca-based catalysts. More particularly, upgraded bio-oils can be practically dehydrated (H2O content =
0.62 wt%) and fully deoxygenated (deoxygenation rate of ~95%), reaching heating values higher than
40 MJ/kg using a Ca-based catalyst with poor total basicity and a pure CaO crystalline phase without
impurities. These properties seem to be key parameters that facilitate the prevalence of aromatisation
and hydrodeoxygenation routes over the de-acidification and deoxygenation of the organic fraction
through both ketonisation and esterification reactions, leading to a highly aromatic bio-oil. Moreover,
due to the CO2-capture and desulphuration effects inherent to these catalysts, a more environmentally
friendly gas product was produced, generating H2 and CH4 as main components and, thus, increasing
the range of potential applications for this fraction. Finally, the solid fraction was also shown to be a
clean solid fuel to supply the energy for the proposed catalytic co-pyrolysis process.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/12/992/s1, S.1
Pilot plant operation, Table S1: Yields after Catalytic experiments of GS and WT using Ca-based-1 catalyst, Table
S2: Liquid properties after the catalytic experiments of GS and WT using Ca-based-1 catalyst, Table S3: Ultimate
composition of the aqueous fraction after catalytic co-pyrolysis experiments, Table S4: Identified compounds
(sorted by increasing retention time) in the liquid by GC/MS obtained after grape seeds pyrolysis, Table S5:
Identified compounds (sorted by increasing retention time) in the liquid by GC/MS obtained after PS pyrolysis,
Table S6: Identified compounds (sorted by increasing retention time) in the liquid by GC/MS obtained after
co-pyrolysis of GS and WT experiments, Table S7: Identified compounds (sorted by increasing retention time) in
the liquid by GC/MS obtained after Catalytic co-pyrolysis of GS and WT experiments, Table S8: Families and
compounds identified after GC/MS.
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Abstract: Diesel and jet fuel range cycloalkanes were obtained in ~84.8% overall carbon yield with
cyclopentanone and furfural, which can be produced from hemicellulose. Firstly, 2,5-bis(furan-
2-ylmethyl)-cyclopentanone was prepared by the aldol condensation/hydrogenation reaction of
cyclopentanone and furfural under solid base and selective hydrogenation catalyst. Over the
optimized catalyst (Pd/C-CaO), 98.5% carbon yield of 2,5-bis(furan-2-ylmethyl)-cyclopentanone
was acquired at 423 K. Subsequently, the 2,5-bis(furan-2-ylmethyl)-cyclopentanone was further
hydrodeoxygenated over the M/H-ZSM-5(Pd, Pt and Ru) catalyst. Overall, 86.1% carbon yield of
diesel and jet fuel range cycloalkanes was gained over the Pd/H-ZSM-5 catalyst under solvent-free
conditions. The cycloalkane mixture obtained in this work has a high density (0.82 g mL−1) and a low
freezing point (241.7 K). Therefore, it can be mixed into diesel and jet fuel to increase their volumetric
heat values or payloads.

Keywords: high density fuel; cyclopentanone; furfural; aldol condensation; hydrodeoxygenation

1. Introduction

In recent years, the utilization of renewable biomass resources for the production of fuels [1–6] and
chemicals [7–12] has attracted worldwide attention. Lignocellulose is the most abundant and cheapest
biomass [13]. Diesel and jet fuel are two very important transport fuels. Pioneered by Dumesic [14,15],
Huber [15,16], Corma [17,18] and their collaborators, great efforts were devoted to the synthesis of
diesel and jet fuel range hydrocarbons using platform compounds derived from lignocellulose in the
past decades [19–26].

Furfural is a bulk chemical which has been obtained on a commercial scale by the hydrolysis
and dehydration of hemicellulose [27]. In recent years, series of diesel and jet fuel range chain
alkanes were produced by the aldol condensation of furfural and acetone [15,19], methyl isobutyl
ketone [28], pentanone [29,30], heptanone [31], levulinic acid [32], and angelica lactone [33], followed
by hydrogenation/hydrodeoxygenation or hydrodeoxygenation (HDO). Cyclopentanone can be
obtained (at high carbon yields of 62–95.8%) through the aqueous phase selectively hydrogenation
and rearrangement of furfural [34–38]. High density fuels were prepared by self aldol condensation
of cyclopentanone and hydrodeoxygenation [39–42]. In some studies, diesel and jet fuel range
cycloalkanes were produced by the aldol condensation of furfural and cyclopentanone [43–46],
followed by HDO. Nevertheless, the aldol condensation products obtained in these reports
(i.e., 2-(2-furylmethylidene)-cyclopentanone and/or 2,5-bis(2-furylmethylidene)-cyclopeantanone) are
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solid at room temperature. Hence, organic solvents must be used to improve mass transfer efficiency
in subsequent HDO reactions. This will cause lower efficiency and higher energy consumption. As a
solution to this problem, we developed a new two-step strategy (see Scheme 1). In the first step,
2,5-bis(furan-2-ylmethyl)-cyclopentanone was generated via the aldol condensation/hydrogenation of
cyclopentanone and furfural over the metal and solid base catalysts. Due to the saturation of C=C
bonds by hydrogenation, 2,5-bis(furan-2-ylmethyl)cyclopentanone is a liquid at room temperature.
As a result, it may be directly used in the hydrodeoxygenation procedure without using any solvent.
This is favorable in real application. In the second step, the 2,5-bis(furan-2-ylmethyl)-cyclopentanone
was converted to diesel and jet fuel range cycloalkanes by the HDO over Pd/H-ZSM-5 catalyst.

2. Results and Discussion

2.1. Aldol Condensation

First, the aldol condensation of furfural with cyclopentanone was studied over solid base
catalysts. According to the analysis of GC (Figure S1 in the Supplementary Materials) and
nuclear magnetic resonance (NMR) spectra (Figure S2), the chemical shifts of the target products
in 1H NMR and 13C NMR spectra are in good agreement with those reported previously [44].
2,5-bis(2-furylmethylidene)cyclopentanone was confirmed as the unique product (in Scheme 1).
The sequence for 2,5-bis(2-furyl methylidene)-cyclopentanone carbon yields over the solid base
catalysts was: CaO > LiAl-HT > MgAl-HT > MgO ≈ CeO2 (see Figure 1). Over the CaO catalyst,
95.4% carbon yield of 2,5-bis(2-furylmethylidene)-cyclopentanone was obtained after reacting for 10 h
at 423 K. The yield of 2,5-Bis (2-furylmethylidene)-cyclopentanone on Mg-Al hydrotalcite was 85.7%,
while that of 2,5-Bis (2-furylmethylidene)-cyclopentanone on MgO and CeO2 was very low.

 
Scheme 1. Synthetic strategies for the production of C15 cycloalkanes with furfural and cyclopentanone [45].

Figure 1. Cyclopentanone conversion (black columns) and carbon yield (gray columns) of 2,5-bis(2-
furylmethylidene)-cyclopentanone on various solid base catalysts. Experimental conditions: 10 h,
423 K, and 0.84 g cyclopentanone (10 mmol), 1.92 g furfural (20 mmol), and 0.05 g catalyst were used in
the tests.
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According to the CO2-TPD results (see Figure 2 and Table 1), base site amounts of CaO, LiAl-HT,
MgAl-HT, MgO and CeO2 catalysts were 0.16, 0.15, 0.12, 0.04 and 0.02 mmol g−1, respectively. The base
site amounts of the catalysts were in good agreement with the activity of aldol condensation of
cyclopentanone with furfural. The high activity of CaO can be illustrated by its higher alkali strength
and higher amount of base sites. Taking into consideration the higher activity, low cost, and good
availability of CaO, we consider it as a potential catalyst in future industrial applications.

Figure 2. CO2-TPD charts of the various solid base catalysts (the specific information of the CO2-TPD
experiment is shown in the Supplementary Materials).

Table 1. The number of base sites over various solid base catalysts.

Catalysis Base Sites Amount (mmol g−1)

CaO 0.16
LiAl-HT 0.15

MgAl-HT 0.12
MgO 0.04
CeO2 0.02

The influences of catalyst dosage on cyclopentanone conversion and 2,5-bis(2-furylmethylidene)
cyclopentanone carbon yield over CaO catalyst were studied as well (see Figure S3a). The results
show that the conversion of cyclopentanone raised with the increase of catalyst dosage from 0.01
to 0.07 g. In the meantime, yields of 2, 5-bis(2-furylmethylidene) cyclopentanone increased with
the catalyst dosage first, and then leveled off. When the amount of catalyst was 0.05 g, the yield of
2,5-bis(2-furylmethylidene) cyclopentanone was the highest. Therefore, the amount of catalyst in the
following part was 0.05 g.

The effects of the reaction temperature on the conversion of cyclopentanone and yield of
2,5-bis(2-furylmethylidene) cyclopentanone were studied. The results are shown in Figure S3b.
The conversion of cyclopentanone increased first, and then completely converted as the reaction
temperature grew from 373 K to 443 K. At the same time, yield of 2,5-bis(2-furylmethylidene)
cyclopentanone grew at first as the reaction temperature ascended, and then remained constant.
Consequently, the reaction temperature of 423 K was chosen.

Under the optimum reaction conditions (0.05 g CaO catalyst, 10 h, and 423 K), 98.2% conversion of
cyclopentanone and 95.4% carbon yield of 2,5-bis(2-furylmethylidene)-cyclopentanone were achieved.

2.2. One Pot Aldol Condensation/Hydrogenation

Subsequently, we developed the one-pot synthesis of 2,5-bis(furan-2-ylmethyl)-cyclopentanone
by the aldol condensation/hydrogenation reaction of furfural, cyclopentanone, and hydrogen under
the co-catalysis of Pd/C and CaO. Based on GC, NMR and MS spectra analysis (Figures S4–S6),
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2,5-bis(furan-2-ylmethyl)-cyclopentanone was identified as the main product. At room temperature,
the 2,5-bis(furan-2-ylmethyl)-cyclopentanone exists in liquid state. Consequently, it can be directly
used in solvent-free HDO process. According to Scheme 2, 2,5-bis(furan-2-ylmethyl)-cyclopentanone
was generated by the hydrogenation of 2,5-bis(2-furylmethylidene)-cyclopentanone from the
aldol condensation of furfural and cyclopentanone. To illustrate the advantages of one-pot
condensation hydrogenation, we compared the solvent-free, methanol-solvent hydrogenation of
2,5-bis(2-furylmethylidene)-cyclopentanone and one-pot condensation/hydrogenation of furfural and
cyclopentanone by Pd/C + CaO. The experimental results are shown in Figure 3. Under the condition
of solvent-free Pd/C hydrogenation, conversion of 2,5-bis (2-furylmethylidene)-cyclopentanone and
carbon yields of 2,5-bis(furan-2-ylmethyl)-cyclopentanone were 1.1% and 0.8%, respectively.

Scheme 2. Synthetic strategies for 2,5-bis(furan-2-ylmethyl)-cyclopentanone from 2,5-bis(2-
furylmethylde ne)-cyclopentanone hydrogenation [47].

Figure 3. Cyclopentanone conversions (black columns), 2,5-bis (2-furylmethylidene)-cyclopentanone
conversion (gray columns) and carbon yields of 2,5-bis(furan-2-ylmethyl)-cyclopentanone (white columns)
over Pd/C catalysts. Experimental conditions: 10 h, 423 K, and 4.0 MPa H2; (a) 2.40 g 2,5-bis(2-
furylmethylidene)-cyclopentanone, 0.05 g Pd/C; (b) 2.40 g 2,5-bis (2-furylmethylidene)-cyclopentanone,
0.05 g Pd/C and 10.0 mL methanol; and (c) 0.84 g cyclopentanone (10 mmol), 1.92 g furfural (20 mmol);
0.05 g CaO and 0.05 g metal catalyst were used in the tests.

When methanol solvent was added to the hydrogenation process, the hydrogenation activity was
significantly improved. Conversion of 2,5-bis (2-furylmethylidene)-cyclopentanone and carbon yields
of 2,5-bis(furan-2-ylmethyl)-cyclopentanone were 32.1% and 31.8%, respectively. Because methanol can
dissolve 2,5-bis (2-furylmethylidene)-cyclopentanone and increase the contact area with hydrogenation
active center, the hydrogenation reaction activity of 2,5-bis (2-furylmethylidene)-cyclopentanone
was accelerated. Under one-pot condensation/hydrogenation of furfural and cyclopentanone
by Pd/C+CaO, cyclopentanone was completely converted and high carbon yield (98.5%) of
2,5-bis(furan-2-ylmethyl)-cyclopentanone was achieved. During one-pot condensation/hydrogenation
of furfural and cyclopentanone, furfural and cyclopentanone were not only raw materials, but also as
solvents. 2,5-Bis (2-furylmethylidene)-cyclopentanone produced by furfural and cyclopentanone can
be dissolved well, which increased the contact area with hydrogenation active center. The reaction rate
was accelerated.
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Moreover, we studied the activities of CaO + other metal catalysts (PdC, Pt/C, Ru/C, Raney
Co and Raney Ni). Based on the results shown in Figure 4, the CaO + Pd/C displayed the best
performance among the investigated catalysts. Over it, 100% conversion of cyclopentanone and
98.5% carbon yield of 2,5-bis(furan-2-ylmethyl)-cyclopentanone were obtained, when the reaction was
carried out for 10 h at 423 K. Pd/C can selectively hydrogenate carbon–carbon double bonds (C1=C2

and C3=C4) of 2,5-bis(2-furylmethylidene)-cyclopentanone, but Pt/C, Ru/C, Raney Co and Raney Ni
cannot selectively hydrogenate its carbon-carbon double bonds (C1=C2 and C3=C4). The product of
carbon-carbon double bonds (C1=C2 and C3=C4) of 2,5-bis(2-furylmethylidene)-cyclopentanone
hydrogenated is liquid. These products as solvents promoted selective hydrogenation of
2,5-bis(2-furylmethylidene)-cyclopentanone. This can be explained by the high activity of palladium
catalyst for high yield of one-pot synthesis of 2,5-bis(furan-2-ylmethyl)-cyclopentanone.

Figure 4. Cyclopentanone conversions (black columns) and carbon yields of
2,5-bis(2-furylmethylidene)-cyclopentanone (gray columns), and 2,5-bis(furan-2-ylmethyl)-cyclopentanone
(white columns) over CaO and metal catalysts. Experimental conditions: 10 h, 423 K, and 4.0 MPa H2;
0.84 g cyclopentanone (10 mmol), 1.92 g furfural (20 mmol), 0.05 g CaO and 0.05 g metal catalyst were
used in the tests.

The influences of catalyst dosage and reaction time on the 2,5-bis(furan-2-ylmethyl)-cyclopentanone
carbon yield over the Pd/C-CaO catalyst were investigated (see Figure 5).

 
Figure 5. Cyclopentanone conversion (�) and carbon yields of 2,5-bis(furan-2-ylmethyl)-cyclopentanone
(�) and 2,5-bis(2-furylmethylidene)-cyclopentanone (�) over the Pd/C-CaO catalyst. Experimental
conditions: 423 K, 10 h, and 4.0 MPa H2; 0.84 g cyclopentanone (10 mmol), 1.92 g furfural (20 mmol),
0.08 g Pd/C-CaO catalyst were used in the tests. (a) The effect of catalyst dosage. (b) The effect of time.
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During the change of Pd/C-CaO catalyst from 0.02 g to 0.12 g, the yield of 2,5-bis(furan
-2-ylmethyl)-cyclopentanone increased and the yield of 2,5-bis(2-furylmet-hylidene)-cyclopentanone
decreased. While the Pd/C-CaO catalyst was 0.08 g, the yield of 2,5-bis(furan-2-ylmethyl)-cyclopentanone
reached 98.5%, while cyclopentanone and 2,5-bis(2-furyl methylidene)-cyclopentanone were completely
converted. When the reaction time was 10 h, yield of 2,5-bis(furan-2-ylmethyl)-cyclopentanone was
highest and 2,5-bis(2-furyl methylidene)-cyclopentanone was completely converted. Under the optimized
conditions (423 K, 10 h, and 0.08 g Pd/C-CaO), high carbon yield (98.5%) of 2,5-bis(furan-2-ylmethyl)-
cyclopentanone was achieved over the Pd/C-CaO catalyst.

The re-usability of the Pd/C-CaO catalyst was studied as well. To eliminate the disturbance of the
residues, the used catalysts were washed thoroughly with tetrahydrofuran (THF) at room temperature
after each usage, and then dried for 1 h at 353 K. Based on the results in Figure 6, the Pd/C-CaO catalyst
was stable under the investigated reaction conditions.

Figure 6. Cyclopentanone conversion (black columns) and carbon yields of 2,5-bis(furan-2-
ylmethyl)-cyclopentanone (white columns) and 2,5-bis(2-furylmethylidene)-cyclopentanone (gray columns)
over the Pd/C-CaO catalyst. Experimental conditions: 423 K, 10 h, and 4.0 MPa H2; 0.84 g cyclopentanone
(10 mmol), 1.92 g furfural (20 mmol), 0.08 g Pd/C-CaO were used for the tests.

The 2,5-bis(furan-2-ylmethyl)-cyclopentanone carbon yield varied slightly even after four usages
(after the third operation, the slight decrease of activity can be attributed to the loss of catalyst in the
process of filtration and drying). Considering the good stability and high activity of the Pd/C-CaO
catalyst, we consider Pd/C-CaO catalyst as a potential catalyst for industrial application in the future.

2.3. Hydrodeoxygenation (HDO)

The solvent-free HDO of 2,5-bis(furan-2-methyl)-cyclopentanone was investigated over the
M/H-ZSM-5 (M = Pt, Pd or Ru) catalysts. Based on GC-MS analysis (Figures S7 and S8),
the 2,5-bis(furan-2-ylmethyl)cyclopentanone was totally converted at 573 K, high carbon yields
(>66%) of cycloalkanes was obtained over the M/H- ZSM-5 catalysts (see Figure 7). By comparison,
the carbon yields (or selectivity) of diesel and jet fuel range cycloalkanes (86.1% and 83.5%) over the 5
wt.% Pd/H-ZSM-5 and 5 wt.% Pt/H-ZSM-5 catalysts were evidently higher than those on the 5 wt.%
Ru/H-ZSM-5 catalyst (66.8%). Furthermore, it was also noticed that the carbon yields of C1–C4 light
alkanes over the 5 wt.% Ru/H-ZSM-5 was evidently higher than those over the 5 wt.% Pd/H-ZSM-5
and 5 wt.% Pt/H-ZSM-5 catalysts. The lower selectivity of diesel and jet fuel range alkanes over the
Ru/H-ZSM-5 catalyst can be explained by the high hydrogenolysis (or methanation) activity of Ru.
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Figure 7. Carbon yields of C9–C15 diesel alkanes (black columns), C5–C8 gasoline alkanes (grey columns),
and C1–C4 alkanes (white columns) over M/H-ZSM-5 (M = Pt, Pd or Ru) catalysts. Experimental
conditions: 1.8 g catalyst, 6.0 MPa H2, 573 K, 0.04 mL min−1 liquid feedstock flow rate, and 120 mL
min−1 H2 flow rate.

The stability of Pd/H-ZSM-5 catalyst in the HDO process was studied as well. Based on the results
shown in Figure 8, during 24 h of continuous test, the Pd/H-ZSM-5 catalyst was steady under the
investigated conditions. According to our determination, the density and the freezing point of the
branched cycloalkane mixtures gained in this work were 0.82 g mL−1 and 241.7 K, respectively.

Figure 8. Carbon yields of different hydrocarbons over the Pd/H-ZSM-5 catalyst. Experimental conditions:
1.80 g catalyst, 6.0 MPa H2, 573 K, 2,5-bis(furan-2-ylmethyl)-cyclopentanone flow rate of 0.04 mL min−1,
and hydrogen flow rate of 120 mL min−1.

3. Materials and Methods

3.1. Catalyst Preparation

The CaO, MgO and CeO2 catalysts were purchased from Aladdin Chemical Reagent Co., Ltd.
(Shanghai, China). The MgAl hydrotalcite (MgAl-HT) catalyst was homemade according to the method
in [15]. To do this, an aqueous solution of magnesium nitrate and aluminum nitrate was added into
another aqueous solution of sodium hydroxide and sodium carbonate. This process was conducted at
343 K under vigorous mechanical agitation. After aging at this temperature for 24 h, the as-obtained
solid was filtered, repeatedly washed with water until the pH value of the filtrate changed to 7 and
dried at 353 K. The dried precursor was calcined for 8 h at 723 K in nitrogen atmosphere. The LiAl
hydrotalcite (LiAl-HT) catalyst was synthesized by the method introduced in our previous work.
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Typically, an aqueous solution of Al(NO3)3·9H2O (125 mL 0.4 mol L−1) was slowly added into 300 mL
solution of lithium hydroxide (1.5 mol L−1) and sodium carbonate (0.08 mol L−1). The dried precursor
was activated by nitrogen flow for 8 h at 723 K.

The Raney Co and Raney nickel catalysts were obtained from Dalian Tongyong Chemical Co., Ltd.
The noble metal catalysts loaded on activated carbon (denoted as M/C, M = Pt, Pd or Ru) were obtained
from Aladdin Chemical Reagent Co., Ltd. The metal contents were 5 wt.% in the M/C catalysts on
the basis of the information from the supplier. The H-ZSM-5 loaded Pt, Pd, and Ru catalysts were
homemade by the incipient wetness impregnation of H-ZSM-5 (SiO2/Al2O3 = 25, provided by Nankai
University) and the aqueous solutions of H2PtCl6, PdCl2 and RuCl3, respectively. For comparison,
the metal contents of the M/H-ZSM-5 (M = Pt, Pd, and Ru) catalysts were fixed as 5 wt.%.

Pd/C-CaO catalyst was prepared by grinding method. Calcium oxide and palladium–carbon were
mixed at a mass ratio of 1:1, and then grinded in a mortar until the mixture was uniform.

3.2. Aldol Condensation

The synthesis of 2,5-bis(2-furylmethylidene)-cyclopentanone was realized directly by the aldol
condensation of furfural and cyclopentanone in a stainless-steel kettle reactor. In each test, 0.84 g
cyclopentanone, 1.92 g furfural and 0.05 g solid base were utilized. The stainless-steel kettle reactor was
flushed with nitrogen three times before the test. The mixture of reactant and catalyst was stirred for 10
h at 423 K. Afterwards, the stainless-steel kettle reactor was cooled using ice water. The reaction product
was dissolved in 40 mL tetrahydrofuran containing internal standard of cyclohexanone. The liquid
products were analyzed by an Agilent 7890A gas chromatograph (GC, Shanghai, China).

3.3. One Pot Aldol Condensation

The direct synthesis of 2,5-bis(furan-2-ylmethyl)-cyclopentanone was conducted by the one-pot
cascade reaction of cyclopentanone, furfural, and hydrogen using a 20 mL stainless-steel kettle
reactor (Internal diameter: 2.0 cm, high: 8.0 cm) with hydrogen pressure gauge. In each test, 0.84 g
cyclopentanone, 1.92 g furfural, 0.05 g solid base and 0.05 g Raney metal (or M/C) catalyst were utilized.
The reactor was flushed by hydrogen three times before the test. Subsequently, hydrogen was added
into the reactor to make the system pressure up to 4.0 MPa. The mixture of reactant and catalyst was
stirred for 10 h at 423 K, and then quenched to room temperature. The liquid product was isolated
with catalyst by centrifuge and analyzed by the Agilent 7890A gas chromatograph.

3.4. Hydrodeoxygenation

The hydrodeoxygenation of 2,5-bis(furan-2-methyl)-cyclopentanone was implemented at 573
K under solvent-free condition. In each test, 1.8 g Pd-HZSM-5 catalyst were used. This catalyst
was reduced in-situ in a stainless-steel tube reactor (φ6.0 mm × 1.5 mm, length: 350 mm) for 2 h
at 773 K by hydrogen flow (120 ml min−1). Then, the reactor temperature dropped to 573 K and
stabilized at this value for 0.5 h. 2,5-Bis (furan-2-methyl)-cyclopentanone was transported to the reactor
by high pressure pump (0.04 mL min−1) with hydrogen (120 mL min−1). Mixture products were
collected in the gas–liquid separation tank and back pressure regulator (maintaining system pressure
at 6.0 MPa). Gas phase samples were analyzed on-line by Agilent 6890N GC. The liquid samples were
collected regularly from the bottom of the separation tank and diluted and analyzed by Agilent 7890A
gas chromatograph.

4. Conclusions

Diesel and jet fuel range cycloalkanes were synthesized from furfural and cyclopentanone by
the one-pot aldol condensation/hydrogenation, and hydrodeoxygenation (HDO) in solvent-free
conditions. Among the investigated catalysts, Pd/C-CaO displayed the highest activity for
aldol condensation/hydrogenation reaction. Over it, high carbon yield (98.5%) of 2,5-bis(furan-2-
ylmethyl)-cyclopentanone was acquired under mild conditions (4.0 MPa H2, and 423 K).
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2,5-bis(furan-2-ylmethyl)-cyclopentanone exists in liquid state at room temperature. As a result,
it can be directly used for the solvent-free hydrodeoxygenation process. This is advantageous in
industrial application. Pd/H-ZSM-5 was discovered to be a highly active and stable catalyst for the
HDO of 2,5-bis(furan-2-ylmethyl)-cyclopentanone. Over it, 86.1% carbon yield of diesel and jet fuel
range cycloalkanes was reached. No significant inactivation was noticed during the 24 h time on
stream. According to our measurements, the cycloalkane mixture as obtained has a freezing point of
241.7 K and a density of 0.82 g mL−1. As a potential application, it can be mixed with diesel and jet
fuel to enhance their volume calorific values or payloads.
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and temperature on cyclopentanone conversion, and 2,5-bis(2-furylmethylidene)cyclopentanone conversion
carbon yield, Figure S4: GC chromatogram of the 2,5-bis(furan-2-ylmethyl)cyclopentanone from the one-pot
aldol condensation/hydrogenation reaction, Figure S5: 1H and 13C NMR spectra of 2,5-bis(furan-2-ylmethyl)
cyclopentanone, Figure S6: Mass spectrogram of the 2,5-bis(furan-2-ylmethyl)cyclopentanone, Figure S7:
GC chromatogram of the products from the solvent-free HDO of 2,5-bis(furan-2-ylmethyl)-cyclopentanone,
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Author Contributions: Data curation, W.W. and S.S.; Formal analysis, F.H.; Investigation, G.L. and X.S.;
Writing—review & editing, N.L.

Funding: This research was funded by the National Natural Science Foundation of China (Nos. 21776273,
21721004, and 21690082), DNL Cooperation Fund, CAS (DNL180301), the Strategic Priority Research Program
of the Chinese Academy of Sciences (XDB17020100), the National Key Projects for Fundamental Research and
Development of China (2016YFA0202801), and Dalian Science Foundation for Distinguished Young Scholars
(No. 2015R005). Dr. Wei Wang appreciates Natural Science Basic Research Plan in Shaanxi Province of China
(2018JM2048), the Open Project of Shaanxi Key Laboratory of Catalysis (No. SLGPT2019KF01-24), and the Funds
of Research Programs of Shaanxi University of Technology (No. SLGQD13(2)-1) for financial support.

Acknowledgments: This work was supported by Natural Science Basic Research Plan in Shaanxi Province of
China (2018JM2048) and the Open Project of Shaanxi Key Laboratory of Catalysis (No. SLGPT2019KF01-24).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Huber, G.W.; Iborra, S.; Corma, A. Synthesis of Transportation Fuels from Biomass: Chemistry, Catalysts,
and Engineering. Chem. Rev. 2006, 106, 4044–4098. [CrossRef]

2. Harvey, B.G.; Wright, M.E.; Quintana, R.L. High-Density Renewable Fuels Based on the Selective Dimerization
of Pinenes. Energy Fuels 2010, 24, 267–273. [CrossRef]

3. Alonso, D.M.; Wettstein, S.G.; Dumesic, J.A. Bimetallic catalysts for upgrading of biomass to fuels and
chemicals. Chem. Soc. Rev. 2012, 41, 8075–8098. [CrossRef]

4. Zhao, C.; Kou, Y.; Lemonidou, A.A.; Li, X.; Lercher, J.A. Highly Selective Catalytic Conversion of Phenolic
Bio-Oil to Alkanes. Angew. Chem. 2009, 121, 4047–4050. [CrossRef]

5. Bond, J.Q.; Upadhye, A.A.; Olcay, H.; Tompsett, G.A.; Jae, J.; Xing, R.; Alonso, D.M.; Wang, D.; Zhang, T.;
Kumar, R.; et al. Production of renewable jet fuel range alkanes and commodity chemicals from integrated
catalytic processing of biomass. Energy Environ. Sci. 2014, 7, 1500–1523. [CrossRef]

6. Shylesh, S.; Gokhale, A.A.; Ho, C.R.; Bell, A.T. Novel Strategies for the Production of Fuels, Lubricants,
and Chemicals from Biomass. Accounts Chem. Res. 2017, 50, 2589–2597. [CrossRef]

7. Li, C.; Zhao, X.; Wang, A.; Huber, G.W.; Zhang, T. Catalytic Transformation of Lignin for the Production of
Chemicals and Fuels. Chem. Rev. 2015, 115, 11559–11624. [CrossRef]

8. Zakzeski, J.; Bruijnincx, P.C.A.; Jongerius, A.L.; Weckhuysen, B.M. The Catalytic Valorization of Lignin for
the Production of Renewable Chemicals. Chem. Rev. 2010, 110, 3552–3599. [CrossRef]

9. Besson, M.; Gallezot, P.; Pinel, C. Conversion of biomass into chemicals over metal catalysts. Chem. Rev.
2014, 114, 1827–1870. [CrossRef]

10. Wang, X.; Rinaldi, R. A Route for Lignin and Bio-Oil Conversion: Dehydroxylation of Phenols into Arenes
by Catalytic Tandem Reactions. Angew. Chem. 2013, 125, 11713–11717. [CrossRef]

83



Catalysts 2019, 9, 886

11. Zan, Y.; Miao, G.; Wang, H.; Kong, L.; Ding, Y.; Sun, Y. Revealing the roles of components in glucose selective
hydrogenation into 1,2-propanediol and ethylene glycol over Ni-MnO-ZnO catalysts. J. Energy Chem. 2019,
38, 15–19. [CrossRef]

12. Fang, S.; Cui, Z.; Zhu, Y.; Wang, C.; Bai, J.; Zhang, X.; Xu, Y.; Liu, Q.; Chen, L.; Zhang, Q.; et al. In situ
synthesis of biomass-derived Ni/C catalyst by self-reduction for the hydrogenation of levulinic acid to
γ-valerolactone. J. Energy Chem. 2019, 37, 204–214. [CrossRef]

13. Liu, C.; Wang, H.; Karim, A.M.; Sun, J.; Wang, Y. Catalytic fast pyrolysis of lignocellulosic biomass. Chem. Soc.
Rev. 2014, 43, 7594–7623. [CrossRef]

14. Kunkes, E.L.; Simonetti, D.A.; West, R.M.; Serrano-Ruiz, J.C.; Gartner, C.A.; Dumesic, J.A.; Baldauf, S.L.
Catalytic Conversion of Biomass to Monofunctional Hydrocarbons and Targeted Liquid-Fuel Classes. Science
2008, 322, 417–421. [CrossRef]

15. Huber, G.W. Production of Liquid Alkanes by Aqueous-Phase Processing of Biomass-Derived Carbohydrates.
Science 2005, 308, 1446–1450. [CrossRef]

16. Xing, R.; Subrahmanyam, A.V.; Olcay, H.; Qi, W.; Van Walsum, G.P.; Pendse, H.; Huber, G.W. Production of
jet and diesel fuel range alkanes from waste hemicellulose-derived aqueous solutions. Green Chem. 2010, 12,
1933. [CrossRef]

17. Corma, A.; De La Torre, O.; Renz, M.; Villandier, N. Production of High-Quality Diesel from Biomass Waste
Products. Angew. Chem. 2011, 50, 2375–2378. [CrossRef]

18. Corma, A.; Arias, K.S.; Climent, M.J.; Iborra, S. Synthesis of high quality alkyl naphthenic kerosene by
reacting an oil refinery with a biomass refinery stream. Energy Environ. Sci. 2015, 8, 317–331.

19. Xia, Q.-N.; Cuan, Q.; Liu, X.-H.; Gong, X.-Q.; Lu, G.-Z.; Wang, Y.-Q. Pd/NbOPO 4 Multifunctional Catalyst for
the Direct Production of Liquid Alkanes from Aldol Adducts of Furans. Angew. Chem. 2014, 53, 9755–9760.
[CrossRef]

20. Sacia, E.R.; Balakrishnan, M.; Deaner, M.H.; Goulas, K.A.; Toste, F.D.; Bell, A.T. Highly Selective Condensation
of Biomass-Derived Methyl Ketones as a Source of Aviation Fuel. ChemSusChem 2015, 8, 1726–1736. [CrossRef]

21. Nie, G.; Zhang, X.; Han, P.; Xie, J.; Pan, L.; Wang, L.; Zou, J.-J. Lignin-derived multi-cyclic high density biofuel
by alkylation and hydrogenated intramolecular cyclization. Chem. Eng. Sci. 2017, 158, 64–69. [CrossRef]

22. Tang, H.; Chen, F.; Li, G.; Yang, X.; Hu, Y.; Wang, A.; Cong, Y.; Wang, X.; Zhang, T.; Li, N. Synthesis of jet fuel
additive with cyclopentanone. J. Energy Chem. 2019, 29, 23–30. [CrossRef]

23. Nie, G.; Zhang, X.; Pan, L.; Wang, M.; Zou, J.-J. One-pot production of branched decalins as high-density jet
fuel from monocyclic alkanes and alcohols. Chem. Eng. Sci. 2018, 180, 64–69. [CrossRef]

24. Zhao, C.; Camaioni, D.M.; Lercher, J.A. Selective catalytic hydroalkylation and deoxygenation of substituted
phenols to bicycloalkanes. J. Catal. 2012, 288, 92–103. [CrossRef]

25. Li, H.; Riisager, A.; Saravanamurugan, S.; Pandey, A.; Sangwan, R.S.; Yang, S.; Luque, R. Carbon-Increasing
Catalytic Strategies for Upgrading Biomass into Energy-Intensive Fuels and Chemicals. ACS Catal. 2017, 8,
148–187. [CrossRef]

26. Jing, Y.; Xia, Q.; Xie, J.; Liu, X.; Guo, Y.; Zou, J.-J.; Wang, Y. Correction to Robinson Annulation-Directed
Synthesis of Jet-Fuel-Ranged Alkylcyclohexanes from Biomass-Derived Chemicals. ACS Catal. 2018, 8,
3280–3285. [CrossRef]

27. Mariscal, R.; Maireles-Torres, P.; Ojeda, M.; Sádaba, I.; Granados, M.L. Furfural: a renewable and versatile
platform molecule for the synthesis of chemicals and fuels. Energy Environ. Sci. 2016, 9, 1144–1189. [CrossRef]

28. Yang, J.; Li, N.; Li, G.; Wang, W.; Wang, A.; Wang, X.; Cong, Y.; Zhang, T. Solvent-Free Synthesis of C 10
and C 11 Branched Alkanes from Furfural and Methyl Isobutyl Ketone. ChemSusChem 2013, 6, 1149–1152.
[CrossRef]

29. Chen, F.; Li, N.; Li, S.; Yang, J.; Liu, F.; Wang, W.; Wang, A.; Cong, Y.; Wang, X.; Zhang, T. Solvent-free
synthesis of C9 and C10 branched alkanes with furfural and 3-pentanone from lignocellulose. Catal. Commun.
2015, 59, 229–232. [CrossRef]

30. Yang, J.; Li, N.; Li, S.; Wang, W.; Li, L.; Wang, A.; Wang, X.; Cong, Y.; Zhang, T. Synthesis of diesel and jet fuel
range alkanes with furfural and ketones from lignocellulose under solvent free conditions. Green Chem. 2014,
16, 4879–4884. [CrossRef]

31. Jing, Y.; Xin, Y.; Guo, Y.; Liu, X.; Wang, Y. Highly efficient Nb2O5 catalyst for aldol condensation of
biomass-derived carbonyl molecules to fuel precursors. Chin. J. Catal. 2019, 40, 1168–1177. [CrossRef]

84



Catalysts 2019, 9, 886

32. Li, C.; Ding, D.; Xia, Q.; Liu, X.; Wang, Y. Conversion of raw lignocellulosic biomass into branched long-chain
alkanes through three tandem steps. ChemSusChem 2016, 9, 1712–1718. [CrossRef]

33. Xu, J.; Li, N.; Yang, X.; Li, G.; Wang, A.; Cong, Y.; Wang, X.; Zhang, T. Synthesis of Diesel and Jet Fuel Range
Alkanes with Furfural and Angelica Lactone. ACS Catal. 2017, 7, 5880–5886. [CrossRef]

34. Hronec, M.; Fulajtarová, K. Selective transformation of furfural to cyclopentanone. Catal. Commun. 2012, 24,
100–104. [CrossRef]

35. Hronec, M.; Fulajtárová, K.; Vávra, I.; Soták, T.; Dobročka, E.; Mičušík, M. Carbon supported Pd–Cu catalysts
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Abstract: Several sulfonated cross-linked copolymers functionalized with hydroxyl and carboxylic
groups have been synthesized. The amount of the cross-linking monomer was tailored (from 4% up to
40%) to tune the resulting micro- and nano-morphologies, and two types of catalysts, namely, gel-type
and macroreticular catalysts, were obtained. These copolymers were employed in the catalytic
hydrolysis of wheat straw pretreated in 1-ethyl-3-methylimidazolium acetate to obtain sugars.
Remarkably, the presence of additional oxygenated groups enhances the catalytic performances of
the polymers by favoring the adsorption of β-(1,4)-glucans and makes these materials significantly
more active than an acidic resin bearing only sulfonic groups (i.e., Amberlyst 70). In addition,
the structure of the catalyst (gel-type or macroreticular) appears to be a determining factor in
the catalytic process. The gel-type structure provides higher glucose concentrations because the
morphology in the swollen state is more favorable in terms of the accessibility of the catalytic centers.
The observed catalytic behavior suggests that the substrate diffuses within the swollen polymer matrix
and indirectly confirms that the pretreatment based on dissolution/precipitation in ionic liquids yields
a substantial enhancement of the conversion of lignocellulosic biomass to glucose in the presence of
heterogeneous catalysts.

Keywords: heterogeneous catalysts; ionic liquid; lignocellulosic biomass; acidic resin catalysts

1. Introduction

Sustainable energy is increasingly being applied to all social, economic and political fields
worldwide. The European Union (EU) has a political objective to decarbonize its economy by 2050 and
reduce 80%−95% of its greenhouse gas (GHG) emissions [1,2].

In addition, market requirements are trending towards an ecological compromise, and society
is increasingly becoming aware of the need to consume products that have been obtained through
processes with minimized environmental impacts. As a result, the use of bioproducts, renewable
energy [3] and biorefineries is constantly expanding to various industries, such as the chemical,
pharmaceutical, paper and food industries, as well as others.

The total amount of lignocellulosic biomass produced in the EU-28 is calculated to be 419 Mt,
among which wheat is the main contributor (155 Mt, 37%). Thus, these residues are highly suitable raw
materials for both producing second-generation biofuels and preparing high value-added compounds
in the EU [4].

The transformation of lignocellulosic biomass into valuable chemicals requires, almost inevitably,
a previous treatment (physical, chemical, biochemical, biological or a combination of them) of the
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substrate [5]. In this way, the particle size can be reduced, the porosity can be improved, and the
crystallinity of the cellulose can be altered. After fractioning its main components, e.g., cellulose,
hemicellulose and lignin, biomass can be converted into a wide variety of industrial products, such as
biofuels, biomaterials, cellulose pulps, cellulose nanofibers, oligosaccharides and a large number of
by-products, in addition to lignin derivatives.

Numerous studies have shown ionic liquids (ILs) to be effective at solubilizing lignocellulosic
biomass, allowing for subsequent regeneration by precipitation with anti-solvents. Depending on the
anti-solvent used, it is possible to achieve selective precipitation and separate the lignocellulosic biomass
into its main components [6–14]. Among the most commonly employed ILs, 1-ethyl-3-methylimidazolium
acetate ([EMIM]OAc) holds a privileged position due to its physico-chemical properties.

The acid hydrolysis of the polysaccharide fractions of lignocellulosic biomass, which leads to
monosaccharides that can be converted into fine chemicals or platform molecules used for industrial
applications, can be performed in the presence of enzymes, homogeneous catalysts or heterogeneous
catalysts [15–21]. During the last few years, increasing attention has been focused on the heterogeneous
approach, which leads to several advantages in terms of the process design and plant costs [22–25].
Some of us have investigated using resins as catalysts or scaffolds in material chemistry [26–30].
These resins could be more advantageous materials than the most commonly employed materials
used for the acid hydrolysis of lignocellulosic biomass (e.g., zeolites, carbon and hybrid materials),
especially due to their structural and functional versatility and stability in reaction media. In fact,
the morphology and chemical properties of these resins can be easily tuned by modifying the nature
and amount of structural, cross-linking and functional monomers used [31–33].

The presence of additional polar groups in combination with sulfonic groups in carbon-based
materials clearly enhances the hydrolysis of cellulose [34–37] by favoring the adsorption of β-(1,4)-glucans.
This effect was observed also in other supports, such as silica and resins [38–40]. However, the effect
on the catalytic performances of the polar group amount and of the synergy between the presence of
additional acid groups and the morphology of the polymer matrix has not yet been studied.

In this work, we describe the design and synthesis of several novel cross-linked copolymers,
as well as the ability of these copolymers to catalyze the acid hydrolysis of wheat straw pretreated
with [EMIM]OAc. For these catalysts, the amount of the cross-linking monomer has been tailored to
tune the morphology of the materials from a gel-type matrix to a macroreticular structure. Moreover,
the chemical properties of the supports have been controlled by decorating the polymers with carboxylic
and hydroxyl groups. The percentage of the functional monomer was adjusted to study the effect of
the number of polar groups on the performance of the catalyst.

2. Results and Discussion

2.1. Synthesis of the Catalysts

Two copolymers containing 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS), 2-hydroxyethyl
methacrylate (HEMA) and ethylene dimethacrylate (EDMA) and four copolymers containing
AMPS, methacrylic acid (MAA) and EDMA were prepared by free radical polymerization using
N,N-Dimethylformamide (DMF) as the solvent.

For both the AHE (AMPS-HEMA-EDMA) and AME (AMPS-MAA-EDMA) polymers
(see Sections 3.2 and 3.3 of this work), the ratio of HEMA or MAA to AMPS was tuned from
1:2 to 1:3 to obtain materials with different amounts of polar groups. In the case of the AHE catalysts,
the molar amount of the cross-linking monomer (EDMA) was established to obtain gel-type textures.
For the AME materials, the molar percentage of EDMA was varied from 4% to 40%, and two kinds of
catalysts were obtained, i.e., gel-type structures and rigid macroreticular resins. The notations AHE
Y-X and AME Y-X, where Yand X are the nominal molar ratios of AMPS and EDMA, respectively,
will be used henceforward to refer to the polymer materials. The expected chemical structures of the
AHE and AME materials are reported in Figures 1 and 2.
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Figure 1. Chemical structure of the AHE copolymers.

Figure 2. Chemical structure of the AME copolymers.

2.2. Elemental Analysis and Cation Exchange Capacity (CEC) of the Catalysts

The elemental analysis and determination of the cation exchange capacity (CEC) by back-titration
confirmed the composition of the synthetized AME and AHE materials (Tables 1 and 2). Slight
differences between the expected elemental composition (calculated from the composition of the
monomer mixtures) and the experimental results may be due to the incomplete polymerization
of the monomers or the presence of moisture in the materials. As a matter of fact, the presence of
a substantial amount of water in acrylic resins is well known, particularly in the case of polar monomers,
which makes quite reliable the hypothesis of the presence of water in the AHE and AME materials.
Regarding the cation exchange capacity of the AME and AHE catalysts, back-titration pointed out that
the actual CEC of the materials is somewhat lower than the nominal CEC (calculated from the AMPS
molar content), although the results appear in good agreement.

Table 1. The expected molar composition of the AHE materials.

χ (%) Weight Ratios (%) CEC

AMPS HEMA EDMA C H N S (mmol H+/g)

AHE 64-4
Experimental - - - 45.36 6.56 4.75 10.29 3.12
Theoretical 1 64 32 4 45.12 6.06 4.95 11.34 3.48 2

AHE 72-4
Experimental - - - 43.94 6.49 5.27 11.53 3.47
Theoretical 1 72 24 4 43.87 6.59 5.35 12.26 3.78 2

1 Excludes the presence of contaminants; 2 cation exchange capacity (CEC) was calculated from the AMPS content.

The explanations for these discrepancies are the same as those mentioned in the elemental analysis.
In the case of the AME polymers, the possibility that the CEC values were underestimated due to the
re-acidification of the more accessible carboxylic groups during the titration must also be considered.
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Table 2. The expected molar composition of the AME materials.

χ (%) Weight Ratios (%)
CEC (mmol H+/g)

AMPS MAA EDMA C H N S

AME 64-4
Experimental - - - 43.4 6.42 5.08 10.75 5.49
Theoretical 1 64 32 4 44.01 6.48 5.23 12.21 5.71 2

AME 72-4
Experimental - - - 42.53 6.42 5.45 11.56 5.3
Theoretical 1 72 24 4 43.23 6.44 5.67 12.98 5.4 2

AME 40-40
Experimental - - - 50.82 6.65 3.01 6.3 2.99
Theoretical 1 40 20 40 50.8 6.74 3.12 7.15 3.34 2

AME 45-40
Experimental - - - 49.97 6.65 3.36 6.66 2.98
Theoretical 1 45 15 40 50.19 6.71 3.4 7.78 3.24 2

1 Excludes the presence of contaminants; 2 CEC was calculated from the AMPS content.

2.3. FTIR Spectroscopy of Catalysts

From the FTIR spectra of the AHE materials (Figure 3), the broad band at approximately 3500 cm−1

is due to the N-H stretching of the acrylamide moiety (AMPS), the O-H stretching of the hydroxyl
group of HEMA and the sulfonic group of AMPS and the water contribution. The group of bands
at 2858–2964 cm−1 can be attributed to the stretching of C-H bonds. The signal corresponding to the
C=O stretching of the ester group of HEMA and EDMA can be observed at 1732 cm−1. The signal at
1644–1647 cm−1 can be ascribed to the stretching of the carbonyl groups of the acrylamide moiety (amide
I band), whereas the weak signal at 1557 cm−1 is due to N-H bending (amide II band). The stretching of
the C-N bond of the acrylamide group produces a signal at 1408 cm−1. The strong bands at 1262 cm−1

and 1097–1099 cm−1 can be attributed to the asymmetric and symmetric stretching of the sulfonic
group of AMPS, respectively, whereas the band at 1024–1025 cm−1 can be ascribed to the asymmetric
O-C-C stretching of HEMA and EDMA. The strong band at 802–803 cm−1 is due to the out-of-plane
wagging vibration of the N-H bonds of the primary amide group. Finally, it is possible to exclude the
presence of a significant amount of unreacted C=C double bonds, due to the lack of signals at 1637 and
1610 cm−1, which are expected for alkenes conjugated to carbonyl groups [41].

In the FTIR spectra of the AME materials (Figure 4), the N-H stretching of the acrylamide moiety
and the O-H stretching of the sulfonic group in the AMPS monomer (as well as the water contribution)
generate the broad band at approximately 3500 cm−1. The C=O stretching of the ester group in the
cross-linking monomer produces a band at 1725–1734 cm−1. The C=O stretching of the acrylamide
moiety generates a peak at 1652–1646 cm−1 (amide I band), whereas N-H bending is associated with
a weak signal at 1557–1555 cm−1. The signal at 1400 cm−1 is associated with the stretching of C-N.
In addition, the asymmetric and symmetric stretching of the sulfonic group of AMPS produces two
intense signals at 1261 cm−1 and 1101–1105 cm−1, respectively, whereas the coupled C-C(=O)-O and
O-C-C vibrations produce a band at 1035 cm−1 and contribute to the strong signal at 1261 cm−1.
The strong signal at 800–802 cm−1 is related to the out-of-plane wagging of the N-H bond in AMPS.
As observed for the AHE resins, the lack of bands related to C=C stretching confirms the absence of
appreciable amounts of unreacted monomers.
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Figure 3. FTIR absorption spectra of the AHE catalysts.
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Figure 4. FTIR absorption spectra of the AME catalysts.

2.4. X-Ray Diffraction Analysis of the Wheat Straw Samples

The X-ray diffraction pattern of the untreated wheat straw (Figure 5) shows the characteristic peaks
of the raw cellulose crystalline structure, although the signals are slightly weaker and broader with
respect to the pure commercial cellulose. This effect can be attributed to the presence of amorphous
components, such as hemicellulose and lignin, which do not have ordered structures. The strong peak at
23◦ corresponds to the diffraction generated by the (200) plane, whereas the wide peak between 15◦ and
17◦ represents the combination of the two reflections corresponding to (110) and (110). The combined
signal centered at 34◦ consists of several overlapping signals, among which is the signal generated
from the (004) plane [42].

The X-ray diffraction pattern of the IL-treated wheat straw shows important changes with respect to
the original sample (Figure 5). The intensity of the diffractogram is very low, indicating a clear loss in the
initial crystallinity. Only a low intense and broad peak is detected at approximately 23◦, which indicates
the incipient formation of cellulose II, a structure that can appear in dissolved/regenerated cellulose.
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This behavior has already been reported in previous works published by us and other authors using
different samples of lignocellulosic biomass after pretreatment with ILs [17,21,43].
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Figure 5. XRD characterization of the original wheat straw and solid fraction (rich in sugars) after
pretreatment with [EMIM]OAc.

2.5. SEM Analysis of the Wheat Straw Samples

From the SEM micrographs of the original raw wheat straw samples, which were obtained at
different magnifications, a structure consisting of vascular bundles forming hollows along small
fragments (0.250 μm) is observed (Figure 6). In contrast, the treated sample shows a dramatic change
in the structure and morphology of the material (Figure 7). These structural changes have been
previously described for cellulose or lignocellulosic biomass samples treated with [EMIM]OAc and
other ILs [21,39]. The surface of the pretreated solid (Figure 7) appears to be more porous than in
the untreated wheat straw, making the biomass more susceptible to hydrolysis. The presence of
remaining fragments of raw wheat straw (Figure 7) may be due to incomplete dissolution of the
biomass, which allowed for the partial retention of the initial structure.

  

Figure 6. SEM micrographs of the raw wheat straw.

92



Catalysts 2019, 9, 675

  

Figure 7. SEM micrographs of the wheat straw after dissolution in [EMIM]OAc (at 105 ◦C) and
precipitation with acetone:water (1:1).

These results agree with the data obtained from X-ray diffraction, as both techniques clearly
indicate that the original structure of the wheat straw is altered after pretreatment with [EMIM]OAc
and subsequent fractional precipitation in the presence of acetone:water (1:1).

2.6. FTIR Spectroscopy of the Wheat Straw Samples

The changes in the composition of the wheat straw samples after pretreating with [EMIM]OAc
were studied by attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR).
The region between 1800 and 850 cm−1 of the spectra is quite complex, and many peaks related to the
main biomass component can be detected, allowing for changes in the composition of the untreated
and treated lignocellulosic biomass to be monitored [44,45].

The FTIR spectrum of the starting material (Figure 8) shows several signals attributed to the main
components of the lignocellulosic biomass (cellulose, hemicellulose and lignin). In particular, the band
at 1715 cm−1 is associated with the C=O stretching of unconjugated carbonyl groups, whereas the
signal at 1370 cm−1 is associated with the C-H symmetric deformation that is typical in cellulose and
hemicellulose. The band at 1224 cm−1 can be attributed to the aryl C-O stretching vibration mode
of phenolic hydroxyl groups and is thus assigned to lignin; in addition, the signal at 1260 cm−1 is
attributed to the methoxy substituents of the aromatic rings in lignin [21,46]. The other weaker bands at
1422 and 1460 cm−1 are attributed to the asymmetric component of the C-H deformations in lignin and
carbohydrates, respectively. The band at 1508 cm−1 is associated with the vibrations of the aromatic
C-C skeletons of lignin, the signal at 1158 cm−1 is attributed to the C-O-C vibration in cellulose and
hemicellulose, and the intense wide peak at 1035 cm−1 is associated with the C-O stretching vibrations
of cellulose and hemicellulose. The absorption band at 899 cm−1 is assigned to the asymmetric C-O-C
stretching of the β-(1,4)-glycosidic linkage [44,47].

On the other hand, from the spectrum of the IL-treated sample (Figure 8), many of the peaks
associated with the presence of lignin disappear or decrease in intensity, and the peaks characteristic
of cellulose and hemicellulose are clearly the predominant peaks. The spectra of the treated samples
show an intense absorbance at 1640 cm−1 due to the presence of absorbed water. In summary, the FTIR
analysis indicates a dramatic change in the chemical composition of the samples after treatment in
[EMIM]OAc and subsequent regeneration in presence of acetone:water, which eliminates most of
the lignin.
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Figure 8. FTIR absorption spectra of the original wheat straw and the solid fraction (rich in sugars)
obtained after pretreatment with [EMIM]OAc.

2.7. Catalytic Hydrolysis

To study the effect of the morphology and the presence of additional functional groups on the
properties of the catalysts, we compared the reactivity of the AME and AHE catalysts with that of
the commercial catalyst Amberlyst 70 in hydrolyzing wheat straw fragmented with [EMIM]OAc.
In all the catalytic tests, a suitable amount of the synthesized resin catalyst was employed to keep the
concentration of the sulfonic groups constant in the reaction mixture. The changes in the concentration
of the main products obtained by hydrolyzing the biomass (glucose, levulinic acid, xylose and furfural)
over time are depicted in Figures 9 and 10. Due to the quick decomposition of 5-HMF to levulinic acid
in water, the concentration of 5-HMF was generally very low [17]. For this reason, the evolution of the
concentration of this product over time is not reported.

Remarkably, the glucose and levulinic acid concentrations are definitely higher in the presence
of the AME and AHE copolymers, both gel-type and macroreticular (Figures 9 and 10) than in the
presence of the commercial acid catalyst Amberlyst 70. This evidence does not agree with what was
expected based on the acid strength of the alkyl and aryl sulfonic groups of the tested catalyst (pKa = 1.9
for propanesulfonic acid; −2.7 for benzenesulfonic acid) [48]. This suggests that the hydroxyl groups
(AHE) and carboxylic groups (AME) of the synthetized resins, which are not present in the Amberlyst
70 reference catalyst, act as promoters. Their direct co-catalytic role seems to be ruled out by the
relatively low acid strength of the carboxylic and especially of the hydroxyl groups in comparison
with the sulfonic groups. For instance, the pKa of propionic acid, which can be taken as representative
of the carboxylic moieties of AME resins, is 4.88 [49] three order of magnitude lower than the pKa

of propanesulfonic acid. In addition, the carboxylic groups of AME resins are lower in amount in
comparison with the sulfonic acid groups.

Therefore, the promoting effect of these protic polar groups is likely physico-chemical rather than
chemical. On the one hand, their presence could simply affect the hydrophilicity and the swelling
behavior in the water of the catalysts, making them more readily accessible to the reactant’s molecules.
Swelling is of the utmost importance in heterogeneous solid–liquid processes involving cross-linked
organic polymers. In this context, a clear difference in the behavior of the AME catalysts can be
observed depending on the extent of cross-linking. In particular, the glucose concentration achieved
over AME 64-4 and AME 72-4 (gel-type) is higher than that achieved over AME 40-40 and AME 45-40
(macroreticular). Whereas the 4% cross-linked resins are gel-type, the 40% are macroreticular [31,32].
These two classes of polymers differ in many ways; the most important way being their swelling
behavior. The gel-type resins are glassy nonporous materials when dry, but, due to the low cross-linking
degree, a suitable liquid can permeate the whole polymer framework, making the polymer to completely
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swell and thus producing a fully accessible gel-phase that extends throughout the whole volume of
the resin. In contrast, the macroreticular resins have permanent mesopores, arising from the partial
agglomeration of small, highly cross-linked and dense polymer particles. In this case, only a relatively
thin layer of the polymer framework, just beneath the pore walls, can swell. Accordingly, only a small
fraction of the polymer framework is involved in forming the accessible gel-phase. This implies
that the number of accessible acidic groups per unit of catalyst volume is much higher in the case of
sulfonated gel-type resins, which are consequently more catalytically active, than in macroreticular
resins. This is somewhat counter-intuitive because macroreticular resins have permanent pores and
moderate specific surface areas and are generally believed to be more active catalysts than gel-type
resins. However, this simplistic view does not consider that macroreticular resins, due to their relatively
high cross-linking degree, have more rigid frameworks, which eventually lower their efficiency and
the apparent reaction rate. According to the previous discussion, the generally best performance of the
gel-type catalysts investigated herein can be likely attributed to their higher swelling degree. For them,
it can be observed that the curves of glucose production are practically superimposed for AHE 64-4
and AHE 72-4 and very close to each other up to 120 min for AME 64-4 and AME 72-4. The promoting
effect in the gel-type catalysts, if any, seems little dependent on the OH/SO3H or COOH/SO3H ratio.
As the catalytic performance of the gel-type resins is the most dependent on the swelling behavior,
this implies that for them the OH/SO3H or COOH/SO3H ratio has a limited effect on the production
of glucose.

To get a deeper insight into the origin of the promoting ability of the hydroxyl and carboxylic
groups, macroreticular catalysts can be better compared. The results of AME 40-40 and AME 45-40 not
only show that they produce a higher amount of glucose than Amberlyst 70, but also that a higher
COOH/SO3H ratio leads to a higher concentration of glucose. This also true for the gel-type AME
64-4 and AME 72-4 at relatively long reaction time. The beneficial role of polar groups has already
been observed in previous works with different heterogeneous catalysts functionalized with sulfonic
groups [22] and other polar functional groups [34–38,41]. In some of these examples, the supports
were rigid inorganic oxides, whereby effects connected to the swelling of the catalyst do not make
sense. Moreover, it has already been reported that in resin catalysts, additional functional groups can
favor the adsorption of the reagents with no appreciable increase of their swelling degree (“assisted
adsorption”), provided they have some kind of affinity towards the molecules of the reagents. In
that case, the “assisted adsorption” was based on hydrophobic interaction [50–52]. It can be therefore
argued that also in AME 40-40 and AME 45-40 there is an “assisted adsorption” of the β-(1,4)-glucans
sustained by the interactions of their molecules with hydroxyl and carboxylic groups. The effect of the
assisted adsorption is to bring to closer contact the β-(1,4)-glucans with the active sulfonic groups or to
increase their concentrations nearby the active sites. In view of the polar, protic nature of the hydroxyl
and carboxylic groups they most likely interact with β-(1,4)-glucans through hydrogen bonding, in
which they can act both as donors or acceptors.
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Figure 9. The concentration of (a) glucose, (b) levulinic acid, (c) xylose and (d) furfural over time in the
hydrolysis of wheat straw catalyzed by the AME materials at 140 ◦C.
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Figure 10. The concentration of (a) glucose, (b) levulinic acid, (c) xylose and (d) furfural over time in
the hydrolysis of wheat straw catalyzed by the AHE materials at 140 ◦C.

The concentrations of the products of the hydrolysis of hemicellulose, i.e., xylose and its
dehydration product (furfural), are also reported in Figures 9 and 10 as functions of time.
The concentration of xylose increases at short reaction times, reaches a maximum and eventually
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drops at long reaction times. This can be expected for an intermediate product like xylose, which can
be transformed into other products (e.g., furfural) in further consecutive reactions. As expected,
the concentration of xylose increases faster than that of glucose, because hemicellulose is easier to
hydrolyze than cellulose [5,21,53,54]. This also explains why the concentration of xylose, over time,
appears practically independent of the catalyst (including A-70). However, again, the products are
generally formed faster over the gel-type catalysts than over the macroreticular catalysts.

3. Materials and Methods

3.1. Materials

Ethylene dimethacrylate (EDMA, Aldrich, St. Louis, MI, USA) and methacrylic acid (MAA,
Aldrich, St. Louis, MI, USA) were purified upon distillation prior to use. 2-Acrylamido-2-methyl-1-
propane-sulfonic acid (AMPS, Aldrich, St. Louis, MI, USA), 2-hydroxyethyl methacrylate (HEMA,
tech grade 97%, Aldrich, St. Louis, MI, USA), azo-bis-isobutyronitrile (AIBN, Janssen Chimica, Beerse,
Belgium), dimethylformamide (DMF, Analyticals Carlo Erba, Milano, Italy), methanol (MeOH, Aldrich,
St. Louis, MI, USA), sulfuric acid 95%–97% (Aldrich, St. Louis, MI, USA), 1-ethyl-3-methylimidazole
acetate ([EMIM]OAc, Aldrich, St. Louis, MI, USA), Avicel cellulose (Fluka Analyticals, Munich,
Germany), acetone (Scharlau, Barcelona, Spain), D-(+)-glucose, D-(+)-xylose, 5-hydroxymethylfurfural
(5-HMF, Alfa Aesar, Ward Hill, MS, USA), levulinic acid (LA, Aldrich, St. Louis, MI, USA), furfural
(Aldrich, St. Louis, MI, USA) and Amberlyst-70 (A-70, Dow chemical, Midland, MI, USA) were
used as received. The lignocellulosic biomass (wheat straw) was characterized and supplied by the
Unit of Biofuels from the Centre of Energy, Environmental and Technological Research (CIEMAT,
Madrid, Spain).

3.2. Synthesis of the AHE Copolymers

Two copolymers containing AMPS, HEMA and EDMA were prepared by adapting the synthetic
procedure described by Zecca et al. [55]. The polymers were labeled as AHE Y-X, where Y and Xare the
nominal molar ratios of AMPS and the cross-linker (EDMA). AHE 64-4 and AHE 72-4 are characterized
by a 4% nominal EDMA molar fraction and a nominal AMPS:HEMA molar ratio of 2:1 and 3:1,
respectively. As an example, the procedure used to prepare AHE 64-4 is reported. DMF (10 mL)
was added at room temperature to a mixture of AMPS (3.64 g), HEMA (1.14 g), freshly distilled
EDMA (0.22 g) and AIBN (0.05 g). The heterogeneous mixture was magnetically stirred at room
temperature until AMPS and AIBN were completely dissolved (approximately 30 min). The reaction
mixture was held at 70 ◦C for 72 h. A yellowish solid was obtained. After cooling the system to room
temperature, the solid was manually crushed with a steel spatula and swollen in methanol (80 mL)
for 3 h. Then, the material was washed with methanol in a Soxhlet extractor for 72 h. The swollen
resin was recovered by vacuum filtration and dried for 72 h in a ventilated oven at 70 ◦C under
atmospheric pressure. The resulting yellowish solid was mechanically ground with an impact grinder
and sieved to collect the 180–400 μm fraction. The solid was then washed on a column with 1.0
M H2SO4 (250 mL) and subsequently washed with distilled water until the filtrate pH was neutral.
After vacuum filtration, the solid was dried for 6 days in a ventilated oven at 110 ◦C under atmospheric
pressure. The AHE materials were characterized by elemental analysis, back-titration of the sulfonic
groups and FTIR spectroscopy.

3.3. Synthesis of the AME Copolymers

Four copolymers containing AMPS, MAA and EDMA were prepared as reported for the AHE
materials, except HEMA was replaced with freshly distilled MAA. The polymers were labeled as AME
Y-X, where Y and X are the nominal molar ratios of AMPS and the cross-linker (EDMA). AME 64-4 and
AME 72-4 are characterized by a 4% nominal EDMA molar fraction and nominal AMPS:MAA molar
ratio of 2:1 and 3:1, respectively. AME 40-40 and AME 45-40 are characterized by a 40% nominal EDMA
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molar fraction and a nominal AMPS:MAA molar ratio of 2:1 and 3:1, respectively. The AME materials
were characterized by elemental analysis, back-titration of the acidic groups and FTIR spectroscopy.

3.4. Characterization of the Catalysts

The elemental analysis of the catalysts was carried out with a Leco CHNS-932 analyzer. For the
back-titration, approximately 100 mg of resin (previously dried at 110 ◦C in an oven until the weight was
constant) was exactly weighed and transferred into a 50 mL Erlenmeyer flask. Then, 10 mL of a 0.1 M
NaOH aqueous solution was added. The flask was stoppered and swirled overnight with a mechanical
orbiting plate. The next day, the suspension was titrated under magnetic stirring with a standard 0.1
M HCl aqueous solution using a pH-meter equipped with a glass electrode. To assess the potential
reaction between NaOH and CO2 from air, a blank mixture made with 10 mL of the abovementioned
0.1 M NaOH solution was swirled and titrated using the same procedure. The apparent specific content
of the sulfonic groups was determined to be the difference of the initial and final millimoles of NaOH
(corrected for any overconsumption due to carbonation of the base) divided by the resin mass. Infrared
spectra of the catalysts, in absorption mode, were collected with a Bruker Tensor 27 spectrophotometer
with KBr pellets. A total of 128 cumulative scans were performed with a resolution of 4 cm−1 in the
wavenumber range of 4000–400 cm−1 in absorption mode.

3.5. Characterization of the Wheat Straw Samples

Raw material (approximately 250 μm particle size) was provided by the Biofuels Unit from
the Centre of Energy, Environmental and Technological Research (CIEMAT, Madrid, Spain) and
characterized using the National Renewable Energy Laboratory (NREL) standard methods for
determining structural carbohydrates and lignin in biomass [21,56] at CIEMAT Biofuels Unit laboratories
(Table 3).

Table 3. Composition of the wheat straw samples with respect to the dry weight.

Original Wheat Straw

Extractives 12.2 ± 0.7
Aqueous 9.9 ± 0.4
Organic 1.7 ± 1.22

Monomeric glucose 1 0.23 ± 0.08
Total glucose 2 1.04 ± 0.13

Cellulose 40.1 ± 0.2
Hemicellulose 28.6 ± 0.3

Xylose 24.2 ± 0.2
Galactose 1.6 ± 0.01

Arabinose +Mannose 2.8 ± 0.14
Acid insoluble lignin 15.4 ± 0.3

Ashes 3.6 ± 0.1
Acetyl groups 1.6 ± 0.02

1 The fraction of monomeric glucose determined in the aqueous extracts after hydrolysis (4% sulfuric acid, 120 ◦C,
30 min), which was obtained with respect to the dry weight (105 ◦C). 2 The fraction of monomeric and oligomeric
glucose determined in the aqueous extracts after hydrolysis (4% sulfuric acid, 120 ◦C, 30 min), which was determined
with respect to the dry weight (105 ◦C).

The wheat straw samples before and after pretreatment with [EMIM]OAc were analyzed by X-ray
diffraction (XRD, Kassel, Germany), scanning electron microscopy (SEM, Tokyo, Japan) and FTIR
spectroscopy (Tokyo, Japan). The XRD diffractograms were recorded using an X’Pert Pro PANalytical
diffractometer equipped with a Cu Kα radiation source (λ = 0.15418 nm) and X’Celerator detector
that recorded data by Real-Time Multiple Strip (RTMS). After grinding, the samples were placed
on a stainless-steel plate. The diffraction patterns were recorded in steps over a range of Bragg
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angles (2θ) between 4◦ and 90◦ at a scanning rate of 0.02◦ per step and an accumulation time of 50 s.
The diffractograms were analyzed with X’Pert HighScore Plus software (Kassel, Germany).

The scanning electron microscopy (SEM) images of the samples were recorded using a Hitachi
S-3000 N microscope. The samples were treated with increasing concentrations of ethanol to fix the
structure and dehydrate the samples. After critical-point drying with a Polaron CPD7501 critical point
drier, the samples were sputter-coated with a thin layer of gold in a Balzers SCD 004 gold-sputter coater.

The infrared spectra of the wheat straw samples were obtained using Jasco FT/IR-6300
spectrophotometers. The FT-IR spectra were collected in an attenuated total reflectance geometry
using a diamond crystal. A total of 180 cumulative scans from 4000–800 cm−1 were taken in absorption
mode with a resolution of 4 cm−1.

3.6. Wheat Straw Fragmentation

The wheat straw pretreatment was performed in a Mettler Toledo Easy Max 102®reactor
equipped with a 100 mL glass vessel, and the samples were mechanically stirred at atmospheric
pressure. In a typical pretreatment, 0.5 g of wheat straw was dissolved in 9.5 g of [EMIM]OAc,
which had been previously heated at 105 ◦C under mechanical stirring (500 rpm). The reactor was
stoppered, and the mixture was maintained at 105 ◦C under vigorous mechanical stirring (950 rpm) for
25 min, according to a previous study [6]. A viscous dark brown suspension was obtained. A partially
dissolved biomass was regenerated by adding 50 mL of a 1:1 (v/v) water:acetone solution previously
cooled in an ice-water bath. The cellulose- and hemicellulose-enriched solid was collected by filtration
using a glass fiber filter (pore diameter: 1.6 μm). The wet solid was weighed, and the amount of dry
material was determined from the weight loss of an aliquot after drying overnight in an oven at 100 ◦C.

3.7. Catalytic Tests

The hydrolytic tests were carried out by adapting the optimized procedure for hydrolyzing
cellulose as reported by Morales-delaRosa et al. [17]. The tests were performed under magnetic stirring
in a 100 mL Teflon-lined steel Berghof reactor equipped with a thermostat, a pressure addition funnel
and a tap fitted with a filter, which allowed aliquots to be collected from the reaction mixture free from
the solid material.

All the catalytic tests were performed on the fraction that was enriched with polysaccharides,
obtainedby precipitating the wheat straw treated with [EMIM]OAc using a water:acetone (1:1) solution
for 25 min at 110 ◦C.

For all the experiments, the amount of catalyst added to the reaction mixture was varied to
maintain the sulfonic group concentration at 0.1 M. In a typical run, the heterogeneous catalyst, 0.5 g
of wheat straw and 50 mL of water were added, and the suspension was heated to 140 ◦C. The stirring
(500 rpm) and reaction time recording was started when a temperature of 140 ◦C was attained. Aliquots
were periodically withdrawn from the reactor. After 5 h, the reaction was stopped by rapidly cooling
the reactor in an ice-water bath (5 min).

3.8. HPLC Analysis

The samples from the reaction mixture were analyzed by HPLC. The monosaccharides (glucose
and xylose) were analyzed with an Agilent Technologies 1260 Infinity HPLC (Santa Clara, CA, USA)
equipped with an Agilent Technologies Hi-Plex Pb capillary column (300 mm × 7.7 mm) held at 70 ◦C,
and water was used as the mobile phase (0.6 mL/min). Levulinic acid, 5-HMF and furfural were
analyzed with an Agilent Technologies 1200 Series HPLC equipped with an Aminex HPX-87H capillary
column (300 mm × 7.8 mm) held at 65 ◦C, and a 0.01 M H2SO4 aqueous solution was used as the
mobile phase (0.6 mL/min). For the analysis of 5-HMF and furfural, a UV-vis detector (λ = 285 nm) was
employed, while the other compounds were analyzed using a refractive index detector. The samples
used for the analysis in the 1260 Infinity HPLC were diluted with distilled water (reaction slurry/water
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1:1, v:v). The products were identified by comparing their retention times with those of pure reference
analytes. The identified compounds were quantified using internal standard calibration curves.

4. Conclusions

The dissolution of wheat straw in [EMIM]OAc and subsequent fractional precipitation with
a mixture of acetone:water (1:1) lead to the enrichment of the solid in the polysaccharide fraction,
checked by FTIR Spectroscopy. This pretreatment method allows to recover the IL in the filtrate
liquid avoiding the presence of [EMIM]OAc in the following steps and rendering the process more
economically attractive.

This methodology allows to make the wheat straw surface much more accessible to an acid
catalyst. The XRD pattern of the treated wheat straw indicated that it was noncrystalline, and SEM
micrographs showed that the original structure disappeared after IL-pretreatment.

Sulfonic resins functionalized with polar groups in addition to -SO3H groups (AHE and AME)
are more effective catalysts in the hydrolytic process than Amberlyst 70. In the case of the gel-type
catalysts (AHE 72-4, AHE 64-4, AME 72-4 and AME 64-4) this could be simply the result of their
higher swelling degree, which makes a larger fraction of active sites accessible to the molecules of the
reagents. This highlights the importance of the morphology of the catalyst and its swelling ability
when it is a cross-linked organic resin and is used under liquid–solid conditions. However, it can be
also argued that the alcoholic hydroxyl groups and carboxylic groups in the polymer framework of
the AHE and AME catalysts, respectively, speed up the breakdown of the β-(1,4) glycosidic bonds by
favoring the adsorption of glucans (“assisted adsorption”) through hydrogen bonding. This effect
seems particularly relevant in the macroreticular catalysts (AME 40-40, AME 45-40).

In addition, the morphology of the catalysts appears to be crucial in terms of glucose production.
Gel-type catalysts had the highest glucose concentration, as a larger number of the catalytic sites were
accessible to the substrate.

The use of heterogeneous catalysts in the hydrolysis of lignocellulosic materials is a difficult topic
because it involves an interaction between two solids. In this way, some different approaches have
been studied, firstly the modification of the lignocellulosic materials increasing their accessibility and
favoring the contact with catalysts, and the second approach beingthe use of the catalysts supports with
polar groups that favor the adsorption of cellulose chains increasing the interaction with the acid site.
In this work, we add a step forward, using catalysts functionalized with some polar groups, but also
showing the importance of the morphology of the catalysts (gel-type or macroreticular), to enhance
the interaction with carbohydrate substrates, mainly cellulose chains. Summing up, this manuscript
combines all three approaches, pretreatment of lignocellulosic biomass, catalysts with polar groups
and morphology of the catalysts, and the results showed opens the way to design new and efficient
heterogeneous catalysts for the hydrolysis of lignocellulosic biomass.

Author Contributions: S.M.-d. designed the experiments. G.L. and S.M.-d. wrote the manuscript. J.M.C.-M.
and P.C. designed the experiments and reviewed the manuscript. G.L. and S.M.-d. performed the experimental
analyses. J.L.G.F. and M.Z. critically reviewed the manuscript.

Funding: This research was funded by Comunidad de Madrid (Spain), grant numbers S2013/MAE-2882
(RESTOENE-2-CM) and P2018/EMT-4344 (BIOTRES-CM), and the University of Padova under project CPDA123471.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References

1. García-Condado, S.; López-Lozano, R.; Panarello, L.; Cerrani, I.; Nisini, L.; Zucchini, A.; Van der Velde, M.;
Baruth, B. Assessing lignocellulosic biomass production from crop residues in the European Union: Modelling,
analysis of the current scenario and drivers of interannual variability. GCB Bioenergy 2019. [CrossRef]

2. Scarlat, N.; Dallemand, J.-F.; Monforti-Ferrario, F.; Nita, V. The role of biomass and bioenergy in a future
bioeconomy: Policies and facts. Environ. Dev. 2015, 15, 3–34. [CrossRef]

101



Catalysts 2019, 9, 675

3. Instituto para la Diversificación y ahorro de la Energía. Plan de Energías Renovables 2011–2020; IDAE: Madrid,
Spain, 2011.

4. Malins, S.S.A.C. Availability of Cellulosic Residues and Wastes in the Eu; The International Council on Clean
Transportation: Washington, DC, USA, 2013; White Paper.

5. Alvira, P.; Tomas-Pejo, E.; Ballesteros, M.; Negro, M.J. Pretreatment technologies for an efficient bioethanol
production process based on enzymatic hydrolysis: A review. Bioresour. Technol. 2010, 101, 4851–4861.
[CrossRef] [PubMed]

6. Lara-Serrano, M.; Morales-delaRosa, S.; Campos-Martín, M.J.; Fierro, L.J. Fractionation of Lignocellulosic
Biomass by Selective Precipitation from Ionic Liquid Dissolution. Appl. Sci. 2019, 9, 1862. [CrossRef]

7. Zhang, Y.H.P.; Ding, S.Y.; Mielenz, J.R.; Cui, J.B.; Elander, R.T.; Laser, M.; Himmel, M.E.; McMillan, J.R.;
Lynd, L.R. Fractionating recalcitrant lignocellulose at modest reaction conditions. Biotechnol. Bioeng. 2007,
97, 214–223. [CrossRef]

8. Lan, W.; Liu, C.F.; Sun, R.C. Fractionation of bagasse into cellulose, hemicelluloses, and lignin with ionic
liquid treatment followed by alkaline extraction. J. Agric. Food. Chem. 2011, 59, 8691–8701. [CrossRef]
[PubMed]

9. da Costa Lopes, A.M.; João, K.G.; Rubik, D.F.; Bogel-Łukasik, E.; Duarte, L.C.; Andreaus, J.; Bogel-Łukasik, R.
Pre-treatment of lignocellulosic biomass using ionic liquids: Wheat straw fractionation. Bioresour. Technol.
2013, 142, 198–208. [CrossRef]

10. Yang, D.; Zhong, L.-X.; Yuan, T.-Q.; Peng, X.-W.; Sun, R.-C. Studies on the structural characterization of
lignin, hemicelluloses and cellulose fractionated by ionic liquid followed by alkaline extraction from bamboo.
Ind. Crop. Prod. 2013, 43, 141–149. [CrossRef]

11. Yang, X.; Wang, Q.; Yu, H. Dissolution and regeneration of biopolymers in ionic liquids. Russ. Chem. Bull.
2014, 63, 555–559. [CrossRef]

12. Zhang, P.; Dong, S.J.; Ma, H.H.; Zhang, B.X.; Wang, Y.F.; Hu, X.M. Fractionation of corn stover into cellulose,
hemicellulose and lignin using a series of ionic liquids. Ind. Crop. Prod. 2015, 76, 688–696. [CrossRef]

13. Morais, A.R.C.; Pinto, J.V.; Nunes, D.; Roseiro, L.B.; Oliveira, M.C.; Fortunato, E.; Bogel-Łukasik, R. Imidazole:
Prospect Solvent for Lignocellulosic Biomass Fractionation and Delignification. ACS Sustain. Chem. Eng.
2016, 4, 1643–1652. [CrossRef]

14. Mohtar, S.S.; Tengku Malim Busu, T.N.; Md Noor, A.M.; Shaari, N.; Mat, H. An ionic liquid treatment and
fractionation of cellulose, hemicellulose and lignin from oil palm empty fruit bunch. Carbohydr. Polym. 2017,
166, 291–299. [CrossRef] [PubMed]

15. Zhou, C.-H.; Xia, X.; Lin, C.-X.; Tong, D.-S.; Beltramini, J. Catalytic conversion of lignocellulosic biomass to
fine chemicals and fuels. Chem. Soc. Rev. 2011, 40, 5588–5617. [CrossRef] [PubMed]

16. Geboers, J.A.; Van de Vyver, S.; Ooms, R.; Op de Beeck, B.; Jacobs, P.A.; Sels, B.F. Chemocatalytic conversion
of cellulose: Opportunities, advances and pitfalls. Catal. Sci. Tech. 2011, 1, 714. [CrossRef]

17. Morales-delaRosa, S.; Campos-Martin, J.M.; Fierro, J.L.G. Optimization of the process of chemical hydrolysis
of cellulose to glucose. Cellulose 2014, 21, 2397–2407. [CrossRef]

18. Li, C.; Wang, Q.; Zhao, Z.K. Acid in ionic liquid: An efficient system for hydrolysis of lignocellulose. Green
Chem. 2008, 10, 177. [CrossRef]

19. Morales-delaRosa, S.; Campos-Martin, J.M.; Fierro, J.L.G. High glucose yields from the hydrolysis of cellulose
dissolved in ionic liquids. Chem. Eng. J. 2012, 181–182, 538–541. [CrossRef]

20. Padrino, B.; Lara-Serrano, M.; Morales-delaRosa, S.; Campos-Martín, J.M.; Fierro, J.L.G.; Martínez, F.;
Melero, J.A.; Puyol, D. Resource Recovery Potential From Lignocellulosic Feedstock Upon Lysis with Ionic
Liquids. Front. Bioeng. Biotechnol. 2018, 6. [CrossRef]

21. Lara-Serrano, M.; Sáez Angulo, F.; Negro, M.J.; Morales-delaRosa, S.; Campos-Martin, J.M.; Fierro, J.L.G.
Second-Generation Bioethanol Production Combining Simultaneous Fermentation and Saccharification of
IL-Pretreated Barley Straw. ACS Sustain. Chem. Eng. 2018, 6, 7086–7095. [CrossRef]

22. Morales-delaRosa, S.; Campos-Martin, J.M.; Fierro, J.L.G. Chemical hydrolysis of cellulose into fermentable
sugars through ionic liquids and antisolvent pretreatments using heterogeneous catalysts. Catal. Today 2018,
302, 87–93. [CrossRef]

23. Fukuoka, A.; Dhepe, P.L. Catalytic Conversion of Cellulose into Sugar Alcohols. Angew. Chem. Int. Ed. 2006,
45, 5161–5163. [CrossRef] [PubMed]

102



Catalysts 2019, 9, 675

24. Onda, A.; Ochi, T.; Yanagisawa, K. Selective hydrolysis of cellulose into glucose over solid acid catalysts.
Green Chem. 2008, 10, 1033. [CrossRef]

25. Vilcocq, L.; Castilho, P.C.; Carvalheiro, F.; Duarte, L.C. Hydrolysis of Oligosaccharides Over Solid Acid
Catalysts: A Review. ChemSusChem 2014, 7, 1010–1019. [CrossRef] [PubMed]

26. Biasi, P.; Mikkola, J.P.; Sterchele, S.; Salmi, T.; Gemo, N.; Shchukarev, A.; Centomo, P.; Zecca, M.; Canu, P.;
Rautio, A.R.; et al. Revealing the role of bromide in the H2O2 direct synthesis with the catalyst wet
pretreatment method (CWPM). AlChE J. 2017, 63, 32–42. [CrossRef]

27. Centomo, P.; Meneghini, C.; Sterchele, S.; Trapananti, A.; Aquilanti, G.; Zecca, M. EXAFS in situ: The effect of
bromide on Pd during the catalytic direct synthesis of hydrogen peroxide in memory of the late Professor
Benedetto Corain (July 8th 1941–September 24th 2014), passionate chemist and teacher. Catal. Today 2015,
248, 138–141. [CrossRef]

28. Centomo, P.; Zecca, M.; Di Noto, V.; Lavina, S.; Bombi, G.G.; Nodari, L.; Salviulo, G.; Ingoglia, R.; Milone, C.;
Galvagno, S.; et al. Characterization of Synthetic Iron Oxides and their Performance as Support for Au
Catalysts. ChemCatChem 2010, 2, 1143–1149. [CrossRef]

29. Centomo, P.; Zecca, M.; Zoleo, A.; Maniero, A.L.; Canton, P.; Jeřábek, K.; Corain, B. Cross-linked polyvinyl
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high surface area polymers. Microporous Mesoporous Mater. 2014, 185, 26–29. [CrossRef]

31. Kennedy, F.R. Syntheses and separations using functional polymers. Br. Polym. J. 1989, 21, 359–360.
[CrossRef]

32. Zecca, M.; Centomo, P.; Corain, B. Metal Nanoclusters Supported on Cross-Linked Functional Polymers:
A Class of Emerging Metal Catalysts. In Metal Nanoclusters in Catalysis and Materials Science: The Issue of Size
Control; Elsevier: Amsterdam, The Netherlands, 2008; pp. 201–232. [CrossRef]
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Reactions Involving Lipophilic Reagents: Perspectives in the Reaction of Esterifications of Fatty Acids with
Methanol. Top. Catal. 2013, 56, 611–617. [CrossRef]

52. Jerabek, K.H.L.; Holub, L.; Corain, B.; Zecca, M.; Centomo, P.; Bonato, I. Strongly Acidic Ion Exchanger
Catalyst and Method of Preparing The Same. WO2012127414, 27 september 2012.

53. Morales-Delarosa, S.; Campos-Martin, J.M. 6—Catalytic processes and catalyst development in biorefining.
In Advances in Biorefineries; Waldron, K., Ed.; Woodhead Publishing: Cambridge, UK, 2014; pp. 152–198.
[CrossRef]

54. Kumar, P.; Barrett, D.M.; Delwiche, M.J.; Stroeve, P. Methods for Pretreatment of Lignocellulosic Biomass for
Efficient Hydrolysis and Biofuel Production. Ind. Eng. Chem. Res. 2009, 48, 3713–3729. [CrossRef]
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Abstract: Humic acids (HAs) are redox-active components that play a crucial role in catalyzing relevant
redox reactions in various ecosystems. However, it is unclear what role the different compost-derived
Has play in the dissimilatory Fe(III) bioreduction and which chemical structures could accelerate
Fe reduction. In this study, we compared the effect of eighteen HAs from the mesophilic phase,
thermophilic phase and mature phase of protein-, lignocellulose- and lignin-rich composting on
catalyzing the bioreduction of Fe(III)-citrate by Shewanella oneidensis MR-1 in temporarily anoxic
laboratory systems. The chemical composition and structure of different compost-derived HAs were
analyzed by UV–Vis spectroscopy, excitation-emission matrices of the fluorescence spectra, and
13C-NMR. The results showed that HAs from lignocellulose- and lignin-rich composting, especially
in the thermophilic phase, promoted the bioreduction of Fe(III). They also showed that HA from
protein-rich materials suppressed significantly the Fe(II) production, which was mainly affected by
the amount and structures of functional groups (e.g., quinone groups) and humification degree of the
HAs. This study can aid in searching sustainable HA-rich composts for wide-ranging applications to
catalyze redox-mediated reactions of pollutants in soils.

Keywords: Humic acid; Bioreduction of dissimilatory Fe(III); Shewanella oneidensis MR-1; Redox-active
structures; Composts from different sources

1. Introduction

Humic acid (HA) is one of the most important components of humic substances as it plays a crucial
role in regulating carbon cycles and catalyzing relevant redox reactions in various ecosystems [1,2].
Under anoxic conditions, both dissolved and particulate HA may accept electrons from anaerobic
microbial respiration. Reduced HA can also serve as an electron donor and transfer electrons to
poorly soluble Fe(III), mediating dissimilatory Fe(III) reduction and affecting their transformation and
speciation [3]. It is widely accepted that quinone moieties, as well as other redox-active functional
groups in the HA, have an important role in electron shuttling process, thereby affecting microbial
electron transfer onto Fe(III) [4]. Therefore, this process has received a great deal of attention owing to
the broad impact of dissimilatory iron reduction on the geochemical cycles.

Composting is a controlled biological transformation process to stabilize different organic solid
wastes, which is generally divided into mesophilic phase, thermophilic phase, and mature phase [5].
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Numerous studies have found that microbial degradation reduced the soluble organic carbon content
and promoted the formation of HA with increasing molecular weight and aromatic characteristics
during composting [6]. Composts from different sources may form diverse humic substance precursors
(e.g., polyphenols, carboxyl acids, amino acids, reducing sugars, etc.) due to their different organic
compositions, causing HA produced by composting to have different molecular composition and
chemical structures [2,7]. The HA with the functional groups including phenolic, alcoholic, quinone,
ketone, nitrogen and sulfur redox-active moieties as well as organic-metal chelates could mediate
electron transfer process and enhance the reduction rate of ferric oxy/hydroxides [8]. Considering
different microbial activities at varied composting periods, HA from different stages of composting
may also have different composition and functional groups. A study has shown that HA precursors
are mainly formed in the mesophilic or thermophilic phase and HAs are polymerized in the mature
phase [9]. Therefore, compost-derived HA from different sources and different stages may have diverse
redox-active potential for accelerating microbial electrons transfer. Fe(III) is an important terminal
electron shuttle and its redox transformation is crucial to stimulate the biodegradation of organic
contaminants. Although various papers from the literature have already studied on the relationship
between the dissimilatory Fe(III) bioreduction and HA [3,4], few research papers have explored the
roles of different compost-derived HA as redox mediators in dissimilatory Fe(III) bioreduction and
which chemical structures could accelerate Fe reduction.

In this work, we isolated eighteen HAs from mesophilic phase, thermophilic phase and mature
phase of protein-, lignocellulose- and lignin-rich composting to determine their effect as electron shuttles
for catalyzing the microbial reduction of Fe(III)-citrate by Shewanella oneidensis MR-1 in temporarily
anoxic laboratory systems. We applied UV–Vis spectroscopy, 3D excitation-emission matrices of the
fluorescence spectra, and 13C-NMR to compare the changes of chemical composition and structure
of different compost-derived HA. This study aims to (1) compare the chemical structures of HA
from different composting, (2) evaluate their redox capacity of mediating Fe(III)–citrate bioreduction
by Shewanella oneidensis MR-1, and (3) explore which chemical structure properties of HA are most
responsible for accelerating Fe(III) reduction. The results of the present study can promote the
application of HA-rich composts in contaminated soils.

2. Results and Discussion

2.1. Bioreduction of Dissimilatory Fe(III) Mediated by Different HAs

Composting HAs from different sources all had relatively high molecular weight and aromatic
characteristics, but the ability of HAs to mediate electron transfer process and affect the reduction
rate of dissimilatory Fe(III) were different. The changes of Fe(II) in different treatments during the
reduction process were shown in Figure 1, which were fitted to the first order pharmacokinetic
model. Shewanella oneidensis MR-1 is a typical dissimilatory iron reducing bacteria with the capable of
respiring anaerobically on Fe(III) as the sole terminal electron acceptor [10]. The increase in the Fe(II)
concentration after the inoculation of Shewanella oneidensis MR-1 suggested that Fe(III)–citrate was
bioreduced and total Fe(II) concentration increased steadily to around 2.254 ± 0.003 mM in 190 h in the
absence of HA. With the addition of HA, Fe(III)–citrate was also reduced and gradually leveling-off
Fe(II) concentration in 288 h, but the addition of HA from six composts had different reduction extents
and Fe(II) production rate. The average level of Fe(II) formation in different composts were ranked in
the order WW > CW > GW > SW > CM > DM (Figure 2). A post hoc test for Fe(II) concentration in
all the systems showed that there was a significant difference between protein-, lignocellulose- and
lignin-rich composting, suggesting that lignocellulose-rich composting might have more redox-active
functional groups for transferring electrons than protein- and lignin-rich composts.
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Figure 1. Effect of different compost-derived humic acid (HA) on the bioreduction of Fe(III)-citrate by
Shewanella oneidensis MR-1 in cultures containing 20 mM Fe(III)-citrate, Shewanella oneidensis MR-1 cells
(107 cells mL−1), and HA (final concentration of 100 mg L−1). Lines showed nonlinear least-squares
regression fits of data to an equation describing product accumulation from a first-order reaction.
Bars on symbols represent standard deviations of three replicates. CK1 was blank control, CK2 was
the control without HA addition and the treatments with HA addition are described in Materials
and Methods.

Here, CK1 was blank control and CK2 was the control without HA addition. In the presence of
HA from WW2, the reduction extents were generally 55.6% higher than those observed in CK2, which
showed the best stimulation capacity among the eighteen tested HAs. The addition of HA species from
WW, CW and GW composting resulted in obvious increases of the Fe(II) production (1.2−1.5 times
higher than that of control system without HA), especially in WW1-3, CW2-3 and GW2. However,
when HA from CM, DM, and SW composting were added, the Fe(II) production of systems were
generally lower than those obtained in CK2, especially in CM1-3, DM1, DM3 and SW1, which might
have an inhibition effect on the bioreduction of dissimilatory Fe(III). In the composting of protein-rich
materials, HA is easier to be formed due to more degradation of easily degradable organics but it
may be unstable, which could be served as nutrient for promoting microbial growth [11,12]. For the
bioreduction in DM2, more Fe(II) production by HA addition was also observed than those in DM1
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and DM3, although the stimulating effects were less significant compared to CK2, suggesting that
thermophilic phase of DM composting may benefit the formation of redox functional groups of HA [13].
Though no significant difference could be found with Fe(II) production in systems with the addition of
HA from different stages, the formation quantity of Fe(II) with HA obtained from the thermophilic or
mature stage were generally higher than that from mesophilic stage for all the composting except CM,
demonstrating that the capacity of HA as electron shuttles was enhanced after composting [1,14].

Figure 2. The Fe(II) formation of Shewanella oneidensis MR-1 with HA addition for Fe(III)–citrate
bioreduction after 288 h in anoxic conditions with 20 mM Fe(III)-citrate addition. Different letters (A-B,
a-d) are related to significant differences. Acronyms for different treatments are described in Materials
and Methods.

In this study, the bioreduction of Fe(III)–citrate were fitted to first-order kinetic equation by the
non-linear least-square curve fitting technique (P < 0.05) (Table 1). Results showed that the kred of initial
Fe(II) production rates of systems with HA from thermophilic stage of lignocellulose-rich composting
higher than that in CK2. The HA from mesophilic and mature stages of lignin-rich composting still
demonstrated higher kred and better stimulation capacity than only adding S. oneidensis MR-1 at
initial Fe(II) production stage (48 h), whereas the total Fe(II) production of HA from mesophilic stages
of SW composting was very limited. Overall, there is an obvious stimulation capacity of HA from
lignocellulose-rich composting (WW and CW), and HA from protein-rich composting (CM and DM)
mainly suppressed the electron transfer between the Shewanella oneidensis MR-1 and Fe(III).

Table 1. First-order kinetics equations for describing the dynamics of Fe(III) reduction.

kred (h−1) R

1 2 3 1 2 3

CM 0.0158 ± 0.0032 0.0271 ± 0.0060 0.0213 ± 0.0040 0.9564 0.9384 0.9583
DM 0.0126 ± 0.0037 0.0183 ± 0.0030 0.0309 ± 0.0091 0.9365 0.9705 0.8917
CW 0.0260 ± 0.0056 0.0354 ± 0.0026 0.0094 ± 0.0031 0.9421 0.9709 0.9296
WW 0.0141 ± 0.0039 0.0432 ± 0.0166 0.0072 ± 0.0022 0.9263 0.8293 0.9539
SW 0.0367 ± 0.0108 0.0209 ± 0.0048 0.0356 ± 0.0118 0.8918 0.9378 0.8664
GW 0.0208 ± 0.0041 0.0182 ± 0.0051 0.0368 ± 0.0129 0.9565 0.9120 0.8517

CK1 0.0227 ± 0.0044 0.9568
CK2 0.0310 ± 0.0030 0.9841

1, 2, and 3 represented the different stages of composting, i.e., mesophilic phase, thermophilic phase and
maturation phase. Fe(III)–citrate reduction experiments were conducted in cultures containing 20 mM Fe(III)-citrate,
Shewanella oneidensis MR-1 cells (107 cells mL−1), and HA (final concentration of 100 mg L−1) at 30 ◦C.

2.2. Structural Characteristics of Different HAs

In order to investigate the composition and chemical structures of HA from different composting, the
HAs at different stages of composting were characterized firstly by the indexes of UV–Vis spectroscopy
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including SUVA254, SUVA290, E4/E6, A240-440, and SR. A number of studies have shown that SUVA254 and
A240-440 were positively related to the abundance of aromatic C and aromatic rings of polar functional
groups of the compost-derived HA, while E4/E6 and SR were negatively correlated with humification
degree and molecular weight of humic substances [15,16]. As shown in Figure 3, the values of SUVA254,
SUVA290 and A240-440 of HA in different composts were generally all increased from mesophilic stage to
mature stage, while E4/E6 and SR were decreased, which suggested the increase of the polymerization
of HA structure and the accumulation of the substituent group type on aromatic rings and the electron
transfer band. The increase of SUVA254 in WW, CW, GW and SW (above 20%) were higher than those
in CM and DM, indicating a higher humification degree of HA [17,18]. Notably, the highest values of
SUVA290 was found in the thermophilic phase for lignocellulose- and lignin-rich composting, suggesting
that most of the lower organic matter such as quinones and more complex compound have incorporated
in the aromatic structure at the later stage of composting [16,19]. The changes of SUVA290 was in
agreement with the trends of Fe(II) production, thereby corroborating that the changes in quinone
moieties were directly associated with redox properties of HA in composts.

Figure 3. The analysis based on UV–Vis spectroscopy, and fluorescence spectroscopy for the chemical
structures of different compost-derived HA. Acronyms definitions can be found in the Abbreviations list.
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Parallel factor (PARAFAC) analysis showed that four components were identified to explain
most of the HA variation from different composting (Figure 3). Component 1 (C1) and component 3
(C3) was characterized as fulvic-like and humic-like substances, respectively. Component 2 (C2) was
attributed to tyrosine-like substances and component 4 (C4) was associated with soluble microbial
byproduct-like material with a few tryptophan-like substances [20]. There were obvious differences in
Fmax among components of HA from different composts (P < 0.05), which decreased as follows: C2
(32.22%), C3 (31.72%) > C1 (27.94%) > C4 (8.78%). However, each fluorescence components of HA
presented different content in different composts due to their different organic compositions and humic
substance precursors [6,21]. There was no significant increase of fulvic-like and humic-like substances
in CM and DM. An obvious increase in the combination of C1 and C3 was identified in HA from WW,
CW, GW and SW. This indicated the synthesis of HA that are chemically and biologically more stable
in lignin- and lignocellulose-rich composting.

In order to better understand the difference of these chemical structures of HA from diverse
composting, 13C-NMR was monitored, which indicated the presence of many types of carbons,
including aliphatic, carbohydrate, aromatic, and carboxyl carbons, with a wide variation in the relative
abundance of aliphatic vs. aromatic carbons in HA. As depicted in Figure 4, the peak intensity
of alkyl C region were obviously decreased from mesophilic stage to mature stage in protein-rich
composting, followed by lignocellulose-rich composting. The peak intensity of aryl C region were
increased in all the composts. In the mature phase of different composts, there was a significant
increase in peak intensity at 148 and 153 ppm, which represent methoxy-/hydroxy-substituted phenyl
C and oxygen-substituted aromatic C, respectively [22]. 13C-NMR of CM, DM, and CW exhibited
common major peaks at 50−110 ppm, suggesting abundant precursors of hydroxyl and amino acids
for the formation of redox-active functional groups of HA [23]. HA from WW, SW and GW exhibited
peaks between 170−185 ppm, confirming the presence of carbonyl groups from ester, carboxylic acids,
quinone, ketone, etc. An increase of carbonyl groups could be found during composting of CM
and DM, suggesting that lignin- and lignocellulose-rich organics were easier for arylation during
composting and protein-rich organics were easier for carboxylation to form different HA [9]. The trends
of 13C-NMR, UV–Vis spectroscopy and EEM fluorescence plots explained the structural changes of HA
during composting and obvious differences of HAs from different materials. These results suggested
that HA from lignocellulose- and lignin-rich composting, especially in the thermophilic phase had
more polar functional groups with redox activity such as phenolic, alcoholic, quinone and ketone
groups, nitrogen and sulfur redox-active moieties, as well as organic-metal chelates.

2.3. The Potential Role of HA in Dissimilatory Fe(III) Bioreduction

The data in Figure 5 gives an indication of the interdependence of two random variables that range
in value from −1 to +1. SUVA254 was positively correlated with A240-440 (P < 0.01). 13C-NMR3 was
positively correlated with 13C-NMR2 but they were both negatively related to 13C-NMR1, 13C-NMR4,
C2 and E4/E6, suggesting that the formation of aryl C and hydroxyl C fractions was directly sourced
from degradation of tyrosine-like substances and alkyl C for the condensation of C skeletons in different
composts. Correlation analysis showed that SUVA290 was positively correlated with C1, but negatively
with SR. This result supported that quinones might act as main fractions of the fulvic-like substances
with high molecular weight structure [24]. A strong positive correlation between 13C-NMR4 and C2,
C4 as well as E4/E6 was observed, indicating that carboxyl and protein-like matter could be used by the
microorganisms and obviously promote the formation of HA with a high degree of humification [25].
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Figure 4. The solid state 13C-NMR spectrum of HA during composting. Acronyms definitions can be
found in the Abbreviations list.
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Figure 5. Pearson correlation matrix between the chemical structure parameters of HA from different
composting. * Significant at P < 0.05. ** Significant at P < 0.01. Colors are proportional to values in
table (correlation coefficient). Acronyms definitions can be found in Materials and Methods.

In order to determine to what extent different chemical structures of HA from different composts
affected the dissimilatory Fe(III) bioreduction, RDA was performed based on the spectral dataset and
Fe(II) production indexes of different HA treatments. Figure 6 indicated an ordination graph where
the first and all canonical axes were highly significant based on Monte Carlo tests (P < 0.01). The HA
samples of different composting could be divided into three groups. The humification degree and
electron transfer capacity of HA were different at each stage of diverse composting. The HA from
mesophilic phase of composting were similar in most of the materials that clustered together, which
had more aliphatic compounds and protein-like matter with an inhibition effect on the bioreduction
of dissimilatory Fe(III). The HA from different lignocellulose-rich composts and the thermophilic
phase of lignin-rich composts mainly clustered together except SW2, which had higher projection
value on the arrow of Fe(II) formation, and SUVA290. The findings highlighted the role of HA from
thermophilic phase of lignocellulose- and lignin-rich composting on stimulating the bioreduction
of Fe(III) mainly based on the quinone moieties as well as other redox-active functional groups [3].
HA from the mature stage of composting, especially protein-rich materials, were grouped together but
had shorter projection value on the Fe(II) formation. The shorter distance of these HA from the mature
stage of composting to C3, 13C-NMR3, 13C-NMR2, and SUVA254 suggested that the high abundance of
aromatic C structure with hydroxyl in humic-like substances would not obviously affect the electron
transfer process of Fe(III) reduction by Shewanella oneidensis MR-1.

Taking the aforementioned information into account, our results suggested that the HA from
lignocellulose- and lignin-rich composting, especially in the thermophilic phase promoted obviously
the bioreduction of Fe(III), and HA from protein-rich materials suppressed significantly the Fe(II)
production. Aromaticity of HA is not a reason for the electron transfer, while quinone/hydroquinone
groups in HA are the major contributors to redox reaction between Fe(III), HA and microorganisms.
The HA from diverse composts has different redox-active potential for Fe reduction, mainly because the
origin and stages of composting affects the humification degree and chemical structures of HA, leading
to different amount, structures and the redox activity of functional groups such as phenolic, alcoholic,
quinone and ketone groups, nitrogen and sulfur redox-active moieties, as well as organic-metal
chelates [8].

Fe(III) is an important terminal electron shuttles to stimulate the biodegradation of organic
contaminants [26]. Dissimilatory iron reduction often occurs in soils, which caused the release of
inorganic compounds that are bound to Fe(III) oxides and the soluble Fe(II) to be leached from the
soil [27]. Considering the different stimulation capacity of HA from diverse composting, it can be
reasonably concluded that the HA of composts will play an important role on heavy metal transformation
and organic pollutant degradation in the contaminated soils. When composts are applied to soils,
composts can be used in different ways based on the chemical structures and electron transfer capacity
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of HA. HA-rich composts from lignocellulose- and lignin-rich materials are more suitable bioresources
for wide-ranging applications to catalyze the redox-mediated reactions of pollutants for contaminated
soils remediation.

Figure 6. Redundancy analysis of the correlation between the redox-active functional groups of HA and
Fe(III)-citrate bioreduction for HA samples from different composting. The red, green and yellow circles
represented the treatments with adding HA from protein-, lignocellulose- and lignin-rich composting,
respectively. Acronyms definitions can be found in Materials and Methods.

3. Materials and Methods

3.1. Preparation of Shewanella oneidensis MR-1

Shewanella oneidensis MR-1 was grown aerobically from frozen (−80 ◦C) stock to lag-log phase in a
Luria-Bertani (LB) broth at 30 ◦C. The cells were harvested by centrifugation at 3600 g for 10 min at
4 ◦C when it reached the exponential phase, washed twice with sterile 30 mM of anoxic bicarbonate
buffer (pH = 7) and suspended before use in the following reduction studies. The concentrations of the
strains were 1 × 107 CFU mL−1. All growth media and containers used in this study were autoclaved
(121 ◦C, 20 min) prior to incubation.

3.2. Extraction and analysis of HA from Different Composting

Humic acid (HA) samples were extracted from three main stages (i.e., mesophilic phase,
thermophilic phase and mature phase) of different composting of six raw materials, including chicken
manure (CM), dairy manure (DM), cabbage wastes (CW), weeds wastes (WW), straw wastes (SW)
and green wastes (GW). Details of composting process and relevant properties have been described
previously in Zhao et al. [17]. Each compost pile was more than 2 ton, and the piles were turned
mechanically every 7 days at Shanghai Songjiang Composting plant, China. The extraction of HA
followed the procedure of Wu et al. [9]. Compost samples (10 g) were mixed with 0.1 M (NaOH +
Na4P2O7) at 1:10 (w: v) ratio for shaking 24 h with rotational speed 150 rpm. After centrifugation at
10,000 rpm for 15 min, the supernatant was filtered through a 0.45 μm membrane and then acidified to
pH 1 with 6 M hydrochloric acid (HCl). HA was separated by centrifugation at 11,000 rpm for 15 min
and suspended in a solution of 0.1 M HCl/0.3 M hydrogen fluoride to remove mineral impurities and
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dialyzed until the elimination of chloride ions. All chemicals were analytical reagent grade or higher
and were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

UV–Vis spectroscopy, fluorescence spectroscopy, and 13C-NMR spectra were carried out to analyze
the chemical structures of HA. Prior to fluorescence and UV–Vis analysis, total organic carbon (TOC)
of all the samples was measured with an Analytik Jena model Multi N/C 2100 TOC analyzer (Jena,
Germany) and the concentrations of HA were adjusted to 10 mg L−1.

UV–Vis spectroscopy was performed with a Shimadzu model UV-1700 PC spectrophotometer.
Specific ultraviolet absorbance at 254 nm (SUVA254) and 290 nm (SUVA290) was calculated as the
absorbance divided by the TOC concentration, and the absorbance ratio at 465 and 665 nm (E4/E6)
was used to characterize the humification degree of HA. The integral area was calculated from 240
to 400 nm, designated as A240-400, which was referred to the presence of the aromatic rings of polar
functional groups [28]. The slope ratio or SR, the ratio of the slope of the shorter ultraviolet absorbance
wavelength region (275–295 nm) to that of the longer wavelength region (350–400 nm), was selected to
determine the molecular weight [15].

Fluorescence spectroscopy was recorded using a Perkin-Elmer model LS50B fluorescence
spectrophotometer in a clear quartz cuvette. Excitation–emission matrices (EEMs) spectra were
recorded for excitation (200–450 nm) and emission (280–550 nm) wavelengths at intervals of 5 nm with
a scan speed of 2400 nm min−1. The EEMs were blank subtracted, corrected for inner-filter effects
and instrument-specific biases, and normalized to the Raman area [29]. Parallel factor (PARAFAC)
analysis of the EEMs spectral data was carried out in MATLAB 2013a (Mathworks, Natick, MA) with
the DOMFluor toolbox (www.models.life.ku.dk) to identify the co-varied independently components.
The concentration scores of the PARAFAC components were expressed as maximum fluorescence
intensity (Fmax) (R.U.) for each modeled component [30].

Solid state 13C-NMR data of HA were acquired with a Bruker AV-300 spectrometer equipped
with a direct polarization magic angle spinning (DP-MAS) probe, which were performed according
to the method of Amir et al. [31]. The solutions for NMR were prepared by dissolving 100 mg of
the freeze-dried HA in 1 mL of 0.5 M NaOD/D2O. On the basis of qualitative analysis, the 13C-NMR
spectra are subdivided into four main resonance regions (i.e., 13C-NMR1, 13C-NMR2, 13C-NMR3, and
13C-NMR4), which were 0–55 ppm (aliphatic carbon), 55–110 ppm (aliphatic carbon substituted with O
or N), 110–165 ppm (aromatic carbon), and 165–200 ppm (carboxylic carbon) [32]. The proportion of
each type of carbon was calculated by integrating the spectral regions.

3.3. Batch Experiments of Dissimilatory Fe(III) Reduction

Dissimilatory Fe(III) reduction assays were set up in triplicate in serum bottles containing 50 mL
of basal medium with sodium lactate (5 mM) as an electron donor, 20 mM Fe(III)-citrate as an electron
acceptor, Shewanella oneidensis MR-1 cells (107 cells mL−1), and HA (final concentration of 100 mg L−1).
Only sodium lactate and Fe(III)-citrate were added as a blank control (CK1). Controls (CK2) were
prepared without HA addition. Various treatments were applied as shown in Table 2. The pH values
were adjusted to 7.0–7.5 with trace metal grade 1.0 M NaOH or HCl. The reaction solution purged with
100% N2 for 30 min and static incubation in anoxic glovebox (N2 atmosphere, at 30 ◦C, O2 < 0.1 ppm).
Samples were periodically extracted with 1 M HCl at 1:1 (v: v) ratio, then removed with sterile needles
and syringes, and filtered through a 0.22 μm membrane filter to analyze the total Fe(II) concentration
with phenanthroline assay in an anaerobic chamber until Fe(II) became stable [33]. Absorbance was
measured immediately with an ultraviolet-visible spectrophotometer (Shimadzu UV-1800, Tokyo,
Japan) at 510 nm.
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Table 2. Different treatments of batch experiments for dissimilatory Fe(III) reduction.

Treatment
Sodium

Lactate and
Fe(III)-citrate

Shewanella
oneidensis

MR-1

Humic Acids

Mesophilic
Phase

Thermophilic
Phase

Mature
Phase

CK1 + − − − −
CK2 + + − − −

HA(X1) + + + − −
HA(X2) + + − + −
HA(X3) + + − − +

X represented the different materials composting, including chicken manure (CM), dairy manure (DM), cabbage
wastes (CW), weeds wastes (WW), straw wastes (SW) and green wastes (GW).

3.4. Statistical Analyses

Figure processing was generated by Origin 9.1 software (OriginLab, Los Angeles, USA). SPSS
version 22.0 was used for the analysis of variance (ANOVA), and Pearson correlation analysis.
The potential reduction of Fe(III)–citrate was fitted to mathematical equations by the non-linear
least-square curve fitting technique (Marquardt-Levenberg algorithm) using MATLAB v.19.0 software.
Fe(II)t = Fe(II)0 + Fe(III)0 [1-exp(-kredt)], where Fe(II)t is the Fe(II) concentration at time t, Fe(II)0 is the
initial Fe (II) concentration, Fe(III)0 is the initial Fe(III) measured values. Redundancy analysis (RDA)
was performed to analyze the multivariate relationships between the chemical structures of HA and
Fe(III)-citrate bioreduction by Canoco (Version 5.0, Centre for Biometry, Wageningen, The Netherlands).
Monte Carlo reduced model tests with 499 unrestricted permutations were also used to evaluate the
significance of the first canonical axis and of all canonical axes together. Statistical significance was
kept at P < 0.05 for all analyses.

4. Conclusions

This study provided comprehensive information on the chemical structures of HA from
different stages of composting derived from protein-, lignocellulose- and lignin-rich materials.
Quinone/hydroquinone groups in HA are the major contributors to redox reaction between Fe(III), HA,
and microorganisms, but HA from diverse origins and stages of composting has different humification
degree and different amount, structures, and the redox activity of functional groups, leading to different
redox-active potential for catalyzing the bioreduction of Fe(III)-citrate by Shewanella oneidensis MR-1.
The HA from lignocellulose- and lignin-rich composting, especially in the thermophilic phase promoted
obviously the bioreduction of Fe(III), and HA from protein-rich materials suppressed significantly the
Fe(II) production.
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phase; Cabbage wastes composting at the thermophilic phase; Cabbage wastes composting at the maturation
phase, respectively. WW1; WW2; WW3: Weeds wastes composting at the mesophilic phase; Weeds wastes
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composting at the thermophilic phase; Weeds wastes composting at the maturation phase, respectively. SW1;
SW2; SW3: Straw wastes composting at the mesophilic phase; Straw wastes composting at the thermophilic phase;
Straw wastes composting at the maturation phase, respectively. GW1; GW2; GW3: Green wastes composting
at the mesophilic phase; Green wastes composting at the thermophilic phase; Green wastes composting at the
maturation phase, respectively. HA: Humic acids. 13C NMR: Carbon 13 nuclear magnetic resonance.

References

1. Liu, G.; Qiu, S.; Liu, B.; Pu, Y.; Gao, Z.; Wang, J.; Jin, R.; Zhou, J. Microbial reduction of Fe (III)-bearing clay
minerals in the presence of humic acids. Sci. Rep. 2017, 7, 45354. [CrossRef] [PubMed]

2. Zhao, X.; Tan, W.; Dang, Q.; Li, R.; Xi, B. Enhanced biotic contributions to the dechlorination of
pentachlorophenol by humus respiration from different compostable environments. Chem. Eng. J. 2019, 361,
1565–1575. [CrossRef]

3. Klüpfel, L.; Piepenbrock, A.; Kappler, A.; Sander, M. Humic substances as fully regenerable electron acceptors
in recurrently anoxic environments. Nat. Geosci. 2014, 7, 195. [CrossRef]

4. Stern, N.; Mejia, J.; He, S.; Yang, Y.; Ginder-Vogel, M.; Roden, E.E. Dual role of humic substances as electron
donor and shuttle for dissimilatory iron reduction. Environ. Sci. Technol. 2018, 52, 5691–5699. [CrossRef]

5. Wei, Y.; Zhao, Y.; Shi, M.; Cao, Z.; Lu, Q.; Yang, T.; Fan, Y.; Wei, Z. Effect of organic acids production and
bacterial community on the possible mechanism of phosphorus solubilization during composting with enriched
phosphate-solubilizing bacteria inoculation. Bioresour. Technol. 2018, 247, 190–199. [CrossRef] [PubMed]

6. Wang, C.; Tu, Q.; Dong, D.; Strong, P.; Wang, H.; Sun, B.; Wu, W. Spectroscopic evidence for biochar
amendment promoting humic acid synthesis and intensifying humification during composting. J. Hazard.
Mater. 2014, 280, 409–416. [CrossRef]

7. Gao, X.; Tan, W.; Zhao, Y.; Wu, J.; Sun, Q.; Qi, H.; Xie, X.; Wei, Z. Diversity in the Mechanisms of Humin
Formation during Composting with Different Materials. Environ. Sci. Technol. 2019, 53, 3653–3662. [CrossRef]

8. Lipczynska-Kochany, E. Humic substances, their microbial interactions and effects on biological
transformations of organic pollutants in water and soil: A review. Chemosphere 2018, 202, 420–437. [CrossRef]
[PubMed]

9. Wu, J.; Zhao, Y.; Zhao, W.; Yang, T.; Zhang, X.; Xie, X.; Cui, H.; Wei, Z. Effect of precursors combined with
bacteria communities on the formation of humic substances during different materials composting. Bioresour.
Technol. 2017, 226, 191–199. [CrossRef]

10. Lovley, D.R.; Coates, J.D.; Blunt-Harris, E.L.; Phillips, E.J.; Woodward, J.C. Humic substances as electron
acceptors for microbial respiration. Nature 1996, 382, 445–448. [CrossRef]

11. Wu, J.; Zhao, Y.; Yu, H.; Wei, D.; Yang, T.; Wei, Z.; Lu, Q.; Zhang, X. Effects of aeration rates on the structural
changes in humic substance during co-composting of digestates and chicken manure. Sci. Total Environ.
2019, 658, 510–520. [CrossRef] [PubMed]

12. Xi, B.; Zhao, X.; He, X.; Huang, C.; Tan, W.; Gao, R.; Zhang, H.; Li, D. Successions and diversity of
humic-reducing microorganisms and their association with physical-chemical parameters during composting.
Bioresour. Technol. 2016, 219, 204–211. [CrossRef] [PubMed]

13. Nakasaki, K.; Le, T.H.T.; Idemoto, Y.; Abe, M.; Rollon, A.P. Comparison of organic matter degradation and
microbial community during thermophilic composting of two different types of anaerobic sludge. Bioresour.
Technol. 2009, 100, 676–682. [CrossRef] [PubMed]

14. Kulkarni, H.V.; Mladenov, N.; McKnight, D.M.; Zheng, Y.; Kirk, M.F.; Nemergut, D.R. Dissolved fulvic acids
from a high arsenic aquifer shuttle electrons to enhance microbial iron reduction. Sci. Total Environ. 2018,
615, 1390–1395. [CrossRef]

15. Helms, J.R.; Stubbins, A.; Ritchie, J.D.; Minor, E.C.; Kieber, D.J.; Mopper, K. Absorption spectral slopes
and slope ratios as indicators of molecular weight, source, and photobleaching of chromophoric dissolved
organic matter. Limnol. Oceanogr. 2008, 53, 955–969. [CrossRef]

16. Yuan, Y.; He, X.; Xi, B.; Li, D.; Gao, R.; Tan, W.; Zhang, H.; Yang, C.; Zhao, X. Polarity and molecular weight
of compost-derived humic acid affect Fe(III) oxides reduction. Chemosphere 2018, 208, 77–83. [CrossRef]

17. Zhao, X.; He, X.; Xi, B.; Gao, R.; Tan, W.; Zhang, H.; Huang, C.; Li, D.; Li, M. Response of humic-reducing
microorganisms to the redox properties of humic substance during composting. Waste Manag. 2017, 70,
37–44. [CrossRef]

116



Catalysts 2019, 9, 450

18. Tan, W.; Xi, B.; Wang, G.; Jiang, J.; He, X.; Mao, X.; Gao, R.; Huang, C.; Zhang, H.; Li, D. Increased
electron-accepting and decreased electron-donating capacities of soil humic substances in response to
increasing temperature. Environ. Sci. Technol. 2017, 51, 3176–3186. [CrossRef]

19. Ratasuk, N.; Nanny, M.A. Characterization and Quantification of Reversible Redox Sites in Humic Substances.
Environ. Sci. Technol. 2007, 41, 7844–7850. [CrossRef]

20. Stedmon, C.A.; Bro, R. Characterizing dissolved organic matter fluorescence with parallel factor analysis: A
tutorial. Limnol. Oceanogr. Meth. 2008, 6, 572–579. [CrossRef]

21. Chen, W.; Westerhoff, P.; Leenheer, J.A.; Booksh, K. Fluorescence Excitation−Emission Matrix Regional
Integration to Quantify Spectra for Dissolved Organic Matter. Environ. Sci. Technol. 2003, 37, 5701–5710.
[CrossRef] [PubMed]

22. Pérez, M.G.; Martin-Neto, L.; Saab, S.C.; Novotny, E.H.; Milori, D.M.; Bagnato, V.S.; Colnago, L.A.; Melo, W.J.;
Knicker, H. Characterization of humic acids from a Brazilian Oxisol under different tillage systems by EPR,
13C NMR, FTIR and fluorescence spectroscopy. Geoderma 2004, 118, 181–190. [CrossRef]

23. Tan, K.H. Humic Matter in Soil and the Environment: Principles and Controversies; CRC Press: Boca Raton, FL,
USA, 2014.

24. Zhou, Y.; Selvam, A.; Wong, J.W.C. Evaluation of humic substances during cocomposting of food waste,
sawdust and Chinese medicinal herbal residues. Bioresour. Technol. 2014, 168, 229–234. [CrossRef] [PubMed]

25. Smilek, J.; Sedlácˇek, P.; Kalina, M.; Klucáková, M. On the role of humic acids’ carboxyl groups in the binding
of charged organic compounds. Chemosphere 2015, 138, 503–510. [CrossRef]

26. Lovley, D.R.; Holmes, D.E.; Nevin, K.P. Dissimilatory Fe(III) and Mn(IV) reduction. Adv. Microb. Physiol.
2004, 49, 219–286. [PubMed]

27. Xu, Y.; He, Y.; Feng, X.; Liang, L.; Xu, J.; Brookes, P.C.; Wu, J. Enhanced abiotic and biotic contributions to
dechlorination of pentachlorophenol during Fe(III) reduction by an iron-reducing bacterium Clostridium
beijerinckii Z. Sci. Total Environ. 2014, 473–474, 215–223. [CrossRef]

28. Zhao, X.; Wei, Y.; Fan, Y.; Zhang, F.; Tan, W.; He, X.; Xi, B. Roles of bacterial community in the transformation
of dissolved organic matter for the stability and safety of material during sludge composting. Bioresour.
Technol. 2018, 267, 378–385. [CrossRef] [PubMed]

29. Cui, H.Y.; Zhao, Y.; Chen, Y.N.; Zhang, X.; Wang, X.Q.; Lu, Q.; Jia, L.M.; Wei, Z.M. Assessment of phytotoxicity
grade during composting based on EEM/PARAFAC combined with projection pursuit regression. J. Hazard.
Mater. 2017, 326, 10–17. [CrossRef] [PubMed]

30. Wei, Z.; Zhao, X.; Zhu, C.; Xi, B.; Zhao, Y.; Yu, X. Assessment of humification degree of dissolved organic
matter from different composts using fluorescence spectroscopy technology. Chemosphere 2014, 95, 261–267.
[CrossRef] [PubMed]

31. Amir, S.; Jouraiphy, A.; Meddich, A.; El Gharous, M.; Winterton, P.; Hafidi, M. Structural study of humic
acids during composting of activated sludge-green waste: Elemental analysis, FTIR and 13C NMR. J. Hazard.
Mater. 2010, 177, 524–529. [CrossRef]

32. Trubetskoj, O.A.; Hatcher, P.G.; Trubetskaya, O.E. 1H-NMR and 13C-NMR spectroscopy of chernozem soil
humic acid fractionated by combined size-exclusion chromatography and electrophoresis. Chem. Ecol. 2010,
26, 315–325. [CrossRef]

33. Tan, W.; Li, R.; Yu, H.; Zhao, X.; Dang, Q.; Jiang, J.; Wang, L.; Xi, B. Prominent Conductor Mechanism-Induced
Electron Transfer of Biochar Produced by Pyrolysis of Nickel-Enriched Biomass. Catalysts 2018, 8, 573. [CrossRef]

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

117





catalysts

Article

Selective Production of Terephthalonitrile
and Benzonitrile via Pyrolysis of Polyethylene
Terephthalate (PET) with Ammonia over
Ca(OH)2/Al2O3 Catalysts

Lujiang Xu 1,2, Xin-wen Na 1, Le-yao Zhang 1, Qian Dong 1, Guo-hua Dong 1, Yi-tong Wang 3

and Zhen Fang 1,*

1 Biomass Group, College of Engineering, Nanjing Agricultural University, 40 Dianjiangtai Road,
Nanjing 210031, Jiangsu, China; lujiangxu@njau.edu.cn (L.X.); Na_Xinwen@163.com (X.-w.N.);
leyaozhang1003@163.com(L.-y.Z.); dongqianbiomass@163.com (Q.D.); dong_guohua@126.com (G.-h.D.)

2 Key Laboratory of Energy Thermal Conversion and Control of Ministry of Education, Southeast University,
Nanjing 210096, China

3 College of Metallurgy and Energy, North China University of Science and Technology, 21 Bohai Street,
Tangshan 063210, China; wangyt@ncst.edu.cn

* Correspondence: zhenfang@njau.edu.cn; Tel.: +86-025-58606657

Received: 31 March 2019; Accepted: 28 April 2019; Published: 9 May 2019

Abstract: A series of Ca(OH)2/Al2O3 catalysts were synthesized for selectively producing N-containing
chemicals from polyethylene terephthalate (PET) via catalytic fast pyrolysis with ammonia (CFP-A)
process. During the CFP-A process, the carboxyl group in PET plastic was efficiently utilized for the
selective production of terephthalonitrile and benzonitrile by controlling the catalysts and pyrolysis
parameters (e.g. temperature, residence time, ammonia content). The best conditions were selected as
2% Ca(OH)2/γ-Al2O3 (0.8 g), 500 ◦C under pure ammonia with 58.3 C% terephthalonitrile yield and
92.3% selectivity in nitriles. In addition, 4% Ca(OH)2/ Al2O3 was suitable for producing benzonitrile.
With catalyst dosage of 1.2 g, residence time of 1.87 s, pyrolysis temperature of 650 ◦C and pure
ammonia (160 mL/min carrier gas flow rate), the yield and selectivity of benzonitrile were 30.4 C%
and 82.6%, respectively. The catalysts deactivated slightly after 4 cycles.

Keywords: benzonitrile; terephthalonitrile; polyethylene terephthalate (PET); catalytic pyrolysis;
ammonia; Ca(OH)2/Al2O3

1. Introduction

With the rapid development of society and the improvement of people’s quality of life, more and
more petroleum-based plastics are being consumed to meet people’s life needs [1]. Due to its advantages
of anti-acid, stability and safety, polyethylene terephthalate (PET) has been widely used as bottle
materials, fibers, films, sheets, households and carpet [2]. The worldwide consumption of PET
plastic was 60 million tons in 2011 and keeps growing year by year [3]. However, the high stable
properties of PET make it difficult to degrade naturally and causes serious environmental problems [4,5].
Thus, the recycling of PET plastics has become urgent [6].

Catalytic fast pyrolysis (CFP) is a promising technology to convert plastics, biomass and other
organic wastes to high quality bio-oil or targeted compounds within a few seconds with the help
of catalyst [7–9]. Currently, different plastics (e.g. high-density polyethylene, polyvinyl chloride,
polypropylene, PET, and polystyrene, etc.) are recycled efficiently by the catalytic pyrolysis process [10].
In addition, numerous kinds of reactors (e.g., batch, semi-batch, fixed bed, fluidized bed, conical spouted
bed and microwave-assisted reactors, etc.) were designed for waste plastics recycling [11,12]. Studies on
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catalytic pyrolysis of PET plastic were mainly carried out under inert atmosphere, and benzene-rich
bio-oil was the main pyrolytic product. Yoshioka et al. [13] screened Ca(OH)2, NiO, TiO2 and Fe2O3

on the catalytic fast pyrolysis of PET under inert atmosphere, and found Ca(OH)2 showed best
decarboxylation performance, the yield of benzene-rich bio-oil reached 31% at 700 ◦C. Besides Ca(OH)2,
CaO and zeolites (HZSM-5) also showed good catalytic performance to produce benzene-rich bio-oil.
Kumagai et al. used the tandem micro (μ)-reactor-gas chromatography/mass spectrometry (TR-GC/MS)
system to investigate the CaO catalytic pyrolysis of the PET process and elucidated the relationship
between CaO deterioration and the aromatic hydrocarbon selectivity, and the nature of PET catalytic
pyrolysis process [14,15]. Du et al. [16] used ZSM-5 zeolite and CaO to catalyze PET via pyrolysis
for producing benzene-rich oil. Both catalysts showed good performance on the deoxygenation of
pyrolysis products, and CaO presented better performance than ZSM-5. In addition, Xue et al. [17]
used HZSM-5 to catalyze PET via pyrolysis for producing benzene-rich oil, elucidated the effect of
HZSM-5 and the PET contact mode, and found that in situ catalytic pyrolysis produced more coke and
aromatics than ex situ catalytic pyrolysis. Besides the benzene-rich bio-oil, benzoic acid could also be
selectively produced from PET via catalytic pyrolysis over sulphated zirconia catalysts [18].

In order to make full use of the oxygen-containing functional groups in biomass and other
oxygen-containing wastes, catalytic pyrolysis under ammonia process was proposed to selectively
converted biomass and oxygen plastic to produce N-containing chemicals [19]. Different than
the traditional pyrolysis process, the CFP-A process consisted of pyrolysis and ammonization,
and ammonia was introduced as a reagent and nitrogen source. N-containing chemicals (e.g. acetonitrile,
pyrrole, pyridines, indoles, and anilines) could be selectively produced from cellulose, bio-derived
furans, glycerol, polylactic acid and lignin via catalytic pyrolysis with the ammonia process [20–24].
The carboxyl group in PET was not used effectively, which could be converted to amides, amines,
nitriles, ketones and other value-added compounds by suitable processes.

Aromatic nitriles (e.g., terephthalonitrile, benzonitrile) have been widely applied to
pharmaceuticals, pesticides, dyes and polymers [25–27]. Terephthalonitrile is a high value-added
fine chemical with a price reaching over $ 6000 per ton. It can be converted to
p-phenylenediamine (raw material of epoxy resin and polyurethane), terephthalic acid (monomer
of PET), pyrethroids pesticide, terephthalonitrile-derived nitrogen-rich network (supercapacitors),
polyamidines polymers (light sensitive material) [28–30]. Benzonitrile has been widely used as
solvent in the synthesis of nitrile-based rubber, resin, polymer and coatings [31–33]. It also has been
used as building block for the synthesis of agrochemicals and pharmaceuticals [34,35]. The price of
benzonitrile is more than $ 4000 per ton, with over 10 thousand tons of benzonitrile being produced
per year. Currently, terephthalonitrile and benzonitrile are produced by the ammoxidation of p-xylene,
toluene industrially [36,37]. In industry, toluene is produced by the catalytic reforming gasoline or
benzene alkylation reaction. p-Xylene is produced by separation from fossil fuel or alkyl transfer
reactions of toluene [38]. However, p-xylene and toluene are mainly derived from non-renewable
fossil-based resources. Therefore, finding a renewable or environment friendly feedstock to produce
terephthalonitrile and benzonitrile is highly desirable for the green production of aromatic nitriles.

In this work, the carboxyl group in PET was utilized efficiently via pyrolysis with synthesized
Ca(OH)2/Al2O3 catalysts. Terephthalonitrile and benzonitrile could be selectively produced from PET
by controlling the catalysts and pyrolysis parameters in a fixed bed reactor. The parameters (pyrolysis
temperature, Ca(OH)2 loading, catalyst usage, ammonia usage, etc), which affected the production of
terephthalonitrile and benzonitrile, were investigated systematically. Furthermore, the possible reaction
pathways from PET to different aromatic nitriles were investigated. Finally, catalysts stability was also
studied by 4 cycle experiments. The fresh and reused catalysts were characterized by X-Ray Diffraction
(XRD), N2 adsorption/desorption, temperature programmed desorption of ammonia (NH3-TPD) and
temperature programmed desorption of carbon dioxide (CO2-TPD) analyses.
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2. Results and Discussions

2.1. Effect of Pyrolysis Temperature

The effect of temperature (500–700 ◦C) on the aromatic nitriles was investigated by using 2%
Ca(OH)2-Al2O3 (1 g) at a constant flow rate of 160 mL/min carrier gas (50% ammonia and 50%
nitrogen). Figure 1 shows the effect of temperature on overall yield of products and nitriles selectivity.
Nitriles (the main product) and aromatics were collected by a cold trap. As temperature increased
from 500 to 700 ◦C, the carbon yields of char, gases, nitriles and aromatics, and nitriles selectivity
changed significantly. In Figure 1a, the carbon yield of char decreased from 15.85 C% at 500 ◦C to
6.03 C% at 700 ◦C, while the carbon yield of gases increased from 11.78 C% at 500 ◦C to 36.04 C%
at 700 ◦C. In addition, the variation trend of nitriles carbon yield with temperature was consistent
with that of char, and aromatics with that of gases. With the temperature increasing from 500 to
700 ◦C, the carbon yield of nitriles decreased from 53.98 to 20.61 C%. Meanwhile, the carbon yield
of aromatics increased from 1.78 C% to 16.46 C%. Figure 1b shows the variation trends of different
nitriles selectivity vs. temperature and the selectivity of other nitriles was very low (less than 3%).
Nevertheless, the variation trends of terephthalonitrile and benzonitrile were completely opposite with
the increase of temperature. At 500 ◦C, the selectivity of terephthalonitrile and benzonitrile was 88.88%
and 8.43%, respectively. However, at 700 ◦C, the selectivity of terephthalonitrile decreased to 7.91%,
and the selectivity of benzonitrile was up to 92.09%. Higher temperature would promote the cracking
and decarboxylation reactions. Pyrolytic temperature affected the production of terephthalonitrile
and benzonitrile significantly. Together with Figure 1a, the carbon yield of terephthalonitrile obtained
at 500 ◦C reached 47.98 C%, and the carbon yield of benzonitrile obtained at 700 ◦C was 18.98 C%.
At 650 ◦C, the carbon yield of benzonitrile was 24.53 C%, the highest carbon from 500–700 ◦C with
the selectivity of benzonitrile in nitriles above 70%. Therefore, 500 ◦C and 650 ◦C were the optimal
pyrolysis temperatures for selectively producing terephthalonitrile and benzonitrile. In the following
tests, the effects of catalyst, residence time (between pyrolytic vapors and catalyst) and ammonia
fraction in the carrier gas on the production of terephthalonitrile and benzonitrile were investigated at
500 ◦C and 650 ◦C, respectively.

 
Figure 1. Effect of temperature on (a) overall yield and (b) nitriles selectivity (2% Ca(OH)2/Al2O3 (1 g);
80 mL/min N2 and NH3 flow rate, 0.5 g polyethylene terephthalate (PET) /batch).

2.2. Optimizing Conditions for Producing Terephthalonitrile at 500 ◦C

The effects of catalyst, residence time and ammonia content in the carrier gas on the production
of terephthalonitrile were studied at 500 ◦C. Figure 2 shows the effect of Ca(OH)2 loading
on Ca(OH)2/Al2O3 catalysts. Tables 1 and 2 give the effects of residence time and ammonia
content, respectively.
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Figure 2. Effect of Ca(OH)2 loading on Ca(OH)2-Al2O3 catalysts on (a) overall yield and (b) nitriles
selectivity for selectively producing terephthalonitrile via the catalytic fast pyrolysis of PET with
ammonia at 500 ◦C. (1 g catalyst; N2 and NH3 flow rate, 80 mL/min; 0.5 g/batch PET feeding).

Table 1. Effect of residence time between pyrolytic vapors and catalyst.1.

Entry
Catalyst

Dosage (g)
Residence Time

(s)
Nitriles (C%)

Aromatics2

(C%)

Nitriles Selectivity (%)

Terephthalonitrile Benzonitrile Other Nitriles3

1 0.6 0.94 57.05 1.44 90.48 6.60 2.52
2 0.8 1.25 60.53 1.51 89.91 6.81 3.29
3 1 1.56 53.98 1.78 88.88 8.43 2.69
4 1.2 1.87 54.96 3.83 86.43 8.26 5.31
5 1.5 2.34 54.52 4.69 82.89 11.48 5.63

1 Reaction conditions: Pyrolysis temperature 500 ◦C; catalyst 2% Ca(OH)2/Al2O3; N2 and NH3 flow rate, 80 mL/min;
PET feeding at 0.5 g/batch;. 2 Aromatics: Benzene, toluene, xylenes, etc.; 3 Other nitriles: Acetonitrile, alkyl aromatic
nitriles, etc.

Table 2. Effect of ammonia content in the carrier gas on selectively producing terephthalonitrile.1.

Entry Ammonia
Content (%)

Nitriles (C%)
Aromatics2

(C%)

Nitriles Selectivity (%)

Terephthalonitrile Benzonitrile Other Nitriles3

1 25% 55.93 2.08 88.78 7.34 3.88
2 50% 60.53 1.51 89.90 6.81 3.29
3 75% 62.93 1.49 89.51 6.63 3.86
4 100% 63.18 1.73 92.28 4.11 3.61

1 Reaction conditions: Pyrolysis temperature 500 ◦C; catalyst 2% Ca(OH)2/Al2O3; catalyst usage 0.8 g; flow rate of
carrier gas: 160 mL/min; PET feeding at 0.5 g/batch;. 2 Aromatics: Benzene, toluene, xylenes, etc.; 3 Other nitriles:
Acetonitrile, alkyl aromatic nitriles, etc.

2.2.1. Effect of Catalyst

The effect of catalyst on selectively producing terephthalonitrile by changing Ca(OH)2 loading
on Al2O3 at the range of 0–8% at 500 ◦C was studied with catalyst dosage and flow rate of carrier
gas fixed at 1 g and 160 mL/min, as well as ammonia content in carrier gas of 50%. The effect of
Ca(OH)2 loading on Al2O3 affected the nitriles and terephthalonitrile production obviously (Figure 2).
In Figure 1a, the carbon yield of char, gases and aromatics changed slightly with Ca(OH)2 increasing
from 0–8.0%, and kept around 14 C%, 12 C% and 3%, respectively. When Al2O3 served as catalyst,
less nitriles and more unidentified compounds were produced with yields of 45.61 C% and 27.80 C%,
respectively. The unidentified compounds were much more than those catalyzed by Ca(OH)2/Al2O3

catalysts. At 2% Ca(OH)2 loading, nitriles reached the highest yield of 53.98 C% and decreased
with Ca(OH)2 loading increasing. At 8% Ca(OH)2 loading, the carbon yield of nitriles decreased
to 47.69 C%. In Figure 2b, the selectivity of other nitriles was very low (around 3%). The lowest
selectivity of terephthalonitrile (81.71%) and the highest selectivity of benzonitrile (13.53%) in nitriles
were obtained by using neat Al2O3. The highest selectivity of terephthalonitrile was 90.0% by using 6%
Ca(OH)2/Al2O3. However, combined with Figure 2a, the carbon yield of terephthalonitrile was only
45.05%, which was less than that (47.98%) with 6% Ca(OH)2/Al2O3. Meanwhile, the terephthalonitrile
selectivity in nitriles in the presence of 2% Ca(OH)2/Al2O3 was 88.9%, which was slightly less than
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that (90.0%) with 6% Ca(OH)2/Al2O3. Therefore, 2% Ca(OH)2 was selected as the optimal loading for
producing terephthalonitrile in the following tests.

2.2.2. Effect of Residence Time Between the Pyrolytic Vapors and Catalyst

Besides temperature and catalyst, residence time between the pyrolytic vapor and catalyst also
influenced the product distributions. Herein, the effect of catalyst dosage was investigated through
changing catalyst dosage (from 0.6 to 1.5 g) in the presence of 2% Ca(OH)2/Al2O3 at 500 ◦C and
flowing carrier gas (50% ammonia and 50% nitrogen) at 160 mL/min. Table 2 shows that residence
time and catalyst also affected the terephthalonitrile production. When catalyst dosage was 0.8 g
and residence time was 1.25 s, the carbon yields of nitriles and terephthalonitrile were the highest
of 60.53 C% and 54.42%, respectively. If residence time was extended further, the carbon yield of
nitriles and terephthalonitrile decreased. Longer contacting time between pyrolytic vapor and catalyst
would promote adequate decarboxylation and alkylation reactions during CFP-A process. At 2.34 s,
the carbon yield of nitriles and terephthalonitrile was only 54.52 C% and 45.19 C%, respectively.
In addition, the selectivity of terephthalonitrile in nitriles also decreased with the increase of residence
time from above 90% at 0.94 s to 82.9% at 2.34 s, respectively. While, the selectivity of benzonitrile
and other nitriles increased from 6.60% and 2.52% at 0.94 s to 11.48% and 5.63% at 2.34 s, respectively.
By comprehensively considering the carbon yield and selectivity of terephthalonitrile, 1.25 s was the
optimal residence time for selective producing terephthalonitrile, and catalyst dosage was selected as
0.8 g in the following tests.

2.2.3. Effect of Ammonia Content in the Carrier Gas

Besides decomposition reactions, ammonolysis reaction also occurred. Ammonia acted both as
carrier gas and reactant for producing nitriles, and is as important as PET and catalyst in this process.
The effect of NH3 content (from 25% to 100%) in the carrier gas was investigated by fixing pyrolysis
temperature (500 ◦C), catalyst dosage (2% Ca(OH)2/Al2O3, 0.8 g), and carrier gas flow rate (160 mL/min).
In Table 3, the higher ammonia content yielded more nitriles and terephthalonitrile. As ammonia content
increased from 25% to 100%, the carbon yield of nitriles and terephthalonitrile increased from 55.93 C%
and 49.66 C% to 63.18 C% and 58.30 C%, respectively. Meanwhile, the selectivity of terephthalonitrile
in nitriles also increased from 88.78% (25% NH3) to 92.28% (100% NH3). Therefore, as compared
with the mixture of N2 and NH3, pure ammonia was more suitable and used as carrier gas in the
terephthalonitrile production process. The best conditions for the production of terephthalonitrile are
selected as 0.8 g of 2% Ca(OH)2/γ-Al2O3, 500 ◦C under pure ammonia with 58.30 C% terephthalonitrile
yield and 92.28% selectivity in nitriles.

Table 3. Effect of residence time between pyrolytic vapors and catalyst.1.

Entry Catalyst Dosage (g) Residence Time (s) Nitriles (C%) Aromatics2

(C%)

Nitriles Selectivity (%)

Terephthalonitrile Benzonitrile
Other

Nitriles3

1 0.6 0.94 32.93 6.33 28.36 64.74 6.89
2 0.8 1.25 31.14 7.85 15.35 77.91 6.74
3 1 1.56 33.1 10.11 12.36 81.12 6.53
4 1.2 1.87 32.96 13.94 6.43 84.98 8.59
5 1.5 2.34 32.05 15.87 4.21 84.21 11.58

1 Reaction conditions: Pyrolysis temperature 650 ◦C; catalyst 4% Ca(OH)2/Al2O3; N2 and NH3 flow rate, 80 mL/min;
PET feeding at 0.5 g/batch;. 2 Armatics: Benzene, toluene, xylenes, etc.; 3 Other nitriles: Acetonitrile, alkyl aromatic
nitriles, etc.

2.3. Optimizing Benzonitrile Production at 650 ◦C

Similarly, the effects of catalyst, residence time and ammonia content on the production of
benzonitrile were studied at 650 ◦C. Figure 3 shows the effect of Ca(OH)2 loading of Ca(OH)2/Al2O3

catalysts, Tables 4 and 5 give the effect of residence time and effect of ammonia content in the carrier
gas on the production of benzonitrile.
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Figure 3. Effect of Ca(OH)2 loading on Ca(OH)2-Al2O3 catalysts on (a) overall yield and (b) nitriles
selectivity for selectively producing terephthalonitrile via the catalytic fast pyrolysis of PET with
ammonia at 650 ◦C. (1 g catalyst; N2 and NH3 flow rate, 80 mL/min; PET feeding, 0.5 g/batch)

Table 4. Effect of ammonia content in the carrier gas on selectively producing benzonitrile.1.

Entry Ammonia
Content (%)

Nitriles (C%)
Aromatics2

(C%)

Nitriles Selectivity (%)

Terephthalonitrile Benzonitrile Other Nitriles3

1 25% 25.53 15.81 7.46 84.04 8.5
2 50% 32.96 13.94 6.43 84.98 8.59
3 75% 34.14 13.5 6.85 84.33 8.82
4 100% 36.83 12.56 8.12 82.60 9.28

1. Reaction conditions: Pyrolysis temperature 650 ◦C; catalyst: 4% Ca(OH)2/Al2O3; catalyst usage 1.2 g; flow rate of
carrier gas: 160 mL/min; PET feeding at 0.5 g/batch;. 2. Aromatics: Benzene, toluene, xylenes, etc.; 3. Other nitriles:
Acetonitrile, alkyl aromatic nitriles, etc.

Table 5. Summary of catalytic fast pyrolysis with ammonia (CFP-A) of model chemicals over 4%
Ca(OH)2/Al2O3 at 650 ◦C.1.

Entry Feedstock Nitriles (C%)
Aromatics 2

(C%)

Nitriles Selectivity (%)

Terephthalonitrile Benzonitrile Other Nitriles3

1 Benzoic acid 68.75 3.02 N.D 100 N.D

2 Methyl
benzoate 64.34 3.46 N.D 98.78 1.22

3 Benzamide 86.56 5.68 N.D 100 N.D

4 Terephthalic
acid 56.05 2.89 53.02 45.43 1.55

5 Dimethyl
terephthalate 59.52 3.27 49.59 47.54 2.86

6 Benzonitrile 95.74 0.45 N.D 100 N.D

1 Reaction conditions: Pyrolysis temperature 650 ◦C; catalyst: 4% Ca(OH)2/Al2O3; catalyst usage 1.2 g; flow rate of
carrier gas: 160 mL/min; PET feeding at 0.5 g/batch;. 2 Aromatics: Benzene, toluene, xylenes, etc.; 3 Other nitriles:
Acetonitrile, alkyl aromatic nitriles, etc.

2.3.1. Effect of Catalyst

The effect of Ca(OH)2 loading on Al2O3 on selectively producing benzonitrile was investigated.
The Ca(OH)2 loading on Al2O3 was in the range of 0–8%. Compared to the production of
terephthalonitrile, Ca(OH)2 loading on Al2O3 had a more obvious influence (especially on the
catalytic cracking and decarboxylation) on the producing benzonitrile. In Figure 3a, the more Ca(OH)2

loading on Al2O3, the more gases, aromatics and unidentified carbon were produced with less
nitriles. When 8% Ca(OH)2/Al2O3 served as catalyst, the carbon yield of nitriles was only 24.67 C%,
much less than that (40.65 C%) with neat Al2O3. Figure 3b shows that Ca(OH)2 loading on Al2O3 could
promote the formation of benzonitrile but inhibit terephthalonitrile production. In the presence of 6%
Ca(OH)2/Al2O3, the highest selectivity of benzonitrile in nitriles (82.24%) was obtained. In addition,
the selectivity of benzonitrile with 4% Ca(OH)2/Al2O3 was 81.12 %, which was similar to that of
6% Ca(OH)2/Al2O3. Therefore, 4% Ca(OH)2/Al2O3 was selected for producing benzonitrile in the
following tests.
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2.3.2. Effect of Residence Time

The effect of residence time on benzonitrile production was studied by changing catalyst
(4% Ca(OH)2/Al2O3) dosage (from 0.6 to 1.5 g) at 650 ◦C and carrier gas (50% NH3 and 50% N2) flow
rate of 160 mL/min. In Table 2, residence time affected the carbon yield of nitriles slightly, but affected
the carbon yield of aromatics and the nitriles selectivity significantly. The effect of residence time on
the production of benzonitrile at 650 ◦C was similar to that of the production of terephthalonitrile
at 500 ◦C. Longer residence time could promote PET to form more benzonitrile and aromatics and
less terephthalonitrile. The carbon yield and selectivity of benzonitrile in nitriles were the highest of
28.01 C% and 84.98 %, respectively at residence time of 1.87 s (catalyst dosage of 1.2 g). Therefore, 1.87 s
was selected as optimal residence time for producing benzonitrile with catalyst dosage of 1.2 g in the
following tests.

2.3.3. Effect of Ammonia Content

The effect of NH3 content (25% to 100%) on the production of benzonitrile was investigated
by fixing temperature (650 ◦C), catalyst dosage (4% Ca(OH)2/Al2O3, 1.2 g) and carrier gas flow rate
(160 mL/min). The effect of ammonia content on benzonitrile production (Table 4) was the same
as that on terephthalonitrile production (Table 3). The higher ammonia content could cause more
nitriles and benzonitrile production. When pure ammonia served as carrier gas, the carbon yields of
nitriles and benzonitrile were 36.83 C% and 30.42 C%, which were much higher than those (25.53 C%
and 21.45%) with 25% ammonia. Meanwhile, the selectivity of benzonitrile in nitriles was up to
82.60%. Therefore, pure ammonia was more suitable and used as carrier gas in the benzonitrile
production process. The optimal conditions for the production of benzonitrile were selected as 1.2 g
of 4% Ca(OH)2/γ-Al2O3, 650 ◦C under pure ammonia with 30.42 C% benzonitrile yield and 82.60%
selectivity in nitriles.

2.4. Possible Reaction Pathways from PET to Terephthalonitrile and Benzonitrile

The reaction pathways from PET to terephthalonitrile were investigated in the previous study
on selectively producing terephthalonitrile by CFP-A of PET over H3PO4 modified Al2O3 catalysts
at 500 ◦C [39]. Terephthalic acid and related esters were the key intermediates for the production
of terephthalonitrile from PET. Herein, the possible reaction pathways from PET to benzonitrile
at 650 ◦C were also investigated by a series of experiments. Firstly, the pyrolysis experiment of
PET without catalyst under ammonia was carried out. The detailed product distributions were
detected by GC-MS (Agilent 7890-5977B, Santa Clara, CA; Figure S1 and Table S1 in Supplementary
Materials). The pyrolytic products were benzoic acid and its derived esters, benzamide, terephthalic
acid and its derived esters. Therefore, benzoic acid, methyl benzoate, benzamide, terephthalic acid,
dimethyl terephthalate and benzonitrile were employed as the feedstocks for producing nitriles
(Table 5). In entries 1–3, benzoic acid, benzamide and methyl benzoate could be easily converted to
benzonitrile with high selectivity (> 98%) through the acid-catalyzed ammoniation and dehydration
reactions over Al2O3-based catalysts. It indicated that benzoic acid, benzamide, methyl benzoate
were the key intermediates from PET to benzonitrile. In addition, as terephthalic acid and dimethyl
terephthalate served as feedstocks (entries 4 and 5), the main product was terephthalonitrile and
benzonitrile. The selectivity of benzonitrile in nitriles was more than 45%. The results showed that
benzonitrile could be produced from terephthalic acid and dimethyl terephthalate at higher pyrolysis
temperature via selective decarboxylation reaction over Ca(OH)2/γ-Al2O3 catalyst.

Besides the nitriles, a certain amount of aromatic hydrocarbons could also be detected. Under the
optimal conditions for producing benzonitrile, the carbon yield of aromatics was around 13 C%.
Under the same conditions, the carbon yields of model compounds were less than 6%, and more
aromatics were produced from benzamide than those of aromatic acids and their derived esters.
Meanwhile, as benzonitrile served as feedstocks, less than 1% of aromatics were detected in the products.
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It indicated that aromatics could not be produced by the further cracking of benzonitrile, and benzonitrile
was stable during the CFP-A process. The carbon-carbon bond dissociation energy of model compounds
(Table S2) was calculated based on the DFT method with much weaker value for benzamide than those
of nitriles, and aromatic acids and their derived esters. Aromatics (e.g., toluene, styrene, biphenyl)
were detected during the thermal decomposition of PET without catalyst. Therefore, aromatics could
be produced from PET by the direct thermal decomposition process, they could also be produced from
benzamide, aromatic acids and derived esters via catalytic decarboxylation and cracking reactions
over Ca(OH)2/γ-Al2O3 catalyst during the CFP-A process.

Based on all the above findings, the reaction pathways from PET to terephthalonitrile
and benzonitrile were proposed and summarized in Figure 4. At lower temperature (500 ◦C),
terephthalic acid and its derived esters were the main pyrolytic products, and the key intermediates
from PET to terephthalonitrile. At a higher temperature (650 ◦C), benzoic acid, methyl benzoate,
benzamide were the main intermediates from PET to benzonitrile. Aromatics were produced as
by-products from PET, benzamide, aromatic acids and derived esters via thermal decomposition,
decarbonylation, cracking reaction during the CFP-A process.

 
Figure 4. Possible reaction pathways from PET to terephthalonitrile and benzonitrile.

2.5. Catalysts Stability

The stability of catalysts was studied by conducting 4 reaction/regeneration cycles at the
optimal conditions for terephthalonitrile and benzonitrile. BET (Barrett–Emmet–Taller) surface
area, pore volume, acidity and basicity were also investigated to illustrate the deactivation of catalysts.
For each cycle, the spent catalyst was calcined with air (100 mL/min) at 650 ◦C for 3 h to remove the
coke formed on the surface of the catalyst. In Figure 5a, as compared to the fresh catalyst, the carbon
yield of nitriles and terephthalonitrile did not decrease after 2 cycles, indicating that the catalyst
(2% Ca(OH)2/Al2O3) kept stable for the first and second cycles. After 4 cycles, the carbon yield of nitriles
and terephthalonitrile decreased to 60.62 C% and 54.76 C%, slightly decreased by 6% as compared to
that at the first cycle (63.17 C% and 58.30 C%). In Figure 5b, 4% Ca(OH)2/Al2O3 deactivated little at
the first and second cycles for producing benzonitrile. However, after 4 cycles, the carbon yield of
nitriles and benzonitrile decreased to 34.49% and 25.18%, respectively. Therefore, the above results
suggested that 2% and 4% Ca(OH)2/Al2O3 catalysts were stable for the production of terephthalonitrile
and benzonitrile.
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Figure 5. Yield of products vs. catalyst cycle for (a) terephthalonitrile at 500 ◦C, and (b) benzonitrile
at 650 ◦C. ((a) 1g 2% Ca(OH)2/Al2O3; N2 and NH3 flow rate, 120 mL/min and 40 ml; PET feeding,
0.5 g/batch; (b) 1.2g 4% Ca(OH)2/Al2O3; ammonia, 160 mL/min; PET feeding, 0.5 g/batch).

2.6. Catalysts Characterzation

The fresh and used catalysts after 4 cycles were characterized by XRD, N2 adsorption/desorption,
NH3-TPD and CO2-TPD. In Figure 6 for XRD patterns, the peaks at 18.5◦, 20.4◦, 36.8◦, 27.8◦ and 66.7◦
(2θ) of fresh 2% and 4% Ca(OH)2/Al2O3 were the characteristic ones for Al2O3·3H2O, the peaks at 37◦,
46◦ and 66.7◦ of recycled catalysts were the characteristic ones for Al2O3. The crystallinity of catalysts
changed a lot during the reactions. In addition, no characteristic peaks of Ca(OH)2 and its derives
were detected in Figure 6, indicating that the crystallinity of Ca(OH)2 was not very high and Ca(OH)2

was dispersed well on the surface of γ-Al2O3. BET surface area, pore volume, total acid amounts and
total basic amounts were given in Table 6. The BET surface area and pore volume of fresh 2% and
4% Ca(OH)2/Al2O3 were 148.14 m2/g & 0.70 cm3/g, and 147.13 m2/g & 0.69 cm3/g, but decreased to
116.76 m2/g & 0.56 cm3/g, and 122.63 m2/g & 0.60 cm3/g after 4 cycles, respectively. It also indicated the
changes of catalyst micro structure during cycles. The total acid amounts and basic amounts of fresh
and used catalysts measured by NH3-TPD and CO2-TPD were summarized in Table 6 with detailed
spectra given in Figures S2 and S3. As compared with 2% Ca(OH)2/Al2O3, 4% Ca(OH)2/Al2O3 has
higher total acid amounts (377.05 μmol NH3/g) and basic amounts (241.24 μmol CO2/g). After 4 cycles
for producing terephthalonitrile at 500 ◦C with 2% Ca(OH)2/Al2O3, the acid amounts of used catalyst
decreased slightly to 295.74 μmol NH3/g, while the basic amounts decreased significantly to 77.40 from
197.54 μmol CO2/g. For 4% Ca(OH)2/Al2O3, the total acid amounts and basic amounts decreased
significantly after 4 cycles at 650 ◦C.

Figure 6. XRD patterns of fresh and used catalysts.
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Table 6. Typical properties of catalysts.

Entry Catalysts
BET Surface
Area (m2/g)

Pore Volume
(cm3/g)

Total Acid
Amounts

(μmol NH3/g)

Total Basic
Amounts

(μmol CO2/g)

1 2% Ca(OH)2/γ-Al2O3 148.14 0.70 303.91 197.54
2 4% Ca(OH)2/γ-Al2O3 147.13 0.69 377.05 241.24
3 Used 2% Ca(OH)2/Al2O3

1 116.76 0.56 295.74 77.40
4 Used 4% Ca(OH)2/Al2O3

2 122.63 0.60 160.58 99.16
1 Used 2% Ca(OH)2/Al2O3: After 4 cycles for producing terephthalonitrile at 500 ◦C and 160 mL of pure ammonia,
and remove coke with air (100 mL/min) at 650 ◦C for 3 h. 2 Used 4% Ca(OH)2/Al2O3: After 4 cycles for producing
benzonitrile at 650 ◦C and 160 mL of pure ammonia, remove coke with air (100 mL/min) at 650 ◦C for 3 h.

3. Materials and Methods

3.1. Materials

Methanol (≥99.5%), benzene (≥99.5%), toluene (≥99.5%), xylene (≥99.5%), biphenyl (≥99.5%)
and Ca(OH)2 (≥99.5%) were purchased from Sinopharm Chemical Reagent Co. Ltd., Beijing, China.
Bi-cyclohexane (≥99.5%), naphthalene (≥99.5%), terephthalonitrile (≥99.5%), benzonitrile (≥99.5%) and
terephthalamide (>98%) as calibrants, benzoic acid (99%), p-phthalic acid (99%), benzamide (≥99.5%),
methyl benzoate (≥99.5%), dimethyl terephthalate (≥99%) and γ-Al2O3 (20 nm) were purchased from
Aladin Chemical Reagent Co. Ltd (Shanghai, China).

PET powder (AR, ~100 meshes) were purchased from Shanghai Youngling-Tech Co. Ltd., Shanghai,
China. All these chemicals and materials were used without further purification. The elemental
analysis of PET powders was shown in Table S3.

Air, NH3 (≥99.995%, AR), N2 (99.999%), Ar (99.999%), He (99.999%) were purchased from Nanjing
Special Gases Factory, Jiangsu, China. The standard gas (C6+ 0.0920%, CH4 53.922%, C2H2 0.561%,
C3H4 0.523%, trans -butane 0.501%, cis-butane 0.505%, 1,3-butadiene 0.523%, N2 10.40%,C2H4 1.01%,
C3H8 1.01%, iso-butane 2.01%, n-butene 0.532%, isopentane 0.505%, CO2 2.02%, CO 0.986%, C2H6 1.05%,
C3H6 1.01%, n-butane 1.98%, isobutene 0.505%, n-pentane 0.515%, O2 5.10%, H2 14.74%) was purchased
from Dalian Special Gases Co., Ltd (Dalian, China) for gas calibration.

3.2. Catalysts Preparation and Regeneration

For Ca(OH)2/γ-Al2O3: The modified γ-Al2O3 catalysts were prepared by wetness impregnation
with aqueous Ca(OH)2 solution [(mass ratio from 2% to 8% based on Ca(OH)2 (the mass ratio of
γ-Al2O3 to water was 1:10)]. After the impregnation, the catalysts were dried in an oven at 110 ◦C for
12 h, and calcined at 550 ◦C for 4 h in air. All the above catalysts were crushed and screened for about
40 meshes. For catalyst regeneration, after each cycle, catalyst was calcined with air (100 mL/min) at
550 ◦C for 3 h to remove coke.

3.3 Catalyst Characterization
Catalysts were analyzed on a theta rotating anode X-ray diffractometer (TTP-III, Rigaku, Tokyo,

Japan) using CuKα radiation at 40 kV and 40 mA, with 2θ ranges of 10◦–70◦ at scan rate of
10 ◦/min. The nitrogen adsorption/desorption isotherms of the catalysts were measured by Autosorb-iQ
(Quantachrome, Boynton Beach, FL, USA). The surface area and total volume were determined through
the BET method. The NH3-TPD and CO2-TPD tests of the catalyst were conducted with Chembet
PULSAR temperature-programmed reduction/desorption (TPR/TPD) (Quantachrome, Boynton Beach,
FL, USA). The detailed method of NH3-TPD was referred to previous work [16]. The CO2-TPD for
acidity test of the catalyst was also conducted with the Chembet PULSAR TPR/TPD. Four different
volumes (0.5, 1, 1.5, 2 mL) of a standard CO2 gas were used to calibrate total basic density with
R2 > 0.999. About 200 mg of sample were put in a reactor and pre-treated in situ for 4 h at 550 ◦C in
a flow of argon. After cooling to 100 ◦C, CO2 adsorption was performed by feeding pulses of CO2

to the reactor. After the catalyst surface became saturated, the sample was kept at 100 ◦C for 2 h to
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remove the base excess. CO2 was thermally desorbed by rising the temperature with a linear heating
rate of approximately 10 ◦C/min from 100 to 500 ◦C.

3.3. Pyrolysis Experiments

Catalytic pyrolysis of PET was carried out in a fixed bed reactor (Anhui Kemi Machinery
Technology Co. LTD, Hefei, China) at 450 to 700 ◦C (height: 400 mm, internal diameter: 10 mm;
Figure S4). All the experiments were isothermal and batch. For each run, the catalyst was fixed
in the reactor as catalyst bed, and solid PET was fed manually into the reactor under a certain rate
and purged with carrier gas. The volatile products were trapped in a cold trap, and diluted with
hot methanol for GC and GC/MS analysis. The non-condensable gas products were collected with
a gas bag, and washed with phosphoric acid solution to remove excess ammonia. The volume of gas
products was measured via drainage method, and its compositions were determined by GC. Due to
p-phthalic acid, benzoic acid, benzamide, methyl benzoate, dimethyl terephthalate were the solid
feedstocks, they were fed the same as PET for catalytic pyrolysis. Benzonitrile was liquid at room
temperature and injected to the reactor for pyrolysis experiments. The detailed pyrolysis system was
shown in Figure S5.

3.4. Products Analyses

The liquid samples were analyzed by a GC-MS (Agilent 7890B-5977B, Agilent Technologies Inc.
Santa Clara, CA, USA) equipped with an HP-5 MS capillary column (30 m × 0.25 mm × 0.25 mm).
Split injection was performed at a split ratio of 50 using helium (99.999%) as carrier gas. The oven
temperature was held at 40 ◦C for 3 min, heated to 280 ◦C at 10 ◦C /min, and held at 280 ◦C for 5 min.
The GC-MS mode was shown in Table S4.

The carbon yield and selectivity of coke, bio-oil and gases products were quantitatively determined
by elemental analysis (Elementar, Langenselbold, Germany), GC. The liquid products (such as aromatic
nitriles, aromatic hydrocarbons) were quantitatively determined by GC (GC-2010 plus, Shimadzu,
Kyoto) employing a 30m × 0.25mm × 0.25μm fused-silica capillary column (DB-Wax, Shimadzu).
The products in the cold trap were mixed with bi-cyclohexane as the internal standard with calibration
factor of 1.084 for benzonitrile, 1.261 for terephthalonitrile, 0.941 for benzene, 1.023 for toluene, 1.112 for
naphthalene and diluted by hot methanol (25 mL) for GC analysis. The GC operating conditions
were as follows: Carrier gas—nitrogen; injection port—250 ◦C in a split mode; detector (FID)—250 ◦C;
column temperature—40 ◦C; oven temperature program—heating up to 250 ◦C at a rate of 10 ◦C/min,
and holding at a final temperature for 10.0 min.

For gas product analysis, the entire gas of each run was collected with an air bag, weighed,
and analyzed using GC (GC-2014C, Shimadzu, Kyoto, Japan) with two detectors and four columns
(PC1: P-N 80/100 mesh, 3.2 × 2.1 mm × 1 m; MC-1: P-N 80/100 mesh, 3.2 × 2.1 mm × 1.0 m; MC-2:
MS-13X, 80/100 mesh, 3.2 × 2.1 mm × 2 m; MC-3: HP-Al2O3, 30 m × 0.53 mm × 15 μm), a thermal
conductivity detector (TCD), PC-1, MC-1 and MC2 columns for analysis of H2, CO, CH4 and CO2,
and a flame ionization detector (FID) and MC-3 column for gas hydrocarbons. The moles of gas
products were externally calibrated with three different concentrations diluted with N2 from the
standard gas mixture. The GC operating conditions were as follows: Carrier gas—nitrogen and argon;
detector (FID and TCD)—150 ◦C; column temperature—50 ◦C; oven temperature program—holding at
50 ◦C for 3 min, heating up to 130 ◦C at a rate of 10 ◦C/min, and holding for 3 min. In addition, due to
the excess ammonia existing in this process, which is easy to react with CO2 (formed in the pyrolysis
process), thus CO2 couldn’t be detected by GC in this study.

The carbon yield of coke, gases, nitriles, aromatics and nitriles selectivity were calculated from
Equations (1) to (5) as described in previous work [29]. The unidentified carbon yield was calculated
from Equation (6) by mass balance closure. The residence time was calculated from Equation (7)

Coke yield (C%) = Carbon moles in coke/Carbon moles in PET feeding ×100% (1)
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Gases yield (C%) = Carbon moles in gases/Carbon moles in PET feeding ×100% (2)

Nitriles yield (C%) = Carbon moles in nitriles/Carbon moles in PET feeding ×100% (3)

Aromatics yield(C%) = Carbon moles in aromatics/Carbon moles in PET feeding ×100% (4)

Nitriles selectivity (%) = Carbon moles in specific nitrile/Carbon moles in all nitriles×100% (5)

Unidentifed carbon yield (C %) = 100%-identified carbon yield (6)

Residence time (s) = Catalyst volume/Carrier gas flow rate (7)

4. Conclusions

Ca(OH)2/Al2O3 catalysts were used to produce terephthalonitrile and benzonitrile from
polyethylene terephthalate (PET) via catalytic fast pyrolysis with the ammonia process. The best
conditions for the production of terephthalonitrile were selected as 0.8 g of 2% Ca(OH)2/γ-Al2O3, 500 ◦C
under pure ammonia with 58.30 C% terephthalonitrile yield and 92.28% selectivity in nitriles. In addition,
4% Ca(OH)2/Al2O3 was the suitable catalyst for producing benzonitrile. Under conditions with catalyst
dosage of 1.2 g, residence time of 1.87 s at 650 ◦C and pure ammonia flowing of 160 mL/min, the yield
and selectivity of benzonitrile was 30.42 C% and 82.60%, respectively. After 4 cycles, the catalysts
deactivated slightly and kept stable. The fresh and used catalysts were further characterized with XRD,
N2 adsorption/desorption, NH3-TPD and CO2-TPD.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/5/436/s1,
Figure S1. The GC-MS spectra of pyrolysis PET with ammonia at 650 ◦C; Figure S2. The NH3-TPD spectra of
fresh and used catalysts; Figure S3. The CO2-TPD spectra of fresh and used catalysts; Figure S4. The schematic
diagram of the pyrolysis system; Figure S5. The schematic diagram of the liquid feeding pyrolysis system; Table S1.
The detailed chemical compositions of pyrolysis PET with ammonia at 650 ◦C; Table S2. C-C Bond dissociation
energy of some model compounds @25 ◦C and @650 ◦C; Table S3. Elemental analyses of PET plastic; Table S4.
Integration parameters and their values set in mass spectrometry detector (MSD) ChemStation.
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Abstract: This work presents studies on the co-combustion of sludge and wheat straw (30 wt %
sludge + 70 wt % wheat straw). Prior to the combustion experiment, thermogravimetric analysis was
performed to investigate the combustion characteristic of the blended fuel. Results indicated that the
blended fuel could remedy the defect of each individual component and also promote the combustion.
Co-combustion experiments were conducted in a lab-scale vertical tube furnace and the ash samples
were analyzed by Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES), X-ray
Diffraction (XRD), and Scanning Electron Microscope (SEM). Thermodynamic calculations were also
made to study the interactions that occurred. Addition of sludge could raise the melting point of
wheat straw ash and reduce the slagging tendency. Co-combustion also restrained the release of K
and transferred it into aluminosilicate and phosphate. Transfer of Pb and Zn in the co-combustion
was also studied. The release and leaching toxicity of the two heavy metals in the co-combustion
were weakened effectively by wheat straw. PbCl2(g) and ZnCl2(g) could be captured by K2SiO3 in
wheat straw ash particles and generate silicates. Interactions that possibly occurred between K, Zn,
and Pb components were discussed at the end of the paper.

Keywords: sludge; wheat straw; co-combustion; thermodynamic calculation

1. Introduction

Biomass energy is attracting the world’s attention due to its zero CO2 emissions and considerable
production worldwide. Of all the treatments, combustion has the advantages of a simple process, high
heat utilization, and capacity reduction rate. However, its popularization was restrained by slagging,
fouling, and ash deposit derived from the alkali contained [1]. Alkali metal, especially potassium,
was necessary for plant growth and primarily existed in the form of ionic or soluble salts in straw
biomass. Mass fraction of K in the raw dried straw accounted for 0.1~5 wt %; it was mobile and easily
to transfer [2]. In the biomass combustion, potassium could: (1) release in the form of KCl(g); (2) react
with Si and form low-melting silicates; and (3) combine with S and cause ash deposits [3–5]. Migration
of K in biomass combustion requires monitoring and K-inducing problems need to be resolved.

On the other hand, sludge is a byproduct of sewage treatment, extremely complex, and composed
of organic fragments, bacteria, colloids, microorganisms, organic, and inorganic matters. Unstable
organic matters in the sludge decomposed and reeked odor, meanwhile the heavy metal contained
could also leach out and pollute groundwater [6]. However, sludge was rich in P, which mainly comes
from the suspended solids in the raw waste water and phosphorus-based flocculants added in the
water treatment. The idea of co-combustion of biomass and sludge has been put forward in recent
years and some researchers proved that the co-combustion did mitigate the problems related with
alkali metals in the combustion of biomass [7–9]. In particular, Li revealed the mechanism of potassium
phosphate formation during the co-combustion of sludge and straw [10].
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Apart from P, Al-based flocculants were another component in the water treatment. Mass fraction
of Al in the dried sludge accounted for 15~40% and Al2O3 was one of the main components of sludge
ash [11]. Our previous studies reported that Al in the coal could react with alkali silicates in the
biomass–coal co-combustion, which was the primary reaction between the two fuels and could relieve
the agglomeration of bed materials in fluidized beds [12,13]. It could be inferred that similar reactions
may also take place in the biomass–sludge co-combustion.

However, sludge from municipal sewage plants contained heavy metals including Zn, Pb, Cu, Cr,
and Mn [14,15]. In the incineration of sludge, heavy metals could transfer into flue gas and pollute
the ecosystem. According to the release ratio, the elements could be divided into easily volatile
elements and semi-volatile elements. Their release was also affected by incineration temperature,
excess air coefficient, type of reactor, fuel composition, and so on [16]. Considering the relative content
and release characteristics, Pb and Zn in the sludge were paid more attention in sludge combustion.
Yu and Zhang found that Cl in the fuel could enhance the release of Pb in that evaporation pressure
of chlorides was usually larger than oxides [17,18]. However, some researchers also claimed that
Cl did not exert a significant effect on Zn release in sludge combustion compared with other heavy
metals [19,20]. Guo conducted the co-firing of sludge and biomass and found Zn and Pb appeared
to have different migration characteristics and found Pb was inclined to be enriched in fly ash [21].
Several studies also assessed the risk of heavy metals in the sludge ash, confirming the decreasing effect
on heavy metal leaching toxicity in co-combustion [22–24]. In recent years, the chemical equilibrium
calculation was also used to investigate the existing form of alkali and heavy metals and it was believed
that the theoretical conclusion corresponded basically with experimental results [25,26].

Despite the numerous studies concerning the combustion of biomass and sludge before, the
mechanisms of co-combustion characteristics and slagging control in the co-combustion remain unclear
and require further investigation. In addition, mineral transformation behaviors, especially heavy
metal transfer pathways during co-combustion at different combustion stages, should be investigated.

In this paper, characteristics of sludge–wheat straw co-combustion was investigated firstly,
and then interactions concerning K, Zn, and Pb were also studied by thermodynamic calculation
and experiment in a tube furnace. Samples produced were analyzed by ICP-OES, XRD, and SEM,
respectively. Moreover, thermodynamic calculations were applied to discuss the possible reactions of
Pb and Zn in the co-firing. Mass fraction of sludge in the co-combustion was set as 30% considering its
relatively lower heat value and higher amount of heavy metals, and could be applied to the existing
biomass power plants [21,22].

2. Results and Discussion

2.1. TG and DTG Analysis

The TGA tests of wheat straw, sludge, and their mixture were carried out and the TG and DTG
curves of the three fuels are given in Figure 1. For combustion of wheat straw, four distinct stages
could be divided. In the initial preheating stage below 200 ◦C, the wheat straw experienced the loss of
free/bound water. The second stage occurred around 310 ◦C, around which the pyrolysis took place,
meanwhile the volatile matter separated out and burned rapidly. At about 500 ◦C the fixed carbon
of the wheat straw began to combust. At about 680 ◦C the residue burned up and some minerals
evaporated, causing a slight decrease of weight. After 700 ◦C the combustion was largely completed.

For combustion of sludge, three stages could be inferred from the DTG curve. At 100 ◦C the first
peak was caused by the loss of water. The second peak at 300 ◦C and the third peak at 470 ◦C were the
reaction of volatile matter and fixed carbon, respectively. The maximum weight loss rate was much
smaller compared with wheat straw (WS). After 600 ◦C, the two curves both became flat.

In the condition of the blended fuels combustion, three stages would be concluded on the whole.
In the dewater process, the two peaks at 100 ◦C and 200 ◦C were brought by the two individual
components. In the second stage, the peak was also generated by the superposition of the two
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individual peaks and the value of the maximum weight loss rate was apparently higher than that of the
linear superposition by the two individuals. Additionally, the value of the reaction temperature gained
by the experiment was lower than the value calculated. In the third stage, the maximum weight loss
rate of carbon residue was lower than the predicted value while the temperature was slightly higher.
To conclude, co-combustion was not the simple superposition of the two individuals and interaction
did take place, actually improving the combustion condition.

⋅ ⋅

 
(a)                                     (b) 

°

⋅

 
(c) 

Figure 1. TG and DTG curves of: (a) wheat straw (WS); (b) sludge; (c) 70% WS + 30% sludge in
air atmosphere.

2.2. Morphology of Bottom Ash

Figure 2a illustrates SEM micrographs of WS ash at 800 ◦C. It could be seen that a slight slagging
and sintering phenomenon occurred in the surface of WS ash produced at this temperature. Every
single submicron particle adhered with each other. However, the morphology of the ash was irregular,
and the pore structure was relatively distinct.

WS bottom ash produced at 1000 ◦C in Figure 2b was found to have the character of experiencing
severe liquid-phase melting, the surface was rather smooth and the boundaries between the ash
particles became obscure. In addition, the pore structure of the ash almost disappeared and was
occupied by eutectic compounds with a low melting point. This could increase the mass transfer
resistance and affect the transfer of gaseous species.

In the case of co-combustion at 1000 ◦C, from Figure 2c it could be inferred that the sludge ash
particles appeared in the shape of a group of bricks, of which the size was much larger than WS ash
particles. WS ash particles scattered over the surface of the sludge ash. Addition of sludge diluted the
ratio of WS ash, thus increasing the gaps between the particles and reducing the tendency of slagging.
However, the chemical reaction that occurred also played a role.

135



Catalysts 2019, 9, 182

⋅ ⋅

°

Figure 2. SEM images of ash samples: (a) WS ash produced at 800 ◦C; (b) WS ash produced at 1000 ◦C;
(c) ash produced in co-combustion at 1000 ◦C at 50,000 magnification.

To quantify the slagging trend of the ashes, deformation temperature (DT), softening temperature
(ST), hemispherical temperature (HT), and flowing temperature (FT) are listed in Table 1.

Table 1. Melting characteristic temperature of the fuel ashes produced at 800 ◦C. DT: deformation
temperature; ST: softening temperature; HT: hemispherical temperature; FT: flowing temperature.

DT/◦C ST/◦C HT/◦C FT/◦C

WS 947 1136 1172 1201
sludge 1195 1289 1310 1324

70% WS + 30% sludge 1021 1194 1221 1243

2.3. Ash Component Analysis

Ash samples were collected and an XRD experiment was conducted. The crystalline phase
patterns are shown in Figure 3. For WS ash produced at 600 ◦C, the crystalline phase detected was
KCl, CaSiO3, SiO2, and Na2MgCl4. Alkali metals mainly existed in the form of chlorides and the
peak of Si species was not clear. Sludge ash at 600 ◦C mainly consisted of SiO2, KAl2Si3AlO10(OH)2,
Fe2O3, Al2SiO5, and Ca3(PO4)2. In the co-combustion at 600 ◦C, principal constituents of the ash were
SiO2, KAl2Si3AlO10(OH)2, Fe2O3, K4Ca(PO4)2, and 3Al2O3·2SiO2. Potassium chlorides in WS ash
could react with Al in the sludge ash and generate muscovite, transforming the soluble, active K into
insoluble, stable parts. Additionally, potassium phosphate was also detected. The following reactions
may take place in the co-combustion at this temperature.

2KCl + 3Al2O3 + 6SiO2 + 3H2O(g) → 2KAl2Si3AlO10(OH)2 + 2HCl(g) (1)

6KCl + Ca3(PO4)2 → 2K3PO4 + 3CaCl2 (2)

At 800 ◦C, WS ash mainly consisted of SiO2, CaSiO3, K2SO4, and K2Si2O5. It should be noted that
potassium chloride totally transferred into other forms. Reactions in Equations (3)−(4) took place with
the rise of temperature.

6KCl + Ca3(PO4)2 → 2K3PO4 + 3CaCl2 (3)

2KCl + H2O(g) + 2SiO2 → K2Si2O5 + 2HCl(g) (4)

Meanwhile, the chemical composition of sludge ash remained constant during the raising
temperature. Blended fuel ash produced at 800 ◦C consisted of KAlSiO4, KAlSi3O8, SiO2, Ca3(PO4)2,
and K4Ca(PO4)2. Reactions concerning K in the co-combustion at 800 ◦C are listed below.

K2Si2O5 + Al2O3 → 2KAlSiO4 (5)

3K2Si2O5 + Ca3(PO4)2 → 3CaSiO3 + 2K3PO4 + 3SiO2 (6)
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When the temperature was enhanced to 1000 ◦C, the crystallinity became poor due to the
melting/sintering that occurred in the WS ash, which was caused by amorphous glassy silicates [12].
The only species detected in the WS ash was SiO2. Sludge ash at 1000 ◦C consisted of 3Al2O3·2SiO2,
SiO2, KAlSi3O8, Fe2O3, Ca3(PO4)2, and Ca9Fe(PO4)7. It could be seen that kaolin was the dominant
substance, of which the melting temperature was 1785 ◦C and was rather stable at high temperatures.

At 1000 ◦C, ash of the blended fuel was mainly composed of SiO2, KAlSi2O6, KFeSi3O8, CaAl2SiO6,
Ca7Mg2P6O24, and Ca3(PO4)2. K mainly existed in the Al–Si structure and P in the sludge could also
react with the K species. Similar results were also found in earlier research [13,27]. The transfer
pathway related to K is listed below.

K2Si2O5 + Fe2O3 + 4SiO2 → 2KFeSi3O8 (7)

It could be seen that in the co-combustion, K-inducing slagging and melting could mainly be
solved by sludge through two mechanisms: (1) Al could react with K and form aluminosilicates in the
range of 600~1000 ◦C; (2) P could react with K and form phosphates at 800 ◦C. In addition, the reaction
degree of K in the WS and sludge was enhanced by the rising temperature. A 30% mass fraction of
sludge could also reduce the release of K, Pb and Zn species were not detected due to its relatively low
content (<5% in the crystalline phase), which was under the detection limit.

Figure 3. XRD patterns of the ash samples A-KCl, B-CaSiO3, C-SiO2, D-Na2MgCl4, E-K2SO4, F-K2Si2O5,
G-Al2SiO5, H-Ca3(PO4)2, I-Fe2O3, J-KAl2Si3AlO10(OH)2, K-KAlSiO4, L-KAlSi3O8, M-3Al2O3·2SiO2,
N-Ca9Fe(PO4)7, O-K4Ca(PO4)2, P-KAlSi2O6, Q-KFeSi3O8, R-CaAl2SiO6, S-Ca7Mg2P6O24.

2.4. K, Pb, and Zn Distribution in the Combustion

2.4.1. Mass Balance Analysis

Figure 4 shows K distribution in the gas phase and bottom ash during the combustion of WS and
70% WS + 30% sludge. In the combustion of WS, release of K was enhanced as the temperature rose
up to 900 ◦C, which could be owing to the improvement in the combustion. At 900 ◦C, the maximum
evaporation rate of 56.6% was reached. In addition, the ratio of soluble K in the ash was reduced,
indicating that potassium silicates and aluminosilicates were formed. At 1000 ◦C, soluble K in the ash
only accounted for 5.3%. Compared with the release rate at 900 ◦C, a decrease at 1000 ◦C was observed.
This phenomenon could be explained by the change in the gas–solid mass transfer coefficient [28].
In the co-combustion, transfer from the soluble K component to the insoluble parts also took place
with the increase of temperature, meaning the mobility of K was weakened. For the release of K
in the co-combustion, it was smaller than the combustion of WS alone from 600 to 1000 ◦C. As the
temperature was rising, the release ratio initially increased from 600 to 700 ◦C and it then fluctuated
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from 700 to 1000 ◦C. This was the consequence of the interaction of WS and sludge. In the beginning,
the high temperature evaporation dominated the transfer of K before 700 ◦C. Then the release was
relatively restrained due to the intensification of the interaction of K and sludge.

Figure 4. Distribution of K in the case of: (A) WS combustion; (B) co-combustion.

Detailed reactions have been discussed in the former part. To conclude, sludge substituted
the element Cl from KCl(g) and released it in the form of HCl(g) instead. The reduction rate of K
release by sludge was 33.3%, 28.6%, 50.0%, 57.7%, and 53.4% at 600 ◦C, 700 ◦C, 800 ◦C, 900 ◦C, and
1000 ◦C, respectively.

Distribution of Pb and Zn were studied by comparing the co-combustion with sludge combustion.
As shown in Figure 5, in combustion of sludge alone, release of Pb was enhanced by the rising
temperature in the range 600~800 ◦C. This was mainly caused by the evaporation of PbCl2(g), of which
the melting point is as low as 501 ◦C. However, at 900 ◦C, a clear decrease was observed. This decrease
was also substantial in the co-combustion process. This indicated that the released Pb species could
be recaptured by other components in the ash while the effect of the evaporation of PbCl2(g) was
relatively impaired.

°

°

Figure 5. Distribution of Pb in the case of: (A) sludge combustion; (B) co-combustion.
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With the presence of wheat straw, the release of Pb was reduced in the co-combustion. As the
temperature was rising, the effect of biomass was also augmented. Wang believed that the molten WS
ash could also capture released Pb aerosol particles via a physical adhesive force [28]. Meanwhile,
share of the soluble Pb component decreased with the temperature; the soluble Pb species was not
detected at 900 ◦C and 1000 ◦C for sludge combustion and co-combustion, respectively.

For Zn distribution in the sludge combustion, from Figure 6 it was obvious that release of Zn
and transfer from the soluble part to the insoluble part were also enhanced by the rising temperature.
At 600 ◦C, the release ratio of Zn was only 25.7% and its maximum value reached 37.1% at 900 ◦C.
The release rate was obviously lower than Pb. The soluble part of Zn in the solid phase reduced
from 14.7% to 0% meanwhile. Similar to Pb, co-combustion restrained the release of Zn compared
with sludge combustion and the value was in the range of 30.5% to 44.3% and the reducing effect of
co-combustion was the most notable at 800 ◦C. With the temperature rising, the dissimilarity tended to
be insubstantial.

°

°

Figure 6. Distribution of Zn in the case of: (A) sludge combustion; (B) co-combustion.

It should be pointed out that co-combustion reduced the soluble part of Zn in the ash and the
ratio was below the detection limit since 800 ◦C. To conclude, the effect of co-combustion on Zn was
inferior to Pb due to their different binding capacity to Cl in this temperature range. In addition, high
temperature facilitated the combination of potassium silicate and Al in the sludge, thus transferring
the silicate into potassium aluminosilicate, increasing the melting point of the bottom ash.

2.4.2. Thermodynamic Calculations on Pb and Zn in the Combustion

Since the relative low content of Pb and Zn in the fuel and their transfer behaviors could not
be observed via conventional characterization methods, thermomechanical analysis was applied by
the chemical equilibrium calculating tool to further interpret the experiment results. The range of
temperature was varied from 550 to 1050 ◦C and the air-to-fuel ratio was set as 1.2:1 in the calculations.
Sludge combustion alone and the co-combustion were calculated respectively.

Figures 7 and 8 indicate the effect of temperature on the transformation of Pb in the sludge
combustion and co-combustion, respectively. It could be seen in sludge combustion, Pb mainly existed
in the form of PbSiO3 and Pb3(PO4)2 at low temperatures, meaning that P and Si in the raw sludge
could bind with Pb and restrain its release. As the temperature rose, the phosphate and silicate
transferred to PbO(g), Pb(g), PbCl2(g), and PbCl(g). Release of the chlorides was enhanced by the
rising temperature from 550 to 950 ◦C. After 1000 ◦C, PbO(g) became the dominant Pb-containing
species and almost all Pb existed in the gas phase by thermodynamic calculation.
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°

°

Figure 7. Effect of temperature on the distribution of Pb species in sludge combustion
in thermodynamics.

°

°

Figure 8. Effect of temperature on the distribution of Pb species in the co-combustion
in thermodynamics.

To conclude, the release ratio of Pb in sludge combustion was promoted by the rising temperature,
especially after 900 ◦C due to the decomposition of phosphate and silicate.

However, in the co-combustion, Pb mainly existed in the silicates initially while the content of
phosphate was smaller due to the reaction between P and K in the WS via the reaction in Equation (8).
This has been discussed in the previous section. Release of chloride was enhanced by temperature in
the range 550~920 ◦C.

Pb3(PO4)2 + 3K2SiO3 → 3PbSiO3 + 2K3PO4 (8)

Comparing the two cases, it could be inferred that the binding capacity of Cl to Pb was impaired
obviously in the co-combustion by calculation. Decrease of Pb release may occur via Equation (9).

PbCl2(g) + K2SiO3 → PbSiO3 + 2KCl(g) (9)

As shown in Figure 9, in the combustion of sludge alone, Zn mainly existed in the form of
ZnFe2O4 and Zn3(PO4)2 initially. However, the two metal composite oxides decomposed and released
free ZnO into the solid phase gradually when the temperature went up. Meanwhile, the release of
ZnCl2(g) increased slowly as the temperature went up in the range 550~870 ◦C. By calculation, the

140



Catalysts 2019, 9, 182

maximum release rate reached 23% at 870 ◦C and then decreased slowly. Similar results were also
gained in previous reports [29].

°

Figure 9. Effect of temperature on the distribution of Zn species in the combustion of sludge
in thermodynamics.

In Figure 10, sorts of Zn species are essentially the same, but the relative amounts varied in
the co-combustion. Initially the relative content of Zn3(PO4)2 was smaller compared with sludge
combustion alone, which could be owing to the combination of P and K too.

°

Figure 10. Effect of temperature on the distribution of Zn species in the co-combustion
in thermodynamics.

In the range 600~1000 ◦C, the release rate of Zn was much smaller than sludge combustion due
to the decrease in the portion of ZnCl2(g) by calculation and the relative content only accounted for
4%. Although the value varied widely from the actual release ratio gained by the experiment, it could
reveal the decrease of combining capacity of Zn and Cl in the co-combustion. Reactions concerning K
and Zn are listed below.

Zn3(PO4)2 + 3K2SiO3 → 3ZnSiO3 + 2K3PO4 (10)

ZnCl2(g) + K2SiO3 → ZnSiO3 + KCl(g) (11)
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In the WS combustion, Cl primarily occurred in the form of KCl in the solid phase, and in the
co-combustion, some share of KCl transferred into HCl(g). Release of the two heavy metals are also
affected by Cl, thus there existed a competitive mechanism between K, Pb, and Zn to Cl in the blended
fuels. According to the data obtained, possible transfer pathways inferred are shown in Figure 11. The
red lines in the figure represent the interactions which took place possibly in the co-combustion.

°

Figure 11. K, Pb, and Zn migration pathways in the combustion.

In the combustion of WS, K mainly existed in chlorides at low temperatures, and with the
temperature rising, a portion of KCl evaporated into the gas phase, and the remaining part in the
solid phase was inclined to transform into sulfates and silicates, causing the melting phenomena.
In the presence of sludge, the incoming Cl was also likely to combine with K, which in the process
of release could be recaptured by the Al–Si structure in the sludge ash particles. Wang once reported
that the effect of Cl on Pb distribution depended on the content of alkali metals. In the combustion
of sludge alone, content of Cl was larger than the sum of K and Na, which indicated that the excess
Cl could bond with Pb and Zn at high temperatures [30]. While in the co-combustion, the excess Cl
in the sludge, which should have facilitated the release of heavy metals, was inclined to combine
with K preferentially. However, the released K then reacted with the Al–Si component in the process
of transferring from the inside to the outside of sludge particles. Simultaneously, Zn and Pb were
retained in the solid phase, transformed from chlorides to insoluble species. As for Pb, its oxides could
combine with Si, however the silicate could decompose at higher temperatures. Likewise, ZnO could
also combine with Fe and Al in the combustion. Specially, for Pb, its oxides could also evaporate in
the combustion, thus the combination of PbO and SiO2 determined the release of PbO. The overall
reaction at high temperatures could be concluded in Equation (12).

PbCl2 + K2SiO3 + H2O(g) + Al2O3 + 2SiO2 → PbSiO3 + 2KAlSiO4 + 2HCl(g) (12)

3. Materials and Methods

3.1. Materials

In this study, sludge samples were collected from a local municipal wastewater treatment plant in
Nanjing city, Jiangsu province. The wheat straw was collected from Suzhou city, Jiangsu province. The
sewage sludge and wheat straw were dried at 105 ◦C for 24 h and then crushed into particles with the
size between 0.10 and 0.15 mm. The dried fuel particles were stored in sample bags for use. Properties
of sludge and wheat straw are shown in Table 2.
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Table 2. Properties of sludge and wheat straw.

Analyses Sludge Wheat Straw

Proximate analysis (wt %, dry basis)
Ash 55.51 14.80

Volatiles 40.89 64.99
Fixed carbon 3.60 20.21

Ultimate analysis (wt %, dry and ash-free basis)
C 59.90 51.67
H 7.43 6.21
O 23.28 40.45
N 8.76 1.44
S 0.13 0.53

Main ash forming element (wt %, dry basis)
Na 0.13 0.05
K 0.07 1.13

Mg 0.23 0.12
Ca 1.96 3.4
Al 11.74 0.25
Si 11.68 2.29
P 1.04 0.21
Fe 1.42 0.17
Cl 0.39 0.35

Heavy metal content (mg·kg−1, dry basis)
Zn 1240.00 45.00
Pb 105.00 13.00

3.2. Experimental Apparatus and Procedure

The thermogravimetric experiment of the fuels was carried out in TGA (SETSYS-1750 CS Evol,
SETARAM, Caluire-et-Cuire, France). The fuel samples were heated from room temperature to 1000 ◦C
with the heating rate of 20 ◦C/min in air atmosphere. The injected sample mass was approximately
6 mg every time.

A horizontal tube furnace was used to investigate the partitioning of potassium and heavy metals
and the ash contents in solid residues of wheat straw and sludge during combustion. The quartz tube
had an inner diameter of 45 mm and a length of 1000 mm. The combustion air was supplied by an
air compressor and the flow rate was set as 0.03 Nm3/h for 45 min. When the temperature reached
the value set in advance, about 2 g of wheat straw (WS), sludge powder samples, or their mixture
were weighted and mixed evenly in a porcelain combustion boat and pushed into the quartz tube set
horizontally in the heating furnace rapidly.

When the combustion was accomplished, bottom ash in the porcelain boat was cooled, collected,
and then weighted. Afterwards, the concentration of the digestion solution was analyzed by ICP-OES
(Optima8000, Perkin-Elmer, Waltham, USA). The volatilization rate was calculated according to
Equations (13)–(16).

R =
Ca × A

Cfuel
× 100% (13)

V = 100% − R (14)

Rs =
Cas × A

Cfuel
× 100% (15)

Rins = R − Rs (16)

where Cfuel is the initial element concentration in the fuel sample, Ca is the total element concentration
in the bottom ash, A is the ash yield, and Cas is the soluble element concentration in the bottom
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ash. R means the total element retention rate in the bottom ash; Rs and Rins is the water-soluble and
insoluble element share in the ash, accordingly.

The crystalline phase of the bottom ash of fuel was determined by X-ray diffraction (SmartLab 3,
Rigaku, Tokyo, Japan) over the range 5~90◦ and the data generated was analyzed by MDI Jade
6.5 (Materials Data Incorporated, Freemont, CA, USA). To analyze the microstructure of bottom
ash samples, a scanning electron microscope (SU8010, HITACHI, Tokyo, Japan) was also applied.
In addition, the melting point of the ash was analyzed by an ash fusibility tester (SDAF2000D, Sande,
Changsha, China) according to GB/219–74.

3.3. Thermodynamic Equilibrium Calculations

To gain information on the transfer of heavy metals in the combustion, thermodynamic
equilibrium calculations were also carried out with HSC-chemistry 6.0 software (Outokumpu, Pori,
Finland), based on the method of Gibbs free energy minimization. In this paper, the elements C, H,
O, N, S, Cl, Si, Al, P, K, Na, Ca, Mg, Fe, Pb, and Zn in the fuels were taken into consideration. The
temperature range was between 550 and 1050 ◦C and the calculated point was set every 25 ◦C. Air-fuel
ratio in the research was set as 1.2:1 and the pressure was 1 bar.

4. Conclusions

Co-combustion experiments at a proportion of 70% WS and 30% sludge were conducted in a TG
instrument and a horizontal tube furnace, respectively, to study the combustion characteristics. Results
indicated that co-combustion could lower the ignition temperature and increase the combustion quality
of sludge. For the blended fuel, the first combustion stage was controlled by wheat straw while the
second was mainly affected by sludge.

Sludge could restrain the release of K in the WS combustion effectively and also solve the melting
and slagging. Mechanisms could be concluded in two aspects. First, sludge ash separated the WS
ash away and reduced the adhesive force between the ash particles. Second, Al and P in the sludge
could react with K species and generate high-melting point components. As the temperature rose, the
reaction was enhanced.

Transfer of Pb and Zn in the co-combustion was also studied. Similar to K, their release was also
restrained in the co-combustion compared with sludge combustion alone. This could be owing to
the competition mechanism of Pb/Zn and K on Cl in the blended fuel. K species could substitute
Cl from PbCl2/ZnCl2 and remained the latter in the solid phase. Due to the relative low content of
heavy metals in the fuel, the transformation and migration of the trace elements were easily affected
by other elements.
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Abstract: Catalytic reduction of 5-hydroxymethylfurfural (HMF), deemed as one of the key bio-based
platform compounds, is a very promising pathway for the upgrading of biomass to biofuels and
value-added chemicals. Conventional hydrogenation of HMF is mainly conducted over precious
metal catalysts with high-pressure hydrogen. Here, a highly active, sustainable, and facile catalytic
system composed of K2CO3, Ph2SiH2, and bio-based solvent 2-methyltetrahydrofuran (MTHF)
was developed to be efficient for the reduction of HMF. At a low temperature of 25 ◦C, HMF
could be completely converted to 2,5-bis(hydroxymethyl)furan (BHMF) in a good yield of 94% after
2 h. Moreover, a plausible reaction mechanism was speculated, where siloxane in situ formed via
hydrosilylation was found to be the key species responsible for the high reactivity.

Keywords: biomass conversion; biofuels; hydrogenation; green chemistry; sustainable catalysis

1. Introduction

As the depletion of traditional energy resources such as coal and petroleum continues, the
efficient synthesis of fuels and value-added molecules from biomass is becoming both urgent
and essential [1–6]. Among the biomass derivatives, 5-hydroxymethylfurfural (HMF), which can be
obtained from sugars (e.g., fructose [7–10] and glucose [11–13]) via dehydration, is hailed as a key
platform molecule for producing a variety of valuable products, see Figure 1 [14,15]. For example,
catalytic oxidation of HMF can be converted to 2,5-diformylfuran (DFF), 2,5-furandicarboxylic
acid (FDCA), 2-formyl-5-furancarboxylic acid (FFCA), and 5-hydroxymethyl-2-furancarboxylic acid
(HMFCA) [14–17]. On the other hand, HMF can be hydrogenated to 2,5-bis(hydroxymethyl)- furan
(BHMF), 1,6-hexanediol, 5-methylfurfural (MF), 2,5-dimethylfuran (DMF), 2,5-dimethoxytetrahydrofuran
(DMTHF), and 2,5-dihydroxymethyl-tetrahydrofuran (DHMTHF) using various metals (e.g., Pt, Ru, Pd,
Cu, Zr) on different supports (e.g., C, SiO2, Co3O4) [17–22]. As one of promising bio-based downstream
products, BHMF can be applied in the preparation of various functional materials (e.g., polymers, resins,
crown ethers, and artificial fibers), and used as versatile scaffolds in the preparation of medicines and
relevant bioactive compounds [23].

Catalysts 2018, 8, 633; doi:10.3390/catal8120633 www.mdpi.com/journal/catalysts147
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Figure 1. Schematic illustration for upgrading bio-based HMF to value-added products. (HMF:
5-hydroxymethylfurfural, BHMF: 2,5-bis(hydroxymethyl)-furan, FDCA: 2,5-furandicarboxylic acid,
DFF: 2,5-diformylfuran, FFCA: 2-formyl-5-furancarboxylic acid, DMF: 2,5-dimethylfuran, HMFCA:
5-hydroxymethyl-2-furancarboxylic acid, DHMTHF: 2,5-dihydroxymethyl-tetrahydrofuran, DMTHF:
2,5-dimethoxytetrahydrofuran, MF: 5-methylfurfural).

In most cases, the efficient catalytic hydrogenation of HMF into BHMF mainly occurs over
precious metals (e.g., Ru, Pd) [20,24], or transition metals (e.g., Cu) [25–28] under a relatively high
pressure of H2 (1-10 MPa), see Table 1. The employed metallic catalysts are typically expensive,
with relatively harsh reaction conditions [20,25]. Likewise, transfer hydrogenation using alcohol
(e.g., ethanol, 2-propanol) or formic acid as the liquid hydrogen source has also attracted much
attention from many researchers [21,25,29–32]. However, the use of formic acid may lead to the
corrosion of the equipment and metal leaching, while the alcohol can further react with BHMF by
etherification to reduce its selectivity [33]. Thereby, it is still essential to explore cheap and green
alternative catalytic systems for the reduction of HMF to BHMF in high efficiencies.

Table 1. Activity comparison with previously reported results of HMF-to-BHMF hydrogenation.

Entry Catalyst
Temperature

(◦C)
Time

(h)
Mole/Pressure

of H-Donor
Yield
(%)

Conversion
(%)

Reference

1 Pd/C 80 20 10 MPa H2 82 97 [19]
2 Ru/CeOx 130 2 2.7 MPa H2 81 100 [23]
3 Ru-Mg–Zr 130 2 2.72 MPa H2 94 [23]
4 Cu/C 180 8 5 MPa H2 53.3 70 [24]
5 Ru/CoNi-LDO 180 4 1 MPa H2 49.9 100 [27]
6 Cu(50)-SiO2 100 4 1.5 MPa H2 93 95 [28]
7 ZrO(OH)2 150 2.5 ethanol 83.7 94.1 [29]
8 ZrBa(3)-SBA 150 2.5 isopropanol 55.4 58.8 [30]
9 Cu/AlOx 220 CF a 1,4-butanediol 93 94 [25]
10 Ru/Co3O4 190 6 isopropanol 82.8 100 [20]
11 Cm*Ru(HTsDPEN) 40 2 formic acid 99 100 [31]
12 Pd/C 70 4 formic acid 94 - [32]
13 K2CO3 25 2 Ph2SiH2 94 100 This work

a CF: Continuous flow.

Hydrosilylation of carbonyl compounds to siloxanes shows great potential in the selective
synthesis of alcohols [34,35]. This type of conversion process is very attractive because the used
silanes are a water- and air-stable hydrogen source, which is able to be stimulated by metal-containing
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catalysts under mild conditions [22,36–40]. In addition, the strongly basic solvent used was proposed
to facilitate its coordination with the catalytically active species (e.g., carbonate) [41], which is favorable
for the reaction with silane to release hydride. In this regard, 2-methyltetrahydrofuran (MTHF) with
relatively strong Lewis basicity [42], which is derivable from renewable lignocellulosic biomass [43],
may have the superior capability to promote the hydrogenation of carboxides using hydrosilanes and
is also preferable to protect the environment [44–46]. These features make MTHF a very attractive
solvent for organic reactions, potentially in the efficient synthesis of BHMF from HMF.

In the present work, potassium carbonate, an abundant, readily available, and cost-effective
salt, is developed to be highly efficient for chemoselective hydrogenation of HMF into BHMF at
room temperature employing Ph2SiH2 and MTHF as the hydrogen source and solvent, respectively.
The effects of different experimental parameters, including various catalysts, solvent type, reaction
time, catalyst dosage, and hydrosilane amount on the reaction activity were studied. In addition,
the reaction mechanism was also elucidated.

2. Results and Discussions

2.1. Effect of Different Catalysts

The reactivity of various catalysts on the synthesis of BHMF from HMF was first studied using
Ph2SiH2 as an H-donor at room temperature in MTHF. Without a catalyst, no reaction took place,
see Table 2, entry 1, indicating that the reaction was chemically stable at examined conditions (room
temperature for 2 h). The presence of K2CO3 was found to be highly efficient for the hydrogenation of
HMF (100% conversion) under identical conditions, giving BHMF in 70.1% yield, see Table 2, entry 2.
Gratifyingly, after post-treatment with methanol, a much higher BHMF yield (94.2%) was obtained, see
Table 2, entry 3. The relatively lower selectivity toward BHMF without methanol treatment was due to
the formation of the siloxane intermediate, as identified by LC-MS, see Figure S1, while the addition
of methanol could facilitate the breakage of the siloxane bond to give BHMF in high selectivity. By
comparison, almost no reaction occurred when employing Li2CO3, Na2CO3, KCl, CaCO3, or SrCO3

as a catalyst (entries 6–10), while KHCO3 and CH3COOK gave no more than 40% BHMF yield at an
HMF conversion of around 50% (entries 4 and 5). These results indicated that both cations and anions
played a crucial role in the reaction. With the increase of the cation radius, the salt ionic property
increased, thus showing enhanced solubility [47]. Among the alkali/alkaline earth metals, K+ (with a
relatively larger ionic radius) allows the paired carbonate to be more freely available to contact the
hydrosilane and substrate. Apart from the cation, the influence of the anion on the reaction is not
negligible, mainly with respect to its basicity that has a positive correlation with nucleophilicity. In this
regard, carbonate with good accessibility and relatively high nucleophilicity is more prone to attack
and activate the silane, Ph2SiH2, to release hydride [47]. In view of the superior BHMF yield, K2CO3

was chosen as the optimized catalyst for the reduction process.

Table 2. The results for reduction of HMF to BHMF over difference catalysts.

Entry Catalyst Yield (%) Conversion (%)

1 none 0 0
2 K2CO3 70.1 100

3 a K2CO3 94.2 100
4 KHCO3 40.0 53.1
5 CH3COOK 35.0 50.2
6 Li2CO3 0 <1
7 Na2CO3 0 <1
8 KCl 0 0
9 CaCO3 0 0
10 SrCO3 0 <1

Reaction conditions: HMF (0.5 mmol), catalyst (0.1 mmol), Ph2SiH2 (1.4 mmol H−), MTHF (2 mL), 25 ◦C, and 2 h.
a After the reaction, 3 mL methanol was added into the resulting mixture, followed by stirring under ambient
conditions for 30 min.
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2.2. Influence of Reaction Time

In the assistance of the optimized catalyst, K2CO3, the influence of the reaction time on the
hydrogenation of HMF to BHMF was studied. All experiments were conducted at 25 ◦C with the
reaction time of 0.5–6 h and the results are displayed in Figure 2. Both the yield of BHMF and the
conversion of HMF increased with prolonging the time-course from 0.5 h to 2 h, demonstrating that
a comparatively longer reaction time could promote the formation of BHMF. However, the BHMF
selectivity decreased as the time was extended to 4 h, possibly due to generating cross-linked siloxanes.
These results obviously revealed that the hydrogenation of HMF to BHMF employing this facile and
benign catalytic system was extremely selective and active, in comparison with other previous ones
utilizing H2, alcohol, or formic acid as the hydrogen source, see Table 1. Therefore, 2 h and 25 ◦C were
chosen to be the optimized reaction time and temperature, respectively, with K2CO3 as the catalyst for
the subsequent study.

Figure 2. The effect of reaction time on the reduction of HMF into BHMF. (Reaction conditions: HMF
(0.5 mmol), K2CO3 (0.1 mmol), Ph2SiH2 (1.4 mmol H−), MTHF (2 mL), and 25 ◦C; After the reaction,
3 mL methanol was added into the resulting mixture, followed by stirring under ambient conditions
for 30 min.)

2.3. Influence of Various Solvents

The effect of the used solvents in the reduction reaction was also investigated. MTHF, an aprotic
solvent, with relatively high polarity, displayed high HMF conversion (100%) and satisfactory BHMF
yield (94%), see Figure 3. In contrast, the solvents (e.g., DCM, 1,4-dioxane, CH3CN, THF, and GVL)
with relatively low polarity exhibited inferior performance, affording BHMF in yields of 20.1%, 25.2%,
60.0%, 67.1%, and 70%, respectively. A solvent with moderate polarity could affect the solvent–reactant
interactions [48,49], where the increased interaction of HMF and solvent might promote the formation
of BHMF. On the other hand, the solubility of Ph2SiH2 can also be enhanced by compatible polarity
of the solvent, thereby facilitating the interaction of Ph2SiH2 with the catalyst to release H−. Overall,
the appropriate interaction between the solvent, hydrosilane, and catalyst can facilitate the release of
hydride to attack HMF, thus giving BHMF in a good yield.
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Figure 3. Effect of solvent type on reduction of HMF into BHMF. (Reaction conditions: HMF (0.5 mmol),
K2CO3 (0.1 mmol), Ph2SiH2 (1.4 mmol H−), solvent (2 mL), 25 ◦C, and 2 h; After the reaction, 3 mL
methanol was added into the resulting mixture, followed by stirring under ambient conditions for
30 min.)

2.4. Influence of Different Hydrosilanes

The influence of various hydrosilanes on the catalytic reduction of HMF into BHMF was studied by
using K2CO3 as the catalyst, see Table S1. Among the employed simple silanes, phenylsilane (PhSiH3)
and diphenylsilane (Ph2SiH2), see Table S1, entries 5 and 6, revealed relatively higher yields of BHMF,
which might be due to their superior hydride-donating capability [50]. Although the conversion
of HMF reached 100% with PMHS as an H-donor, the obtained BMHF yield was relatively low
(66.0%). The possible reason is that PMHS might react with products and substrates, forming insoluble
PMHS-derived resin in a relatively large molecular weight under alkaline conditions, see Figure S2B.
Even after adding methanol, the formed solid was not completely dissolved, see Figure S2C, indicating
the relatively stable resin structure. It can be speculated that some of the formed silicon–oxygen
bonds could not be cleaved during the post-treatment with methanol, thus impeding the formation of
BHMF with a high selectivity. In view of the superior BHMF yield, Ph2SiH2 as a comparatively cheap
hydrogen source was screened out for further optimization of HMF hydrogenation.

2.5. Influence of Ph2SiH2 Dosage

The Ph2SiH2 dosage was found to have a significant effect on BHMF synthesis, as shown in
Figure 4. As the dosage of Ph2SiH2 rose from 0.05 to 0.7 mmol, the yield of BHMF was observed
to increase from 20.0 to 94.2%, accordingly. Nevertheless, when the PMHS dosage was more than
0.7 mmol, the BHMF yield was decreased despite constant HMF conversion. The decline in the yield
of BHMF was most likely caused by the reaction of excessive Ph2SiH2 with potassium carbonate and
BHMF to form cross-linked siloxanes that are too stable to hydrolyze even proceeding post-treatment
with methanol. In a word, the use of 0.7 mmol Ph2SiH2 was favorable to attain the highest BMHF
yield at 25 ◦C for 2 h in MTHF.
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Figure 4. Effect of H− dosage of Ph2SiH2 on the reduction of HMF into BHMF. (Reaction conditions:
HMF (0.5 mmol), K2CO3 (0.1 mmol), MTHF (2 mL), 25 ◦C, and 2 h; After the reaction, 3 mL methanol
was added into the resulting mixture, followed by stirring under ambient conditions for 30 min.)

2.6. Influence of Catalyst Dosage

The effect of the K2CO3 dosage on the production of BHMF from HMF under the optimal
conditions was further investigated at 25 ◦C over a period of 2 h, see Figure 5. When the K2CO3

dosage increased from 0 to 0.1 mmol, the conversion of the HMF and BHMF yield rose to 100%
and 94.2%, respectively. However, as the catalyst dosage was beyond 0.1 mmol, the yield of BHMF
displayed a remarkable reduction, which could be attributed to BHMF adsorption onto the surface
of solid K2CO3, thus inhibiting the alcoholysis of the siloxane intermediate to release the product
BHMF [32]. In addition, the fast depletion of Ph2SiH2 was most likely to occur by forming pentavalent
silicate species ((Ph2SiH2)-CO3) with carbonate [51]. Although the pentavalent silicate species were
active for hydrogenating carboxides [52], serious polymerization was prone to happen due to utilizing
superfluous K2CO3 (e.g., 0.25 mmol), hence possibly decreasing the catalyst activity.

Figure 5. Influence of K2CO3 dosage on synthesis of BHMF from HMF. (Reaction conditions: HMF
(0.5 mmol), Ph2SiH2 (1.4 mmol H−), MTHF (2 mL), 25 ◦C, and 2 h; After the reaction, 3 mL methanol
was added into the resulting mixture, followed by stirring under ambient conditions for 30 min.)
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2.7. Reaction Mechanism for HMF-to-BHMF Hydrogenation

To explicitly interpret the reaction mechanism for hydrogenating HMF to BHMF, ex situ 1H NMR
spectra were recorded at 25 ◦C in the time course of 0.5–2 h, see Figure 6. The aldehydic proton 1a

of HMF gradually disappeared, while the protons of hydroxyl 2c and methine of the furan ring 2a

of BHMF were also detected and significantly enlarged by further extending the reaction duration.
The mechanism for the hydrogenation of aldehydes or ketones catalyzed by K2CO3 was thus proposed
to be very similar to the reduction process of amides [53], where Ph2SiH2 might act as an H-donor to
promote the reduction of HMF to BHMF, as demonstrated by in situ NMR in our previous study [39].
The possible reaction mechanism of the hydrogenation of HMF to BHMF is shown in Scheme 1.
Initially, the interaction of a Lewis base (carbonate) and Ph2SiH2 forms a high-valency silicate species,
which is a nucleophile in nature [54] and can activate the aldehyde group by hydride transfer to afford
the siloxane intermediate, followed by hydrolysis to give BHMF. This catalytic system is simple to
operate and does not produce observable byproducts during the reduction process, compared with
other previous reaction systems [26,27].

To make our process more promising for real application, relatively stable sugar like fructose
has been used as the starting material instead of unstable HMF. It was found that a moderate yield
of BHMF (66%) could be obtained via a one-pot two-step reaction process separately catalyzed by
Amberlyst-15 and K2CO3. This sequential process makes the biomass derivative HMF a promising
platform molecule for the production of value-added chemicals.

Figure 6. Ex situ 1H NMR spectra of hydrogenating HMF to BHMF at 25 ◦C in 0.5–2 h. (Reaction
conditions: HMF (0.5 mmol), Ph2SiH2 (1.4 mmol H−), K2CO3 (0.1 mmol), and MTHF (2.0 mL); After
the reaction proceeded for 2 h, 3 mL CD3OD was added into the resulting mixture, followed by stirring
under ambient conditions for 30 min.)
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Scheme 1. Plausible reaction pathway for the HMF-to-BHMF reduction.

3. Materials and Experiments

3.1. Materials

5-hydroxymethylfurfural (HMF, 99%), 2,5-bis(hydroxymethyl)furan (BHMF, 99%), phenylsilane
(97%), polymethylhydrosiloxane (PMHS, 99%), triethoxysilane (97%), diphenylsilane (97%), deuterated
dimethyl sulfoxide (DMSO-d6, 99.8 at.% D), deuterated methanol (CD3OD, 99.8 at.% D), 1,4-dioxane
(99%), potassium carbonate (K2CO3, 99%), gamma-valerolactone (GVL, 99%), naphthalene (99%),
methanol (99%), triethylsilane (99%), trimethoxysilane (99%), Amberlyst-15 (>99%), fructose
(>99%), and 1,1,3,3-tetramethyldisiloxane (97%) were bought from Innochem Technology Co., Ltd.
(Beijing, China). Tetrahydrofuran (THF, 99%) was bought from Shanghai TCI Develop. Co., Ltd.
(Shanghai, China). Lithium carbonate (Li2CO3, 99%) and sodium carbonate (Na2CO3, 99%) were
purchased from Aladdin Ind. Inc. (Shanghai, China). Potassium bicarbonate (KHCO3, 99%),
potassium chloride (KCl, 98%), acetonitrile (MeCN, 99%), 2-methyltetrahydrofuran (MTHF, 99%), and
dichloromethane (DCM, 99%) were bought from Sigma-Aldrich Co. LLC. (Shanghai, China). Other
used chemicals were of analytical grade without further purification, unless stated otherwise.

3.2. Procedures for Catalytic Reduction of HMF into BHMF

The tested reactions were all conducted in Ace pressure tubes (15 mL). In a general reaction
process, 0.5 mmol HMF, 0.1 mmol K2CO3, 2.0 mL MTHF, and 0.7 mmol Ph2SiH2 were added into
the reactor and sealed. Afterwards, the tube was moved into an oil-bath under magnetic stirring
at 400 rpm for a certain period. The zero time was established when the reactor was placed in the
bath (25 ◦C). Upon completion, methanol (3 mL) was added into the resulting mixture, followed by
stirring under ambient conditions for 30 min to proceed alcoholysis of the siloxane intermediate. Then,
the resulting reaction solution was filtered to remove solid particles, while the yield of BHMF was
quantified by GC and the conversion of HMF was analyzed by HPLC. When fructose (0.5 mmol)
instead of HMF was used as the substrate, an additional reaction process catalyzed by Amberlyst-15
(15 mg) at 120 ◦C for 45 min was conducted prior to the reduction process under otherwise identical
reaction conditions. All the reactions were repeated three times, and the obtained results were the
average values of three individual experiments, with a standard deviation (σ) of 0.5–4.2%.

3.3. Analytical Methods 1100 (Agilent Technologies) system

HMF conversion was analyzed by HPLC (1100 series, Agilent Technologies Inc., CA, USA)
equipped with a refractive index detector, an ultraviolet detector (λ = 284 nm), and an Aminex HPX-87H
column (Bio-Rad Laboratories, Hercules, CA, USA). The column temperature was set at 25 ◦C, and the
mobile phase used was acetonitrile/0.1 wt.% acetic acid aqueous solution (30:70, v/v) at a flow rate of
1.0 mL min−1 (HMF retention time: 3.7 min). BHMF was quantitatively analyzed by an Agilent 7890B
GC (Agilent Technologies Inc., Santa Clara, CA, USA) fitted with a flame ionization detector and an
HP-5 column. Analysis conditions were optimized as 1 μL injection volume, 0.7 mL/min nitrogen
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carrier gas, 75:1 split ratio, with injector and detector temperatures of 240 and 280 ◦C, respectively; oven
temperature programmed from 60 ◦C (keeping for 1 min) to 100 ◦C at a rate of 5 ◦C/min, then raised
to 270 ◦C (keeping for 2 min) at a rate of 10 ◦C/min (BHMF retention time: 14.7 min). Naphthalene
(10 mg) was used as an internal standard. The products were quantified based on the standard curves
of the corresponding commercial reagents (R2 ≥ 0.9997). In addition, liquid products were identified
by GC-MS (6890N GC/5973 MS, Agilent Technologies Inc., CA, USA), while a siloxane intermediate
was identified by liquid chromatography/mass spectrometry (LC-MS) (Ultimate 3000 LC/Q Exactive
MS, Thermo Fisher Scientific, San Jose, CA, USA).

3.4. Reaction Time-Course Study

For the time-course study of the reaction with NMR, after the reaction had proceeded for a specific
time (0.5–2 h), 3 mL deuterated methanol was added into the reaction solution, followed by stirring
under ambient conditions for 30 min, and then 0.5 mL of the reaction solution was taken. 1H NMR
spectra of the reaction mixtures were performed using an NMR spectrometer (JEOL-ECX 500, JEOL,
Tokyo, Japan).

4. Conclusions

In this work, a benign and efficient catalytic protocol was developed for selective hydrogenation
of HMF into BHMF in good yields (ca. 94%) at room temperature for 2 h, using abundant, readily
available, and cost-effective K2CO3 as the catalyst, eco-friendly Ph2SiH2 as the hydrogen source, and
green and renewable MTHF as the solvent. The developed silane-mediated catalytic system was
extremely active and selective, in comparison with previous reports that use noble or transition metals
as a catalyst while H2, formic acid, or alcohol as the hydrogen source. The mechanistic study illustrated
the reaction proceeded via the hydrosilylation process with a high-valency silicate species as the key
hydride species formed by the activation of Ph2SiH2 with carbonate, which can greatly facilitate the
hydride transfer toward the aldehyde group to afford the siloxane intermediate. Subsequently, BHMF
is obtained by the in situ hydrolysis of the siloxane intermediate, which can be significantly promoted
by post-treatment with methanol. Moreover, this catalytic system is simple to operate and produces
fewer byproducts during the process, exhibiting great promise for biomass upgrading.

Supplementary Materials: The Supplementary Materials are available online at http://www.mdpi.com/2073-
4344/8/12/633/s1. Figure S1. LC-MS spectrum of the siloxane intermediate obtained in the hydrogenation
of HMF to BHMF; Figure S2. Images of the K2CO3-catalyzed hydrogenation of HMF to BHMF using PMHS
as H-donor; Figure S3. GC-MS spectrum of BMHF obtained from hydrogenation of HMF; Figure S4. GC-MS
spectrum of dimethoxydiphenylsilane obtained from the interaction of Ph2SiH2 and MeOH; Table S1. Effect of
different hydrosilanes on the hydrogenation of HMF to BHMF.
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Abstract: Clostridium sp. is a genus of anaerobic bacteria capable of metabolizing several substrates
(monoglycerides, diglycerides, glycerol, carbon monoxide, cellulose, and more), into valuable products.
Biofuels, such as ethanol and butanol, and several chemicals, such as acetone, 1,3-propanediol, and
butyric acid, can be produced by these organisms through fermentation processes. Among the most
well-known species, Clostridium carboxidivorans, C. ragsdalei, and C. ljungdahlii can be highlighted for
their ability to use gaseous feedstocks (as syngas), obtained from the gasification or pyrolysis of waste
material, to produce ethanol and butanol. C. beijerinckii is an important species for the production of
isopropanol and butanol, with the advantage of using hydrolysate lignocellulosic material, which is
produced in large amounts by first-generation ethanol industries. High yields of 1,3 propanediol by
C. butyricum are reported with the use of another by-product from fuel industries, glycerol. In this
context, several Clostridium wild species are good candidates to be used as biocatalysts in biochemical
or hybrid processes. In this review, literature data showing the technical viability of these processes
are presented, evidencing the opportunity to investigate them in a biorefinery context.

Keywords: Clostridium sp.; fuels; ethanol; butanol; acetone; 1,3-propanediol; biorefinery; biomass

1. Introduction

In 2018, Global Footprint Network stated that natural resources were being used 1.7 times faster
than the Earth’s capacity for regeneration [1]. Water, soil, and air pollution generated by anthropogenic
actions have caused climate change, resource depletion, global warming, water crises, and the increase
of natural disasters in recent years [2]. Many researchers and initiatives are committed to search and
develop new techniques, feedstocks, and processes towards a sustainable economy that will be less
dependent on oil as a source of energy and chemical production [3]. One approach is to progressively
change our primary source of fuels and chemicals, decreasing the dependency on oil and oil products
due to oil’s environmental impact, depletion possibility, and market price oscillations caused by oil
and financial crises. The Sustainable Development Goals adopted by global leaders at the 2015 United
Nations Summit set the path for 17 goals to be achieved by 2030, such as: affordable and clean energy
(SDG7); industries, innovation and infrastructure (SDG9); responsible production and consumption
(SDG12); and climate action (SDG13) [4].

Many feedstocks can be used to produce renewable and sustainable fuels and chemicals, especially
residual organic materials, industrial waste-streams, and by-products. The use of glycerol, molasses,
corn steep liquor, energy crops, grass silage, cattle slurry, harvest residues, and food processing waste
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can reduce operational costs (associated with feedstock acquisition) and environmental impact due to
improper disposal of residue [3,5–10]. These are renewable feedstocks that can be transformed into
valuable biofuels (e.g., biobutanol and bioethanol) and biochemicals (lactic acid, butyric acid, and
succinic acid), achieving a balance between environmental sustainability and economic growth in a
process named biorefining [10]. Biorefining is defined as “the sustainable processing of biomass into
a spectrum of marketable food and feed ingredients, bio-based products (chemicals, materials) and
bioenergy (biofuels, power and/or heat)” [11]. In a biorefinery, components of biomass are organized
as building blocks (e.g., cellulose, hemicellulose, lignin, and proteins) and the biorefinery concept
encompasses the whole processing of biomass, considering upstream, midstream, and downstream
processing [3,12]. The main challenge is the feasible production of biofuels and biochemicals in a
cost effective, efficient, and sustainable way [3]. Although using renewable feedstock, biorefinery
sustainability should also consider others aspects, such as land use for biomass production, soil, and
air quality during processing, and environmental and economic impacts [13].

Considering biochemical conversion processes, microbial cells are a central aspect of biomass
conversion, functioning as biocatalysts that convert liquid, solid, or gaseous substrates into alcohols,
acids, enzymes, and other products through a series of metabolic reactions. In particular, Clostridium
species have been involved in many important fermentative processes, such as the production of
butanol, acetone, ethanol, acetic acid, lactic acid, succinic acid, 1,3-propanediol, and more [14–17].
Therefore, the current study reviews fundamental aspects of important Clostridium species and their
biochemical pathways to highlight major theoretical concepts that are present in many processes
currently discussed in literature. This work also highlights important biomolecules and feedstocks
that have a great potential in the biorefinery concept and would play an important role towards a more
sustainable bioeconomy.

2. Clostridium sp.

Prazmowski proposed the genus Clostridium through the type species Clostridium butyricum in
1880. This genus then became the general category for anaerobic, spore forming and Gram-positive
microorganisms. There are about 228 species and subspecies currently known, some of which highly
heterogeneous, that present several phenotypes [18]. Among the species of the genus there are
those that synthesize quinones and cytochromes, acidophiles, thermophiles, and psychrophiles [19].
According to Lawson and Rainey there are phylogenetic and phenotypic incoherencies in the genus
Clostridium. The researchers defend the restriction of the genus Clostridium to Clostridium cluster I as
Clostridium sensu stricto [18].

2.1. General Aspects

Generally, bacteria of the Clostridium genus are rod-shaped with Gram-positive staining. Single
cell diameters may vary from 0.3 to 2.0 μm and lengths from 1.5 to 20 μm; they are usually arranged
in pairs or in short chains with rounded or pointed ends. With the presence or absence of flagella, a
single cell may be motile, usually with peritrichous flagella, or immotile. They do not reduce sulfates
and are, generally, catalase negative [18]. Most species have sporulation capacity, which can be directly
affected by presence of oxygen, because they are anaerobic. However, species of Clostridium genus have
different oxygen tolerance capacities [19]. Most species are chemotrophic; some are chemoautotrophic
or chemolithotrophic. They may be saccharolytic, proteolytic, none, or both. Metabolically they are very
diverse, with optimum temperature between 10 and 65 ◦C. They are distributed in the environment.
Many species produce potent exotoxins, and some species are pathogenic to animals, both by infection
of wounds and by absorption of toxins [20].

When exposed to nutrient-depleting conditions, alternative metabolic pathways of clostridia are
activated. Sporulation starts at the beginning of the stationary phase as an adaptation response and
can affect end products related to energy metabolism, since it involves several metabolic pathways
associated to biochemical, morphological, and physiological changes. Although the lack of nutrients
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commonly triggers sporulation, a source of energy is still needed to fuel macromolecular synthesis.
Complete depletion of all or even a single nutrient can lead to cell death [21].

2.2. Workhorse Species

Many Clostridium species produce a wide variety of organic acids and solvents of industrial
interest, such as ethanol, butanol, 1,3-propanediol, and acetone, among others. The most important
species for a biorefinery context will be discussed in this review. Table 1 shows the most important
species and their main products.

Table 1. Main products and production data for Clostridium species of interest to biorefinery.

Species Main Products
PMax

1

(g/L)
QMax

1

(g/L.h)
Substrate or
Feedstock

V 1

(L)
Time
(h) 1 Ref. 1

C.
carboxidivorans

Ethanol 5.55
NA 2 100% CO 1.2 500 [22]Butyric acid 1.43

Butanol 2.66

Ethanol 23.93 0.143 20% CO, 5% H2,
15% CO2, 60% N2

8 360 [23]

C. ragsdalei Ethanol
13.2 3 NA 40% CO, 30% H2,

30% CO2
2.4 290 [24]

19 NA
38% CO, 28.5%
H2, 28.5% CO2,

5% N2

2.4 470 [25]

C. ljungdahlii Ethanol
20.7 4 0.374 60% CO, 35% H2,

5% CO2
4 2014 [26]

48 NA 55% CO, 20% H2,
10% CO2, 15% N2

1 560 [27]

C. kluyveri n-caproic acid 8.42 0.07 Ethanol and
acetate (10:1) 0.1 120 [28]

C. beijerinckii Butanol
34.77 4 0.48 Corn stover

hydrolysate 1.25 72 [29]

11.92 0.17 Corn cob
hydrolysate 50 72 [30]

11.77 0.10 Sugarcane juice 1.5 100 [31]

Isopropanol 3.41 NA Glucose 0.06 48 [32]

C.
saccharobutylicum

Butanol 12.8 0.257 Corn stover
hydrolysate 5 48 [33]

ABE 5 19.9 -

C. saccharo-
perbutylacetonicum

Butanol 64.6 6 0.673
Glucose 0.5 96 [34]Acetone 30.6 0.319

ABE 97.3 1.01

C. thermocellum Ethanol 13.66 NA Cellulose 0.02 120 [35]

C.
phytofermentans Ethanol 7.0 0.03 AFEX™ -treated

corn stover 7 0.3 250 [36]

C. acetobutylicum
Butanol 44.6 8 2.13 Glucose 4 88 [37]

Ethanol 33 9 0.47 Glucose 0.2 185 [38]

Acetone 7.59 10 0.13 Glucose 5 54 [39]

C. butyricum 1,3-propanediol 93.7 3.30 Pure glycerol 1 32 [40]

C. cellulolyticum Ethanol 2.5 10 0.007
Crystalline
AVICEL 11

Cellulose
0.05 336 [41]
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Table 1. Cont.

Species Main Products
PMax

1

(g/L)
QMax

1

(g/L.h)
Substrate or
Feedstock

V 1

(L)
Time
(h) 1 Ref. 1

C. cellulovorans Butanol 3.37 0.046 Corn cob 2 72 [42]

C. pasteurianum Butanol 17.8 7.8 12
Pure glycerol 0.09 48 [43]

1,3-propanediol 9.5 0.2 0.09 48

C. perfringens 1,3-propanediol 40 2.0 Pure glycerol 3 48 [44]
1 PMax: maximum production reported; QMax: maximum productivity for the maximum production reported; V:
production volume; time: fermentation time; Ref: reference; 2 NA: not available data in reference;3 using PLBC
(Poultry litter biochar) medium with MES (4-morpholineethanesulfonic acid); 4 this production was achieved with
integrated product recovery method; 5 ABE: sum of acetone, butanol, and ethanol concentrations; 6 butanol, acetone,
and ABE production with immobilized cells; 7 ammonia fiber expansion (AFEX™) is an alkaline pretreatment using
ammonia as a catalyst; 8 this production was achieved with a continuous process with ex situ butanol recovery and
a mutant strain obtained by chemical mutagenesis; 9 mutant strain; 10 genetic engineered strain; 11 AVICEL: is a
purified, partially depolymerized alphacellulose made by acid hydrolysis of specialty wood pulp; 12 productivity
obtained in 1 L fermenter with 0.4 L of medium for 710 h, with cell recycle.

2.2.1. Clostridium carboxidivorans

C. carboxidivorans was first discovered in the sediment of an agricultural decantation pond at the
State University of Oklahoma, USA, after enriching the environment with carbon monoxide (CO), as a
strategy to identify bacteria species capable of assimilating CO as a substrate [14].

It is an aerotolerant Gram-positive anaerobic bacterium with rod-shape cells that may occur in
pairs or isolated. It has motility and a rare sporulation mechanism. The optimum temperature for
growth is 38 ◦C. This species presents autotrophic growth when in the presence of carbon dioxide
(CO2) and CO, but is also able to grow with several organic sources, such as fructose, galactose,
glucose, and mannose [45]. It produces acetic acid, ethanol, butyrate, and butanol as the final metabolic
products [14,45]. From syngas (mixture of mainly CO, CO2, and H2), almost 24 g/L of ethanol
production have been reported [23] (Table 1). The surface of C. carboxidivorans cells are hydrophilic
but also capable of being attracted by hydrophobic molecules, liquids, and surfaces, and capable of
interacting with them when immersed in water [46].

In the genomic analysis of C. carboxidivorans, to understand biofuel production pathways genetic
determinants were observed for CO use and production of acetate, ethanol, and butanol. One example
is the presence of a gene encoding a dehydrogenase characteristic of the ABE (acetone-butanol-ethanol)
fermentation, previously described for C. acetobutylicum and C. beijerincki, responsible for converting
acetyl-CoA to acetaldehyde and ethanol, and acetyl-CoA to butyryl-CoA and butanol via butyraldehyde.
However, genes present in other Clostridium strains that encode proteins for acetone production were
not found in C. carboxidivorans [47].

2.2.2. Clostridium ragsdalei

C. ragsdalei (ATCC PTA-7826) “P11” was first isolated from duck pond sediment, in a laboratory
in Norman, OK, USA. This species transforms waste gases (e.g., syngas and refinery wastes) into
useful products [48]. It became of the major species capable of fermenting synthesis gas. C. ragsdalei
uses the Wood–Ljungdahl pathway to assimilate CO, CO2, and H2 to produce acetate [49–51]. It
is poorly inhibited by acetic acid compared to other syngas-fermenting strains, such as Clostridium
coskatii [52]. This microorganism has been studied for acid and solvent production from synthesis
gas. Some residues, such as corn steep liquor (CSL), have been used as a source of nutrients during
fermentation in order to reduce production costs. The growth of C. ragsdalei in CSL depends on trace
metals, NH4, and reducing agents, due to its low resistance to oxygen [51].

Among the main products of its metabolism is ethanol, with the highest concentration of 19 g/L
reported after 470 h of syngas fermentation [25] (Table 1). The conversion of the acetate produced
in the acidogenic phase into ethanol in the solventogenic phase depends on the pH of the medium,
because solventogenesis mainly begins when the PH value is reduced [53].
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2.2.3. Clostridium ljungdhali

C. ljungdahlii ATCC 49,587 was isolated from chicken yard waste [54]. Rod-shaped cells with
motility and rare formation of spores are some of the physical characteristics of this species. The pH
and temperature range for cell growth are 4.0–7.0 and 30–40 ◦C, respectively. However, optimum
growth conditions are 37 ◦C and pH 6.0.

Autotrophic or chemoorganotrophic growth are observed for this species, with H2-CO2 or CO and
formate, ethanol, pyruvate, fumarate, erythrose, threose, arabinose, xylose, glucose, and fructose as
carbon sources. It is incapable of assimilating methanol, ferulate, trimethoxyvenzoate, lactate, glycerol,
citrate, succinate, galactose, mannose, sorbitol, sucrose, lactose, maltose, or starch. The major metabolic
end product is acetic acid in the acidogenic phase, with trace amounts of ethanol in the solventogenic
phase [19,54]. However, some studies have reported 20 g/L [26] and 48 g/L [27] of ethanol during
syngas fermentation using this species (Table 1).

2.2.4. Clostridium kluyveri

C. kluyveri is distinguished by both its nutritional requirements and its ability to ferment ethanol to
caproate [28]. Cells are motile, with peritrichous flagella, and generally occur singly, and occasionally
in pairs or chains. They are weakly Gram-positive, but quickly become colored with Gram-negative
staining. The endospores are oval, terminal, or subterminal and swell the cell. Ultra-structural studies
demonstrated a five-layer cell wall and a three-layer plasma membrane. Growth is slow and occurs
between 19 and 37 ◦C, with optimum temperature of 35 ◦C.

The strains require ethanol, CO2, or sodium carbonate, and a high concentration of yeast autolysate
or acetate, propionate, or butyrate for growth. In the presence of CO2 or carbonate and acetate or
propionate, ethanol is converted into butyrate, caproate, and H2. H2 is formed and small amounts of
butyrate can be detected [55].

2.2.5. Clostridium beijerinckii

C. beijerinckii cells present a straight rod morphology and rounded ends. They are motile with
peritrichous flagella, occurring singly, in pairs, or in short chains. They are Gram-positive, becoming
Gram-negative in the older cultures. The endospores are oval, eccentric to the subterminal, and swell
to the cell, without exosporium or appendages. The ideal growth temperature is 37 ◦C, but they also
grow well at 30 ◦C. The growth is stimulated by a fermentable carbohydrate and is inhibited by 6.5%
NaCl or 20% bile. Yeast extract supplies nutritional requirements of the cells [19,56].

C. beijerinckii is one of the major isopropanol producing bacteria with several known strains (ATCC
25752, CIP 104308, DSM 791, JCM 1390, LMG 5716, NCTC 13035) [38].It is also known as a butanol
producer [30,31]. Aiming at biorefinery interest, this species uses lignocellulosic hydrolysate materials
and produces butanol and acetone or isopropanol. High butanol production from sugarcane juice [30]
or corn cob hydrolysate [31] has been reported (Table 1).This species produces alcohol dehydrogenase
but only some strains specifically produce isopropanol dehydrogenase, responsible for the conversion
of acetone to isopropanol via isopropanol-butanol-ethanol (IBE) fermentation [19,32]. It has been
reported that Zn2+, Ca2+, and Fe2+ improve butanol and isopropanol production [32]. They also
increase the specific activity of hydrogenase, stimulating H2 production [57].

RNA transcription analysis has shown that the metabolic pathway used by C. beijerinckii to produce
1,2-propanediol, proprionate, and propanol is similar to the pathway used by C. phytofermentans. When
L-rhamnose is used as a carbon source, a bacterial microcompartment (BMC) is formed, which is
directly involved in propanol and proprionate formation. However, in the presence of glucose there is
no formation of BMC and, consequently, propanol, and proprionate are not produced [56,58].
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2.2.6. Clostridium saccharobutylicum

Morphologically C. saccharobutylicum cells are characterized by a rod shape with rounded ends
of 3.8–10 μm in length and occur individually, in pairs, or short chains. Their cells are motile with
peritrichous flagella. A Gram-positive cell wall is characteristic of this species, but older cultures stain
with Gram-negative. The spores have an oval shape, with a terminal location inside the cell. The
ideal temperature and pH ranges for growth and solvent production are 30–34 ◦C and pH 6.2–7.0,
respectively [19].

C. saccharobutirycum produces acetone, butanol, ethanol, CO2, H2, and acetic and butyric acids as
fermentation products [19]. It is mainly used to ferment lignocellulosic hydrolyzed materials, such as
corn stover, to produce butanol in ABE (acetone-butanol-ethanol) fermentation (Table 1) [33,59].

2.2.7. Clostridium saccharoperbutylacetonicum

Morphologically, C. saccharoperbutylacetonicum cells are straight rods, which are found individually
or in pairs. Cells are mobile with peritrichous flagella. They stain Gram-positive as young cells,
whereas Gram-negative cells are observed in older cultures. They form oval spores and grow well in
temperatures between 25 and 35 ◦C and a pH range of 5.6–6.7 [19].

C. saccharoperbutylacetonicum produces acetone, butanol, ethanol, CO2, H2, and acetic and butyric
acid as final fermentation products [19,56]. It is considered outstanding as a model species for
industrial application of acetone-butanol-ethanol (ABE) fermentation, producing 73%–85% of butanol
and sporulates with low frequency [56]. Extractive fermentation with C. saccharoperbutylacetonicum
immobilized cells resulted in high total butanol concentration (64.6 g/L) (Table 1) [34].

The use of genetic engineering techniques contributes to a better understanding of genetic
information. Therefore, the strain C. saccharoperbutylacetonicum N1-4C demonstrated better plasmid
stability and a slight increase in ABE production, probably due to the improvement in the efficiency of
acids produced assimilation during the acidogenic phase [60]. The silencing of the pta and the buk
genes, responsible for the expression of phosphotransacetylase and butyrate kinase, respectively, did
not eliminate the formation of acetyl or butyrate. This indicated that C. saccharoperbutylacetonicum has
additional routes for acid production [61].

2.2.8. Clostridium thermocellum

C. thermocellum is a thermophilic bacterium that grows between 60 and 64 ◦C. The culture medium
influences the motility of this species. They are Gram-negative but possess a Gram-positive type cell
wall without lipopolysaccharide. They are morphologically characterized by being straight or slightly
curved cells, which can be found individually or in pairs. The spores are oval and terminal, and swell
the cell [62].

C. thermocellum is capable of converting cellulosic waste into ethanol and H2 [62]. It can also
produce lactate and acetate as main products [63]. Growth in most media requires the presence of
cellulose, cellobiose, or hemicelluloses [62]. A genetically modified strain produced 5 g/L of ethanol
from microcrystalline cellulose [63] and, using a statistical approach, Balusu et al. [35] reported
production of more than 13 g/L of ethanol from cellulosic biomass with a wild-type strain (Table 1).

A thermodynamic analysis of metabolomic data of C. thermocellun showed that bottlenecks of
ethanol production from cellobiose are distributed across five reactions under high ethanol levels and
identified best intervention strategies for ethanol production [64].

2.2.9. Clostridium phytofermentans

C. phytofermentans is morphologically characterized as straight sticks that measure 0.5–0.8 ×
3–15μm, able to occur alone or in pairs. They are stained Gram-negative despite having a Gram-positive
wall and its motility is provided by one or two flagella. Sporulation for this species is terminal with
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round spores. It is an obligate anaerobic bacterium with wide temperature and pH ranges for growth:
from 15 to 42 ◦C and pH of 6.0 to 9.0. Optimum temperature and pH are 37 ◦C and 8.0, respectively [65].

C. phytofermentans uses a wide variety of plant polysaccharides as a substrate, such as cellulose.
It produces ethanol, acetate, CO2, and H2 as the main products [65]. Due to its capacity to convert
cellulosic biomass to ethanol, C. phytofermentans seems promising in the biorefinery context, using
lignocellulosic material as a source of substrate, with references reporting 7 g/L of ethanol from corn
stover (Table 1) [36]. The use of algae biomass from sewage without pre-treatment by C. phytofermentans
yielded 0.19 g of ethanol per g of biomass using 2% w/v of algae [66].

2.2.10. Clostridium acetobutylicum

A strictly anaerobic, Gram-positive and spore-forming bacterium, C. acetobutylicum was first
isolated by Chaim Weizmann in 1916. Weizmann discovered that this species produces ethanol and
butanol from starch. This isolated strain was used in the production of acetone during World War I as
a precursor to cordite production [67]. The C. acetobutylicum strain responsible for ABE fermentation in
the ratio 7:2:1 was only isolated in 1980 [68].

C. acetobutylicum has a high amylase activity, being able to metabolize a variety of carbohydrates,
such as starch, glucose, and sucrose [69,70]. Recent studies point out the potential use of C. acetobutylicum
for the conversion of algal hydrolysates, algae biomass, and galactose into value-added bioproducts [71].
However, C. acetobutylicum is less effective for complex carbon sources, i.e., lignocellulosic hydrolysates,
which may contain toxic substances derived from the dehydration of sugars and aromatics from lignin
that are generated during biomass pretreatment [70].

From the carbohydrate sources available in the culture medium, C. acetobutylicum synthesizes
acetic acid and butyric acid, which are subsequently converted into organic solvents, such as acetone,
butanol, and ethanol [21]. Among the known microorganisms capable of producing butanol, C.
acetobutylicum is the one with the highest production and, therefore, one of the most commonly used
species for butanol production [68]. In a continuous process with ex situ butanol recovery and a mutant
strain obtained by chemical mutagenesis, 44.6 g/L of butanol was achieved (Table 1) [37].

2.2.11. Clostridium butyricum

An anaerobic and saccharolytic bacterium, fermentation of C. butyricum is similar to that of several
species of Clostridium. C. butyricum is found in the intestinal tract of humans and animals, and this
bacterium can be used as an animal feed additive because of its probiotic properties. Butyric acid, one
of the short chain fatty acids produced in its fermentation, has anti-inflammatory effects and aids in
the proliferation of intestinal mucosal cells [72]. C. butyricum is also frequently found in soil converting
organic matter and helping soil mineralization, having a relevant role in ecology [73].

The metabolic products of C. butyricum are short chain fatty acids, acetic acid, butyric acid, and
propionic acid. H2, butanol, and 1,3-propanediol can also be obtained through fermentation of sugar
and glycerol [72]. C. butyricum is considered one of the most important 1,3-propanediol producers.
This is due to the high conversion efficiency, the soft cultivation system, and the non-sterile process
that contribute to competitive and cheaper production [74]. More than 90 g/L of 1,3-propanediol was
produced by this species with pure glycerol as the carbon source [40].

2.2.12. Clostridium cellulolyticum

C. cellulolyticum cells are mesophilic anaerobic bacteria capable of growing on crystalline
cellulose [75,76]. Its name originates from the Greek words cellulosum (cellulose) and lyticus
(dissolution). They are rod-shaped with peritrichous flagella [76]. C. cellulolyticum is referred to as
mesophilic cellulolytic clostridium, which secretes cellulosome, a multi-enzyme complex capable
of converting cellulose into metabolites of interest, such as ethanol, acetate, lactate, and H2. The
cellulosome converts cellulose to cellobiose and cellodextrins, being then incorporated and metabolized,
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generating other metabolites [75,76]. A genetically engineered strain was able to produce 8.5 times
more ethanol from crystalline cellulose than wild-type cells (Table 1) [41].

2.2.13. Clostridium cellulovorans

C. cellulovorans is a cellulolytic mesophilic anaerobic bacterium capable of degrading pectin and
hemicellulose, in addition to cellulose [77]. It had its genome sequenced in 2010 after being isolated
from wood chips [78]. Its main product is butyric acid and among the by-products are acetic acid,
lactic acid, formic acid, ethanol, H2, and CO2. It degrades cellulose efficiently due to the expressive
number of cellulosomal genes. It is capable of using a wide range of carbon sources besides cellulose,
such as lactose, glucose, galactose, maltose, sucrose, cellobiose, pectin, and xylan [78].

Due to the variety of carbon sources and the fact that it produces butyric acid, C. cellulovorans
is a cellulolytic organism with great potential to produce butanol, requiring only one more stage of
enzymatic activity [78]. The fermentation process engineering of C. cellulovorans enabled a high butanol
production directly from corn cob (Table 1) [42].

2.2.14. Clostridium pasteurianum

An acidogenic saccharolytic, Clostridium is capable of fixing molecular nitrogen, dispensing other
nitrogen sources [67]. It presents Gram-positive cells only in very young cultures. It has robust growth
even in simple media and in non-sterile conditions.

It is capable of producing chemicals, such as 1,3-propanediol and n-butanol, from renewable
raw materials, such as glycerol derived from biodiesel and glucose from hydrolysis of biomass,
respectively [71,79]. Ethanol, acetic acid, butyric acid, lactic acid, H2, and CO2 are also among the
products of its fermentation. Although necessary to ensure intracellular redox balance, the organic
acid production pathway competes with that of the products of interest. There is also selectivity in the
proportion of the products generated, between 1,3-propanediol and n-butanol, for example, which is
strongly influenced by factors such as nutrient composition and growing conditions. Other factors that
may influence this ratio are culture pH, inoculum condition, and medium supplementation with yeast
extract, ammonia, organic acids, phosphate, and iron [79]. An increase in the production of butanol by
C. pasteurianum DSM 525 was observed when lactic acid was used with glycerol. Lactic acid can buffer
the medium, stabilizing the pH between 5.7 and 6.1 [80].

2.2.15. Clostridium perfringens

C. perfringens was first isolated by Welch and Nuttall in 1892 from a human corpse in an
advanced state of decomposition [20]. It is widely distributed in soils and the food tracts of almost all
warm-blooded animals. Generally, it is found to be an invader of the food tract after death. Caution is
required in the isolation of this Clostridium after death. This agent is found in the gaseous gangrene of
man and animals, or associated with other anaerobes, in this process [20]. C. perfringens is a straight
and thick rod, usually individual, in pairs, or, rarely, in strings. It produces oval and small spores,
which are not formed in very acidic medium. It is classified as a Gram-positive bacteria, but becomes
Gram variable with subcultures [20].

It produces acid and gas from glucose, levulose, galactose, mannose, maltose, lactose, sucrose,
xylose, trehalose, raffinose, starch, glycogen, and inositol. Fermentation products include acetic acid,
butyric acid, and 1,3-propanediol [20]. In fed-batch fermentation, an isolated new strain (C. perfringens
GYL) showed a maximum productivity of 2.0 g/(L·h), and produced 40.0 g/L 1,3-propanediol, with a
high yield from glycerol (Table 1) [44].

2.2.16. Clostridium tyrobutyricum

Anaerobic and spore-forming, C. tyrobutyricum [81] is widely used in the production of butyric
acid due to its high production in simple media [82]. It is also the biggest cause of problems in the
dairy industry thanks to this ability of converting lactate to butyrate in the presence of acetate. During
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fermentation, lactate is the electron donor and the acetate is the electron acceptor, generating butyrate.
Growth of saccharolytic clostridia is observed in most environments where the oxygen tension is
suitably low [81,82].

2.2.17. Other Species

Clostridium drakei was initially described as C. scalatogenes, but 16S RNA analysis determined that
it was a new species which was named after a researcher, Drake, in recognition of his contributions
to the physiology and ecology of acetogens. Spores are located in the terminal portion of the cell.
They are mandatory anaerobes, with an optimal growth temperature of 30 to 37 ◦C and optimal pH of
5.5–7.5. C. drakei grows autotrophically with H2/CO2 or CO, and also chemiotrophically. The main end
products are acetic acid, ethanol, butyrate, and butanol [14].

Clostridium difficile was initially isolated from newborn feces and referred to as Bacillus difficilis.
The name refers to the difficulty found in isolating and studying this species. C. difficile produces
isocaproic and valeric acid. The cells are shaped like rods that join in aligned groups by the tips of two
to six cells. They have motility and the presence of peritrichous. The sporulation capacity is observed
when induced by culturing in specific medium, and the growth temperature ranges from 25 to 45 ◦C.
Acetic, butyric, lactic acid, and butyrate are the main products obtained by this species [19].

Clostridium autoethanogenum was isolated from rabbit feces. It is strictly anaerobic, with motility
and forms sporulation. It is able to produce ethanol, acetate, and CO2 from CO as a carbon source.
The optimal pH and temperature for growth is 5.8–6.0 and 37 ◦C, respectively [83]. When cultured
with H2, the assimilation of CO by C. autoethanogenum increases and the metabolic pathway to ethanol
production is stimulated, reducing CO2 generation [84].

2.3. Fermentation and Biochemical Pathways

Organic acids and alcohols can be obtained by anaerobic fermentation performed by Clostridium
from organic or inorganic carbon sources. The fermentation processes of the different species are divided
into three main fermentations: ABE (acetone-butanol-ethanol), IBE (isopropanol-butanol-ethanol), and
HBE (hexanol-butanol-ethanol). The latter was recently proposed by a research group that has been
studying the C. carboxidivorans P7 strain [85,86].

Independently of the end products, each strain can use different metabolic pathways based on
the available carbon source and its genetic information. Different carbohydrates, for example, are
fermented through different pathways by clostridia. In the case of hexoses, their metabolism follows the
Embden–Meyerhof–Parnas (EMP) pathway, whereas the metabolism of pentoses takes place through
the pentose phosphate (PP) pathway [86]. On the other hand, to assimilate CO, CO2, and H2 for
HBE fermentation, C. carboxidivorans uses the Wood–Ljungdahl pathway [85,86]. These fermentation
processes and biochemical pathways will be discussed in this section.

2.3.1. Acetone-Butanol-Ethanol (ABE) Fermentation

ABE fermentation was used on a large scale during the First World War. Acetone was produced
by C. acetobutylicum to be used by England for warlike applications. However, the development of
the petrochemical industry after the Second World War, decreased the interest in ABE fermentation to
obtain those products. Recently, environmental problems related to the use of fossil fuels and economic
reasons have again increased the interest for ABE fermentation [87,88].

ABE fermentation is composed of two phases: acidogenic and solventogenic. The first is
characterized by organic acid production (butyric and acetic), and the second by assimilation of these
acids as a carbon source for subsequent transformation into acetone, butanol, and ethanol [56,87].
Generally, molar the acetone:butanol:ethanol ratio is 6:3:1, but it can vary from species to species [56,87].
The most common and best known solventogenic clostridial strains for commercial butanol fermentation
are C. acetobutylicum, C. beijerinckii, C. saccharobutylicum, and C. saccharoperbutylacetonicum [86].
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The use of lignocellulosic biomass in ABE fermentation for butanol production has been studied
by several authors as a solution for the environmental issues mentioned. However, carbon catabolic
repression (CCR) reduces the efficiency of the process since glucose, usually produced after a
pre-treatment of the biomass, suppresses the use of other sugars, such as xylose and arabinose, which
are also produced [89,90]. For butanol production by C. acetoperbutylacetonicum, Noguchi et al. [89] used
a different pre-treatment and saccharification of lignocellulosic material that generates cellobiose rather
than glucose, and xylose, avoiding CCR. Butanol productivity increased with this strategy. Recently,
it was also demonstrated that biochar (a by-product obtained from thermochemical conversion of
biomass under oxygen limited conditions) can serve as a cost-effective substitute for mineral and buffer
solutions in ABE fermentation [91].

2.3.2. Isopropanol-Butanol-Ethanol (IBE) Fermentation

Butanol has been considered an advanced biofuel and its production at a scale of billions of
liters by ABE fermentation may result in oversupply of acetone [92]. IBE fermentation is a solution
to the acetone problem, because in this process naturally-occurring strains can convert acetone in
isopropanol, resulting in the production of isopropanol, butanol, and ethanol. Additional advantages
are the possibility to use this mixture directly as a fuel and the removal of a high corrosive substance
with low fuel properties [93].

C. beijerinckii is one of the main species that produce IBE. It has been identified that the BGS1 strain
has 16 coding sequences related to alcohol dehydrogenase, including the sAdhE gene that encodes
isopropanol dehydrogenase, responsible for acetone to isopropanol conversion. However, not all C.
beijerinckii strains produce isopropanol dehydrogenese [32]. Another inconvenience, as depicted by
Vieira et al. [92], is that natural IBE producers are more sensitive to product inhibition (caused mainly
by butanol) and, consequently, are less efficient than ABE producers.

2.3.3. Hexanol-Butanol-Ethanol (HBE) Fermentation

C. carboxidivorans produces hexanol and hexanoic acid from synthesis gas (mainly CO, H2, and
CO2) [94]. As this bacterium also produces butanol andethanol, the term HBE (hexanol-butanol-ethanol)
fermentation was introduced by Fernandez-Naveira et al. [86]. HBE fermentation is a term derived
from ABE fermentation and known for solventogenic bacteria [94], as already mentioned.

C. carboxidivorans is able to start the solventogenic phase without a drastic pH reduction, which
is the case of ABE fermentation. Thus, buffering the culture medium for HBE fermentation by C.
carboxidivorans may induce higher acid production and promote greater conversion in the solventogenic
phase. However, further investigation and applications of genetic engineering are necessary to reduce
the inhibitory effect of high concentrations of solvents and acids produced [86].

2.3.4. Embden-Meyerhof-Parnas (EMP) Pathway and Pentose Phosphate (PP) Pathway

EMP and PP pathways for Clostridium species to metabolize hexoses and pentoses, respectively,
have been shown by several authors [86,95,96]. Agro-industrial wastes, commonly used as feedstocks
for biofuel production, generate mainly glucose, arabinose, mannose, xylose, fructose, sucrose, and
lactose as substrates after a pre-treatment process [86].

The nature of the sugars is a key parameter that will affect the efficiency of the fermentation
process and the production of metabolites [86]. Monosaccharides are transported by a faster system
than disaccharides. In the case of glucose and fructose, EMP is directly used. For galactose, for
example, after being phosphorylated, galactose-6-P is metabolized via the tagatose 6-P pathway and
subsequently enters the glycolytic pathway. These differences result in different consumption rates
between sucrose and lactose [86,97]. In the case of pentoses, which are usually mixed with hexoses,
there is the carbon catabolic repression (CCR) issue, which suppresses pentose consumption because
of the preferable use of glucose [89,90].
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2.3.5. Wood–Ljungdahl Pathway

The Wood–Ljungdahl (WL) pathway provides acetate from inorganic sources, such as H2, CO,
and CO2. Acetogenic bacteria follow the WL pathway to produce biofuels from CO, CO2, and H2, or
syngas/waste gas [86].

The WL pathway comprises two branches: methyl and carbonyl branches both contribute to
acetyl-CoA formation and start with the assimilation of CO or CO2 [98]. In the methyl branch, formate
is obtained through the reduction of CO2. In the carbonyl branch, CO or CO2 can be taken directly and
converted into acetyl-CoA [86]. Growth of acetogenic bacteria is possible because of the formation of
acetate from 2 mols of CO2, with H2 as a reducing agent and, therefore, this pathway must be coupled
with ATP formation. This is believed to be the oldest biochemical pathway, responsible for producing
biomass and ATP in the ancient world [85]. In the first step of the methyl group, the possibility of
CO assimilation followed by the action of CO desidrogenase generates two protons and two electrons
that can be used as inputs to format desidrogenase action on the following reaction. In other words,
the WL pathway is capable of sustaining the autotrophic growth of the microorganism only with CO,
even without H2 for electron donation [68,71]. In heterotrophic conditions, alcohols, organic acids, and
simple sugars are able to donate electrons to the WL pathway [72].

In the Wood–Ljungdahl pathway, acetyl-CoA is a common intermediate of both branches. The
acetyl-CoA formed by the WL pathway can be used for direct biomass formation or to undergo action
of the phosphotransacetylase (PTA) followed by the acetate kinase (ACK), generating 1 ATP and
forming 1 acetate. Alternatively, acetyl-CoA can also be converted to acetaldehyde, then to ethanol
or butyryl-CoA and, subsequently, into butyrate and/or butanol, or into hexanoyl-CoA and then
hexanoate and/or hexanol [86].

Oxygen inhibits various enzymes from the WL pathway and its presence may increase the redox
potential. Therefore, it is considered one of the most toxic gases during the syngas fermentation [72].
However, some acetogenic microorganisms are tolerant of O2 concentrations ranging from 0.5% to 6%
of saturation [73].

3. Feedstock for Anaerobic Processes

3.1. Glycerol

Known for thousands of years through soap production, the glycerol molecule is considered the
oldest isolated by man [99]. Its name comes from the Greek word “glykys”, which means sweet [98]. It
is an organic molecule of alcohol function that presents three hydroxyl groups in its structure, which
gives it the characteristics of solubility in water [99]. It has no known toxic effect on either man or the
environment [100,101]. It is a viscous liquid, with no smell, no color, a sweet taste and a high boiling
point [100,101]. It is stable under several conditions [99]. There are about 1500 known applications
for glycerol, which include those of the pharmaceutical, food, and cosmetics industries [102]. It is
commercialized in the form of glycerin, a mixture of glycerol and impurities from the production process
with purity varying between 95% and 99% [100,101]. It is also found in the form of “crude glycerol”,
originating mainly from the biodiesel industry, with 60%–80% glycerol in its composition [100–102].

Equivalent to 10% (w/w) of biodiesel production [103], glycerol supply no longer depends on
demand. Glycerol is in excess supply in the market due to the large growth of the biodiesel industry
since 2006 [101], making it a low-cost raw material. The price reduction of glycerol enables its use
in new productive processes of value-added chemicals and its entry into countries where it was not
previously accessible [99].

In addition to being used in chemical processes for the generation of several products, glycerol can
also be employed as a substrate in biotechnological processes. Some examples of products generated
by glycerol metabolization by Clostridium species are: 1,3-propanediol (C. butyricum, C. butylicum,
C. pasteurianum, C. perfringens, C. beijerinckii, C. kainantoi), acetic acid (C. butyricum, C. butylicum, C.
pasteurianum, C. perfringens, C. beijerinckii, C. carboxidivorans), butyric acid (C. butyricum, C. pasteurianum,
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C. carboxidivorans), lactic acid (C. pasteurianum), butanol (C. pasteurianum, C. acetobutylicum, C. beijerinckii,
C. butylicum, C. carboxidivorans), ethanol (C. butyricum, C. pasteurianum, C. perfringens, C. acetobutylicum,
C. beijerinckii, C. butylicum, C. carboxidivorans), acetone (C. acetobutylicum, C. beijerinckii, C. butylicum),
propionic acid (C. butylicum), propanol (C. butylicum), 1,2-propanediol (C. butylicum), and H2 (C.
butyricum, C. pasteurianum, C. beijerinckii) [14,44,57,104–106]. The elemental composition of crude
glycerol from biodiesel production is around 53% carbon, 36% oxygen, and 11% nitrogen, which makes
it a good source of carbon and energy [101,105].

Only glycerol can be converted into 1,3-propanediol by anaerobic fermentation due to its great
specificity [105]. During the fermentation of Clostridium sp., the formation of acetic and butyric acids
occurs, which interfere in the pH of the medium pH, making it more acidic. Without the proper
pH control during the fermentative process, the pH of the medium reaches values below the pKas
of the acids generated, leading to their dissociated forms. With this, the dissociated acids permeate
the cell membrane and remain in the associated form within the intracellular fluid (more alkaline
region), without being able to cross the membrane, causing an imbalance by the energy expended for
the maintenance of the intracellular pH; that is, causing inhibition of cell growth and production of
1,3-propanediol [107]. However, acetic acid has an important role as a reduction equivalent in the
formation of 1,3-propanediol, and the complete conversion of glycerol to 1,3-propanediol is impossible
due to this need. Meanwhile, the conversion of glycerol into butanol or ethanol by C. pasteurianum
does not suffer from the influence of by-products, because all hydrogen carriers are regenerated in the
metabolic pathway [107].

3.2. Molasses

Molasses is a syrupy material obtained during the sugar production process. Industrial sugar
production starts by extracting sugarcane or beet juice, which is then clarified and concentrated. The
concentrated juice is subjected to successive crystallizations, followed by separation of sucrose crystals
by centrifugation. The remaining viscous liquid is molasses [108,109].

Molasses composition varies a great deal among batches. Usually this by-product of sugar
production is composed of water, approximately45–50% (w/w) total sugars (sucrose, glucose, and
fructose), suspended colloids, heavy metals, vitamins, and nitrogenous compounds [110]. Due to its
composition, animal feed and fertilizer are possible destinations for this viscous liquid. However,
ethanol production by fermentation is one of its main applications [109].

As it contains a high quantity of sugars, molasses is an inexpensive renewable carbon source for
several bioprocesses. Since a carbon source is necessary in relatively higher concentrations compared to
other medium components, molasses is a good option to reduce raw material cost [109,111]. Molasses
can be quite inhibitory to several organisms due to its salinity and osmolarity, and the presence of toxic
elements, such as aluminium and sulphites, and thermal sugar degradation compounds [109].

In spite of molasses being mainly used for fuel ethanol production by fermentation, other
potential molecules can be obtained by fermentation of this by-product. The most promising
bioprocesses using molasses as substrate for Clostridium fermentations is acetone-butanol-ethanol
(ABE) production. Considering the importance of butanol, studies for optimization of butanol
production have been undertaken. Syed et al. [112] achieved high butanol production using blackstrap
molasses as substrate. The authors compared butanol production by C. acetobutylicum PTCC-23
to other mutant strains obtained by UV exposure, N-methyl-N-nitro-N-nitrosoguanidine and ethyl
methane sulphonate treatments. Li et al. [110] achieved a similar butanol concentration from cane
molasses using C. beijerinckii mutant obtained by combined low-energy ion beam implantation and
N-methyl-N-nitro-N-nitrosoguanidine induction.

While C. acetobutylicum and C. beijerinckii are the most encouraging species due to their ability to
produce butanol from molasses [113], the literature reports high butyric acid production from molasses
using C. tyrobutyricum species [114]. Li et al. [82] improved butanol production by coculture of C.
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beijerinckii and C. tyrobutyricum, since C. tyrobutyricum produces butyric acid from molasses increasing
the butyrate availability to butanol production by C. beijerinckii.

In addition, several studies evidenced that molasses is a rich source of antioxidants, such as
phenolic compounds. Among the phenolic compounds present in molasses it is possible to find the
flavonoids, which show high antioxidant activity [115,116]. The availability and cost of sugar molasses
make it an attractive feedstock to be used in many countries as raw material for fermentations, and
also as a potential extra source of antioxidants, which are considered value added chemicals.

3.3. Corn Steep Liquor

Corn steep liquor (CSL) is a multicomponent and multiphase matrix, obtained as a major
by-product of the corn wet-milling industry. It is a viscous concentrate of corn solubles containing
amino acids, vitamins, minerals, and proteins. It has been used as a growth medium for Lactobacillus
intermedius in mannitol production and for Saccharomyces cerevisiae in solvent production [117].

The standard medium for Clostridium sp. growth is basically composed of yeast extract, vitamins,
minerals, trace metals, reducing agents, and the carbon source. The more expensive component
is the reducing agent, followed by yeast extract. Yeast extract is a water-soluble portion produced
by extracting the cells’ contents from autolyzed yeast, which may cost $1000 ton−1. An alternative
to replace complex nutrient sources such as yeast extract is corn steep liquor, which costs around
$200 ton−1 [118].

Maddipatti et al. [118] produced 32% more ethanol by Clostridium strain P11 using CSL instead of
yeast extract. They also produced seven times more butanol using this by-product in relation to yeast
extract. CSL also diversified the product range produced by C. carboxidivorans and C. ragsdalei, with
maximum concentrations of ethanol, n-butanol, n-hexanol, acetic acid, butyric acid, and hexanoic acid
of 2.78 g/L, 0.70 g/L, 0.52 g/L, 4.06 g/L, 0.13 g/L, and 0.42 g/L, respectively [119].

3.4. Lignocellulosic Biomass

Lignocellulosic biomass is a rigid and fibrous material present in herbaceous energy and food
crops; forestry, agricultural, and agro-industrial residues; municipal solid waste; and waste streams
from the pulp and paper industry [120]. This renewable and abundant feedstock represents a key
opportunity towards a more sustainable economy, especially due to its capacity of sequestering carbon
to the soil, which is not released to the atmosphere upon harvesting [121,122]. Biofuels, biomolecules,
and biomaterials produced from lignocellulosic materials present a promising alternative to crude
oil, oil products, and fossil fuels due to their renewability, biocompatibility, biodegradability, and
reduction in greenhouse gas emissions to the atmosphere [123,124].

This biomass is mainly composed of three different biopolymers: cellulose (35%–50%),
hemicellulose (20%–35%) and lignin (10%–25%), for which proportions depend on the feedstock
origin, species, harvesting time, and growth stage [120,121,125]. Acetyl groups, minerals, phenolic
substituents, and ash are other constituents that can be found in this biomass [120,121]. Cellulose
is a linear microfibril formed by D-glucose subunits linked through β-1,4 glyosidic bonds and has
cellobiose as a repetitive unit [121,126]. Its cohesive structure is assembled by intramolecular and
intermolecular hydrogen bonds and is 85% crystalline and 15% amorphous [121,127]. Cellulose
is embedded in hemicellulose and lignin. Hemicellulose is a branched and amorphous structure
containing different heteropolysaccharides (xylan, glucomannan, arabinoxylan, etc.), which are
composed of pentose (D-xylose and L-arabinose) and hexose (D-glucose, D-galactose, and D-mannose)
sugar units [121,124–126]. In addition, hemicellulose has organic acids (acetic and glucuronic acids) in
its structure, whose predominance is dependent on its origin (angiosperms vs. gymnosperms). The
hemicellulose of angiosperms is highly acetylated. Upon pretreatment, these acetyl groups partially
catalyze the hydrolysis of hemicellulose. Lignin is an amorphous and hydrophobic polymeric structure
composed of the alcohols p-coumaryl, coniferyl, and sinapyl, and is responsible for the biomass’s
tough structure, impermeability, and resistance to microbial and oxidative attacks [7,121,125]. This
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phenolic macromolecule displays variations in both chemical composition and structure due to a low
degree of order and a high level of heterogeneity.

Different routes can be considered to transform lignocellulosic biomass into important biofuels
and biochemicals, which elucidate the importance of this feedstock in biorefineries. Table 2 summarizes
processes and end-products commonly obtained using lignocellulosic biomass as a feedstock in three
conversion routes. The thermo-chemical, biochemical, and hybrid routes use lignocellulosic materials
by chemical and biochemical processes, generating important products and building blocks for the
chemical and pharmaceutical industries. However, one of the main concerns regarding lignocellulosic
biomass is the food crop competition between energy and food production, which is a reality in the
production of first-generation biofuels from sugar and vegetable oil [3,124]. Therefore, the production
of second-generation biofuels is an alternative to produce ethanol, biodiesel, and other products from
non-food crops, such as agricultural and agro-industrial residues, and forestry and energy crops [3].
This leads to valuable biochemical and biofuel production from less valuable feedstock, mainly in
the form of residue. The use of residues as feedstock improves the sustainability of the process by
reducing residue accumulation in the environment and, therefore, reducing many problematic effects,
such as greenhouse gas emissions in landfills and dumps, and contamination of groundwater [3,128].

Table 2. Conversion routes, processes, and end products using lignocellulosic biomass as feedstock.

Conversion Route Process End Products

Thermo-chemical

Combustion Heat and power
Gasification Hydrogen, alcohol, olefins, gasoline, diesel
Liquefaction Hydrogen, methane, oils

Pyrolysis Hydrogen, olefins, oils, specialty chemicals

Biochemical Fermentation Second-generation fuels (ethanol, butanol), chemicals and biochemicals
Anaerobic digestion Methane, fertilizer (digestate)

Hybrid [7] Pyrolysis + fermentation Ethanol, organic acids (butyric acid, acetic acid), 2,3 butanediol

Adapted from [124].

In order to use all components of the lignocellulosic biomass, as in the case for second-generation
biofuels, a chemical and/or enzymatic pre-treatment of the feedstock is necessary in order to access the
cellulose embedded in lignin and hemicellulose. Physical pretreatment, such as milling, irradiation,
and extrusion, are commonly used to increase the surface area of the biomass and reduce its crystallinity
to improve the enzymatic hydrolysis of its components [124]. Catalyzed and non-catalyzed steam
explosion, ammonia fiber explosion (AFEX), liquid hot water, and microwave-chemical are examples of
physico-chemical pretreatments [124]. Hydrothermal processing has also been assessed in literature to
separate lignocellulosic biomass into cellulose, hemicellulose, and lignin in a biorefinery concept [129].
Common to the paper industry, chemical pretreatments encompass the use of acid and alkaline
compounds, ionic liquids, and hot water at a controlled pH to remove lignin and hemicellulose in
order to decrease the lignocellulosic material polymerization degree and crystallinity, and enhance
biomass porosity [124].

Cellulases and hemicellulases can be used to convert cellulose and hemicellulose to fermentable
sugars [121,124]. Bagasse, straws, and fibers have an interesting quantity of C5 and C6 sugars that
can be used to produce second-generation biofuels and other chemicals in the context of a biorefinery.
Although the pretreated hydrolyzed lignocellulosic material is commonly used to produce ethanol by
yeasts such as Saccharomyces, Kluveryomyces, Debaryomyces, Pichia, and Zymomonas, these materials can
also be used in ABE fermentation by Clostridium species [121,124]. Moreover, it is possible to produce
not only ethanol but also butanol, which is a promising liquid fuel. Butanol-producing Clostridium
sp. can uptake a wide range of hexoses, pentoses, and oligomers obtained from the hydrolysis of
cellulose and hemicellulose [130]. Corn fiber hydrolysate was used for C. beijerinckii fermentation
resulting in the production of 9.3 g/L ABE [131]. The same species was used to convert the wheat
straw steam-exploded hydrolysates, yielding 128 g ABE/kg wheat straw [132]. Seven grams per liter of
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butanol were produced from concentrated sugar maple hemicellulosic hydrolysate by C. acetobutylicum
ATCC824 [133].

Even though lignin is recalcitrant to micro-organisms, it can play an important role through
chemical conversions leading to the production of methanol and BTX (benzene-toluene-xylenes)
phenols and phenolics [121,134].

The thermochemical conversion of lignocellulosic biomass involves the use of heat and catalysts,
while in the biochemical conversion organic matter is converted by micro-organisms through a series
of metabolic reactions. The thermochemical–biochemical conversion or hybrid route merges these two
processes, converting biomass to a gaseous substrate using thermal energy, and the resulting gas is
converted to bioproducts using bacterial cultures. The hybrid route consists of the fast pyrolysis or
gasification of lignocellulosic biomass producing synthesis gas (syngas), which is later converted to
biofuels such as ethanol, butanol, butyrate, and 2,3-butanediol, among others [8,14,16,135–137]. In this
way, all components of the lignocellulosic material are converted to synthesis gas and later fermented
by Clostridium bacteria, overcoming the recalcitrant characteristic of this biomass and eliminating high
costs related to the enzymatic pretreatment [7]. Additionally, the adoption of this hybrid strategy for
processing lignocellulosic biomass allows a more efficient use of it since the whole biomass content
(including lignin) can be converted to fuels and chemicals, not only the polysaccharide fractions as in
the biochemical route. Nonetheless, process integration and optimization need to be done to make
these processes attractive from an industrial standpoint.

3.5. Syngas

Synthesis gas, or syngas, is a gaseous mixture mainly composed of CO, H2, and CO2 that can
present smaller quantities of methane (CH4), hydrogen sulfide (H2S), and nitrogen (N2) depending on
the biomass composition and conversion conditions [7]. Different biomass sources, such as municipal
solid waste, animal slurry, agricultural residue, energy crops, and coal can be used to produce syngas
by pyrolysis or gasification [7]. Fast pyrolysis of biomass occurs in an oxygen-free environment with
moderate temperatures, resulting in syngas, biochar, and bio-oil, an energy rich liquid composed of
carboxylic acids, sugars, alcohols, aldehydes, esters, ketones, aromatics, and furans [7,138]. Bio-oil
and synthesis gas composition depends on the pyrolysis technology implemented and biomass
composition [7]. Reactors used in fast pyrolysis, commonly fluidized bed reactors, must have a
controlled temperature, high heat transfer rates, and rapid cooling of vapors [138].

Biomass can be also converted to synthesis gas through gasification, which is conducted at
higher temperatures than pyrolysis (800–1000 ◦C), promoted by heat and/or electricity, and in the
presence of a gasifying agent [7,138,139]. Synthesis gas is the main product of this thermochemical
process, and biomass composition has an important impact on gas proportion and content, which can
have trace amounts of sulfur (H2S), hydrogen chlorine (HCl), alkali metals (potassium and sodium),
tars, and ammonia (NH3) [7,139]. These contaminants can interfere in the microbial conversion of
synthesis gas and, therefore, purification technologies should be implemented, such as wet scrubbing
or hot/cold/warm gas clean up [139]. Biomass properties (ash, moisture, particle size), gasifying
agent (air, steam, pure O2), reactor type (updraft gasifier, downdraft gasifier, fluid-bed gasifier)
and operational conditions (temperature, fuel:gasifying agent ratio) also influence the synthesis gas
composition [136,139].

Synthesis gas conversion can produce important chemicals and fuels through the Fisher–Tropsch
(chemical) process or fermentation (biochemical process) [7]. The Fischer–Tropsch process involves
catalyzation by iron, cobalt, or ruthenium, producing alcohols and liquid hydrocarbons at 200–350 ◦C,
a fixed H2:CO:CO2 ratio, and a limited amount of impurities [140]. The chemical conversion
process has several drawbacks due to its catalytic and operational nature, including low catalyst
specificity, high energetic demand, sensitivity to toxic gases and high pressure, and temperature
conditions [141–143]. The fermentation of synthesis gas obtained by the pyrolysis/gasification of biomass
is considered a hybrid route since it is a combination of two conversion processes: thermochemical
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and biochemical [144]. Microbial conversion of syngas occurs at a determined temperature and pH,
and can be performed by different acetogenic microorganisms (C. ljungdahlii, C. autoethanogenum,
Acetobacterium woodii, C. carboxidivorans P7, C. ragsdalei P11, Archaeoglobus fulgidus, etc.) and hydrogenic
microorganisms (Rhodospirillum rubum, Desulfotomaculum carboxydivorans, Themococcus onnurineus NA1,
etc.) producing acetate, butyrate, ethanol, 2,3-butanediol, lactate, and others [7,14,17,136,145].

Synthesis gas fermentation has many advantages when compared to well-established processes
in the chemical industry. Considering the Fischer–Tropsch process, syngas fermentation presents
a higher tolerance to sulfur compounds; a variety of CO, H2, and CO2 ratios in synthesis gas that
can be used as a substrate and not a fixed ratio; lower operational pressure and temperature, which
decreases operational costs; and high productivity and product uniformity [8]. Regarding other
biotechnological conversions of lignocellulosic biomass, synthesis gas fermentation eliminates a
complex pre-treatment stage, which would enhance operational cost due to enzyme acquisition [7].
Moreover, all components of lignocellulosic biomass are converted, biomass composition does not
interfere in the gas composition obtained through pyrolysis or gasification, and the resulting H2:CO:CO2

ratio does not affect fermentation [146].
However, one of the major bottlenecks in this process, especially concerning commercialization, is

the mass transfer between gas and liquid phases due to the low solubility of synthesis gas [147–150].
The increase of gas solubility in culture media may enhance the availability of gaseous substrate to cells,
improving both the cell’s autotrophic growth and product conversion [147]. For micro-organisms to
convert the gaseous substrate into fuels and chemicals, it is important that the nutrient is internalized by
the cell, which occurs in a certain pathway from the interior of the gas bubble to the cell cytoplasm [151].
Although mass transfer can present many resistances during this pathway, most may be neglected
in most bioreactors except for the resistance near the gas–liquid interface, which is a function of gas
diffusivity in the liquid phase, as well as the film thickness [152]. The gas adsorption in the liquid
phase is a limiting step for gas–liquid mass transfer and is accounted for in the overall volumetric
mass transfer, kLa, which is increased when the gas mass transfer to the liquid phase increases [152].
Consequently, productivity would increase in gas–liquid systems.

Many approaches have been proposed in literature in order to increase mass transfer in gas–liquid
systems, such as gas specificity, increasing operational pressure, increasing gas and liquid flow rates,
larger specific gas–liquid interfacial areas, different reactor configurations, different liquid phases,
innovative impeller designs, mathematical approaches, and more [146,153–158]. Table 3 summarizes
some approaches reported in literature so far. Recently, the use of perfluorodecalin (PFC) and Tween®

80 improved carbon monoxide mass transfer to a liquid phase composed of distilled water, PFC, and
Tween® 80 in a stirred tank reactor with a sparger and Rushton-type and Smith-type impellers [157].

Synthesis gas obtained from residues is a cheap feedstock that can be used to produce sustainable
biofuels and chemicals [136]. An ethanol productivity of 7.3 g/L.day was achieved in 5 L bioreactors
during a two-stage continuous fermentation of synthesis gas using C. ljungdahlii [26]. Gaseous waste
streams from the steel industry, with different CO, CO2, and H2 ratios, could be fermented by C.
ljungdahlii and Clostridium autoethangenum to produce ethanol, integrating a biorefinery and the steel
industry [159]. Commercially, LanzaTech collaborated with Concord Blue Energy to produce ethanol
and 2,3-butanediol by the fermentation of high quality synthesis gas obtained via gasified municipal
solid wastes and agricultural residues [7]. INEOS New Planet Bioenergy also produces ethanol from
syngas obtained through the gasification of vegetative waste and agricultural biomass, and in 2008 had
a production rate of 100 gallons of ethanol per dry ton of feedstock using C. ljungdahlii [7,15]. Coskata
Inc. developed bacteria for ethanol production, Clostridium coskatii, and have been investing in syngas
fermentation for ethanol production from wood chips and waste and reformed natural gas [15].
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Table 3. Mass transfer related to synthesis gas fermentation reported in literature using water as the
liquid phase.

Reactor
Agitation

(rpm)
Specific Gas Flow

Rate (vvm)
Microorganism Gas kLa (h−1) Ref

BCR n/a 0.4 n/a CO 72.0 [160]
CHF n/a n/a n/a CO 85.7–946.6 [146]
CSTR 300 n/a C. ljungdahlii CO 14.9 [161]
CSTR 400 n/a C. ljungdahlii CO 21.5 [161]
CSTR 400 0–0.32 n/a Syngas 38.0 [162]
CSTR 500 n/a C. ljungdahlii CO 22.8 [161]
CSTR 600 n/a C. ljungdahlii CO 23.8 [161]
CSTR 700 n/a C. ljungdahlii CO 35.5 [161]
GLR n/a 1.67 n/a CO 129.6 [154]

HFMBR n/a 0.625 n/a CO 1096.2 [23]
HFMBR n/a 0.029 n/a CO 385.0 [163]

HFR n/a 0.037 n/a CO 420 [158]
MBR n/a 0.00625–0.0625 n/a Syngas 450.0 [154]

PBC with microbubble
sparger n/a 0–0.021 R. rubrum Syngas 2.1 for CO [148]

STR 300 0–0.032 C. ljungdahlii Syngas 35.0 for CO [148]

STR 300 0–0.032 SBR mixed
culture Syngas 31.0 for CO [148]

STR 300 2.7 n/a CO 166.09 ± 13.15 [157]
STR 400 0.14–0.86 n/a CO 10.8–155.0 [164]
STR 400 0.70–2.14 n/a CO 72.0–153.0 [155]
STR 400 0.36–1.07 n/a CO 72.0–122.4 [165]
STR 400 0–0.032 R. rubrum Syngas 101.0 for CO [148]
STR 450 0–0.032 R. rubrum Syngas 101.0 for CO [148]
STR 500 0.36–1.07 n/a CO 129.6–144.0 [165]
STR 500 2.0–2.7 n/a CO 11.48 ± 57.79–399.06 ± 26.80 [157]
STR 600 0.36–1.07 n/a CO 147.6–208.8 [165]
STR 650 0.36–1.07 n/a CO 172.8–252.0 [165]
STR 700 0.36–1.07 n/a CO 187.2–288.0 [165]

STR with microbubble
sparger 300 n/a SBR mixed

culture Syngas 104.0 for CO [148]

TBR n/a 0–0.021 n/a Syngas 22.0 [162]
TBR n/a 0–0.021 C. ljungdahlii Syngas 137.0 for CO [148]
TBR n/a 0–0.021 R. rubrum Syngas 55.5 for CO [148]

TBR n/a 0–0.021 SBR mixed
culture Syngas 121 for CO [148]

Where: n/a—not applicable; SBR—sulfate reducing bacteria; N—impeller speed; QCO—specific gas flow rate;
kLa—overall volumetric mass transfer coefficient; BCR—bubble column reactor; STR—stirred tank bioreactor;
CSTR—continuous stirred tank bioreactor; HFMBR—hollow fiber membrane bioreactor; CHF—composite
hollow fiber membrane; HFR—hollow fiber reactor; MBR—membrane bioreactor; PBC—packed bubble column;
TBR—trickle bed reactor/GLR—gas-lift reactor; Ref—references.

4. Biomolecules Produced by Clostridium sp.

4.1. Ethanol

Ethanol, often referred to as ethyl alcohol or simply alcohol, is a volatile, biodegradable, low-toxicity,
flammable, and colorless liquid at room temperature [166]. Global ethanol production has grown
considerably over the past decade. In 2017, its global production was approximately 98 billion
liters [167]. Ethanol is a very versatile building block for industry. It can be used to generate
chemicals such as ethylene, propylene, 1,3-butadiene, and hydrocarbons, as well as in the production of
oxygenated molecules, such as acetaldehyde, butanol, acetic acid, acetone, and dimethyl ether [168,169].
Ethylene, the largest-volume petrochemical produced worldwide, is used to produce ethylene glycol,
propylene oxide, ethylene oxide, acrylonitrile, and polyethylene (PE) [170].

Only about 7% of ethanol produced in the world is made by a petrochemical process through the
hydration of ethylene, and the main producers by this route are Germany, South Africa, and Saudi
Arabia [171]. The vast majority of ethanol is produced by a fermentation process, using renewable
sources as feedstock and microbial catalysts. Two main types of crops are used in the ethanol production
industry by a well-established technology: sugar rich crops, such as sugar cane, and amylaceous
crops, such as corn. Synthetic ethanol processing is economically less attractive than fermentation

175



Catalysts 2019, 9, 962

due to the high production cost of ethylene and the great availability of agricultural products and
byproducts [171].

Clostridium species can produce ethanol from several renewable sources, such as sugary or starchy
materials (sugar cane, sugar beet, corn, etc.), lignocellulosic materials (e.g., cane bagasse and corn
stover), as well as from gaseous substrates, such as CO, CO2, and H2. Table 4 shows some examples.

Table 4. Recent studies reported about ethanol production by Clostridium species.

Feedstock Microorganism Reactor
PEt

1

(g/L)
QEt

2

(g/L.h)
Ref. 3

Syngas C. carboxidivorans P7 HFM-BR 23.93 0.14 [23]
Syngas C. rasgdalei P11 STR 25.26 0.001 [172]
Syngas C. ljunghdalli ERI-2 CSTR/Bubble column 19.73 0.37 [26]
Syngas C. ljunghdalli PETC CSTR 19 0.30 [173]
Syngas C. carboxidivorans P7 h-RPB 7 0.28 [174]
Syngas C. ljunghdalli Batch 0.49 0.03 [175]
Syngas C. carboxidivorans P7 Batch 2 0.02 [176]

CO C. autoethanogenum DSM 10061 Continuous gas-fed 7.14 - [177]
Glucose C. saccharoperbutylacetonium pSH2 Batch 7.9 0.11 [178]
Glucose C. acetobutylicum hbd::int(69) Fed-batch 33 0.5 [38]
Glucose C. carboxidivorans P7 Batch 2.34 0.01 [179]

Lignocellulose C. thermocellum ATCC31924 Batch 2.45 0.02 [180]
Lignocellulose C. cellulolyticum H10 Batch 2.5 - [41]

Lignocellulose and starch C. acetobutylicum NBRC13948 SHF 1.7 0.018 [180]
Lignocellulose and starch C. acetobutylicum NBRC13948 SSF 1.5 0.01 [180]

Cellobiose C. thermocellum LL1275 Batch 5 0.07 [63]
Cellobiose C. cellulovorans 83151-adhE2 CBP 2.03 0.03 [181]
Cellobiose C. phytofermentans ATCC700394 CBP 7 0.03 [36]
Glycerol C. pasteurianum MTCC6013 Immobilized cells 1.94 0.01 [182]

1 PEt: ethanol production; 2 QEt: ethanol productivity; 3 Ref.: reference.

Fernandez-Naveira et al. [180] reported an ethanol production of 2.34 g/L from a glucose (30 g/L)
fermentation process by C. carboxidivorans DSM 15,243 in a continuous bioreactor. A mutant strain of
C. acetobutylicum ATCC824, developed by the disruption of the butyrate/butanol pathway, produced
33 g/L of ethanol in a fed-batch fermentation process using glucose as a substrate with a productivity
of 0.5 g/L.h [38]. In another study, C. saccharoperbutylacetonicum N1-4 had some genes overexpressed
to develop a more robust strain, which resulted in a 400% increase in ethanol production. Glucose
(80 g/L) was used in a batch bioreactor process and 7.9 g/L of ethanol was produced after 72 h of
fermentation [178].

Khanna et al. [178] reported the bioconversion of crude and pure glycerol into ethanol, butanol,
and 1,3-propanediol by immobilized C. pasteurianum MTCC 6013, using a silica gel chromatography
column (80–120 mesh grade) as immobilization support. Pure glycerol (25 g/L) formed more products
(19 g/L) than crude glycerol (12 g/L). In these conditions, 1.94 g/L of ethanol, 9.23 g/L of 1,3-propanediol,
and 7.73 g/L of butanol were obtained [182].

Ethanol can also be produced from lignocellulosic materials, which is commonly called
second-generation ethanol. Agricultural residues, such as sugar cane bagasse and corn stover,
grasses, such as switchgrass, and forestry and wood residues have been studied in order to develop a
cost-effective second-generation process using these plentiful feedstocks [169,183]. In a very recent
study, Singh et al. [180] reported an ethanol production of 2.45 g/L during 120 h of cellulose batch
fermentation (30 g/L) by C. thermocellum ATCC31924. C. thermocellum LL1275 produced 5 g/L of ethanol
(productivity of 0.07 g/L.h) through batch fermentation with cellobiose as a substrate [63]. It was
reported that 8.5 times more ethanol was produced by a genetic engineered strain of C. cellulolyticum in
comparison to the wild strain, using switchgrass as feedstock in a batch fermentation process [41].

The production of ethanol with lignocellulosic biomass can be processed through four different
configurations, depending on the feedstock, the microorganism chosen, and the product desired.
These configurations are known as SHF (separate hydrolysis and fermentation), SSF (simultaneous
saccharification and fermentation), SSCF (simultaneous saccharification and co-fermentation), and CBP
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(consolidated bioprocessing) [184]. In the SHF, the hydrolysis of the biomass and the hexose/pentose
fermentations are carried out in separate reactors. The main advantage of this configuration is the
possibility of performing each step in its optimal conditions of pH and temperature. However, high
concentrations of glucose and/or cellobiose in the first step inhibit the cellulases and reduce their
efficiencies. The SSF configuration occurs with cellulose hydrolysis and hexose fermentation in the same
bioreactor, reducing the inhibition of cellulases by end products as observed in the SHF, but making
it difficult to process both steps in their optimum conditions of pH and temperature. Furthermore,
microorganisms used in the SSF are able to ferment only glucose, not being able to utilize xylose.
The SSCF configuration is similar to the SSF, but glucose and xylose can be fermented in the same
bioreactor, as some genetically engineered strains are developed to ferment both substrates [185,186].
CBP configuration is represented by one single microorganism that produces enzymes to hydrolyze
cellulose and hemicellulose, and converts the resulting sugars into ethanol. Thus, the enzyme
production, hydrolysis, and fermentation steps occur in the same bioreactor, reducing costs and
increasing process efficiency. However, this type of biocatalyst is still in the early development
stage [185,187]. In 2014, a study reported the production of ethanol and butanol through SHF and SSF
processes with C. acetobutylicum NBRC13948. In this work, corn and wood chips of Quercus acutissima
were used as feedstock and 1.7 g/L of ethanol was produced after 96 h of fermentation in the SHF
process, while in the SSF process 1.5 g/L of ethanol was obtained after 144 h [188]. C. phytofermentans
was used in a CBP configuration with corn stover as feedstock. An ammonia fiber expansion (AFEX)
pretreatment process was conducted and 7 g/L of ethanol was produced after 264 h of fermentation [36].

Another way to transform the lignocellulosic biomass into ethanol is the hybrid technology that
involves thermochemical and biochemical steps, known as syngas fermentation [182], as already
mentioned in the feedstock section. In addition to the syngas produced from gasification of biomass,
industrial waste gas streams containing CO, H2, and CO2 can also be converted to ethanol by Clostridium
species, in the biochemical step [184]. The main advantage of the syngas fermentation process is
that all components of lignocellulosic material, including lignin, are converted into syngas and later
fermented, overcoming the recalcitrant characteristic of this biomass and eliminating the elevated
costs related to the enzymatic pretreatment step [7]. In 2014, it was reported that 24 g/L of ethanol
was obtained from syngas fermentation (50% CO, 30% H2, and 20% CO2) by C. carboxidivorans P7 in a
hollow fiber membrane biofilm reactor (HFM-BR) [23]. Richter et al. [26] reported a two-stage syngas
fermentation process by C. ljunghdalli ERI-2, operating one bioreactor for cell growth and a bubble
column bioreactor equipped with a cell recycle module for ethanol production. Syngas containing
60% CO, 35% H2, and 5% CO2 was used, and 18 g/L of ethanol was obtained, with a productivity of
0.37 g/L.h. A study carried out recently with C. carboxidivorans P7 reported an ethanol productivity
of 0.28 g/L.h with a syngas composition of 20% CO, 5% H2, 15% CO2, and 60% N2, in a horizontal
rotating packed bed biofilm reactor (h-RPB). Seven grams per liter of ethanol were obtained using
the h-RPB reactor, which was 3.3 times higher than that obtained in a CSTR (continuous stirred tank
reactor) under the same conditions [189].

4.2. Butanol

Butanol (butyl alcohol) is a four-carbon alcohol with the molecular formula C4H9OH. It is a
volatile, biodegradable, low-toxicity, flammable, and colorless liquid at ambient temperature. There
are four isomeric structures of butanol: n-butanol, sec-butanol, isobutanol, and tert-butanol. This
alcohol is an important building block for the chemical industry, being used as an intermediate to the
production of methacrylate esters, butyl acrylate, butyl glycol ether, butyl acetate, and plasticizers.
It can also be used as a diluent for brake fluid formulation, and for the production of antibiotics,
vitamins, and hormones [190,191]. One of the most important applications of butanol is as a direct
replacement of gasoline or as a fuel additive, due to the low vapor pressure and corrosivity, which
allows its transportation and storage in the same infrastructure existing for gasoline, as well as its blend
with existing gasoline at much higher proportions than ethanol [191,192]. Furthermore, as butanol is a
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four-carbon alcohol, it has the double carbon content of ethanol and contains 25% more energy [191].
These advantages make butanol outstrip ethanol as an alternative biofuel [193].

Butanol has been traditionally produced by anaerobic fermentation of sugar-rich substrates
using Clostridium sp. via ABE fermentation process. With the emergence of the petrochemical
industry in the 1950s, most butanol in the world started to be produced from fossil oil, through the
hydroformylation of propene, a process known as oxo synthesis [190]. In the 1970s, the global energy
crisis rekindled the worldwide focus towards development of alternative fuels, reigniting interest
in ABE fermentation [190,194]. The fermentation technology of butanol production by Clostridium
sp. has some drawbacks, such as the relatively high substrate cost arising from the use of edible
biomass, the low final butanol concentration obtained (less than 20 g/L), the low butanol selectivity,
the low volumetric butanol productivity (less than 0.5 g/L.h), and the high cost of recovery. Thus,
butanol fermentation is less competitive than that of other biofuels [193]. Aiming at overcoming
these disadvantages related to the fermentation technology, some studies reported the development of
genetically engineered strains to improve butanol yield, different modes of operation to increase the
productivity, different recovery processes, and the use of non-edible feedstocks focusing on residual
biomass [193].

Lignocellulosic biomass, syngas, molasses, and glycerol are promising feedstocks for ABE
fermentation. Qureshi et al. [29] achieved 34.77 g/L of butanol using corn stover hydrolysate, and
30.86 g/L using barley straw hydrolysate, as substrates in the fermentation process by C. beijerinckii P260,
with simultaneous product recovery. Using crude glycerol (50 g/L) as a substrate, butanol production
of 8.95 g/L was reported in a batch fermentation with C. pasteurianum DSM 525, and 0.119 g/L.h
of productivity was achieved [195]. A fibrous bed reactor with gas stripping recovery was used to
produce butanol with cassava bagasse hydrolysate by a hyper-butanol-producing C. acetobutylicum
strain (JB200). More than 76 g/L of butanol was obtained with a productivity of 0.32 g/L.h [196]. Only
1 g/L of butanol and 3 g/L of ethanol were produced after 600 h in batch fermentation (70% CO, 20%
H2, 10% CO2) using C. carboxidivorans P7 [197].

Mutagenesis and metabolic engineering techniques have been used to develop new strains capable
of producing butanol in adverse situations that the wild strain could not. Zhang et al. [198] achieved a
butanol productivity of 0.53 g/L.h using a metabolically engineered strain of C. tyrobutyricum to ferment
sugar cane juice, with corn steep liquor as the nitrogen source, using a fibrous bed bioreactor (FBB)
in a repeated batch mode for 10 consecutive cycles in 10 days. A butanol concentration of 12.8 g/L
was detected [196]. Lee et al. [37] reported the development of a metabolically-engineered strain of C.
acetobutylicum that produced 44.6 g/L of butanol. Glucose was used as the substrate in a continuous
fermentative process, and in situ adsorptive recovery of butanol. A butanol productivity of 2.64 g/L.h
was reported, which represents a high value compared to similar studies.

Different fermentation techniques can be adopted in the ABE process, including: batch, fed-batch,
semi-continuous, free cell continuous, immobilized cell continuous, cell recycle cell, biofilm reactor,
fed-batch extractive fermentation, and fed-back with in situ product recovery. The batch process is the
most reported due to the low contamination risk and simple operation, but a maximum ABE solvent
concentration of 25–30 g/L has been obtained [197]. Zhang et al. [198] reported an immobilized cell
fermentation system with co-culturing of C. beijerinkii and C. tyrobutyricum, using hydrolysate cassava
bagasse as feedstock. More than 13 g/L of butanol was produced with a productivity of 0.44 g/L.h.

Obstacles, such as the low productivity, low yield, and low substrate consumption, are a result of
solvent accumulation that causes severe inhibition. Efficient recovery processes are able to overcome
these drawbacks, but usually lead to high processing cost and to large quantities of disposal water.
The most-used recovery technique in the industry is conventional distillation, but other techniques
have been investigated in order to reduce costs, enhance productivity, eliminate inhibition effects, and
increase sugar consumption. Among these, liquid–liquid extraction, pervaporation, gas stripping,
perstraction, reverse osmosis, ionic liquid extraction, adsorption, and aqueous two-phase separation
can be highlighted [199]. A very recent study reported a two-stage fed-batch fermentation of glucose by
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C. acetobutylicum MTC11274 with magnesium limitation and calcium supplementation, integrated to a
gas stripping system. More than 54 g/L of butanol was detected, with a productivity of 0.58 g/L.h [200].
Dong et al. [201] reported a ceramic hollow fiber-supported polydimethylsiloxane (PDMS) composite
membrane used for the pervaporation of butanol. The results showed the PDMS composite membrane
exhibited high and stable performance for butanol recovery from ABE systems. Raganati et al. [202]
showed an efficient recovery of butanol from ABE fermentation broth by adsorption on Amberlite
XAD-7, as this adsorbent presents a high affinity for butanol and a poor affinity for glucose.

4.3. Acetone

Acetone, also known as propanone, is a colorless, volatile, flammable, and toxic liquid. Represented
by the chemical formula (CH3)2CO, it is the simplest, smallest, and commercially most-important
aliphatic ketone. Almost 7 million tons of acetone are produced globally per year [203]. The
development of acetone industrial production by fermentation was promoted by the outbreak of
the First World War. The Weismann process was patented in March 1915 [87,204]. The main
objective to produce acetone by this time was the conversion into cordite, a smokeless ammunition
powder [87,204]. However, in the 1950s, routes to produce solvents from oil were made cost-competitive
with fermentation. Furthermore, the major feedstock for fermentation processes was molasses, which
spiked in price because of animal feed demand [204,205]. Today, approximately 100 years after the
publication of the Weizmann process, its modern approaches are gaining interest once more, with a
different driver, namely, the search for more sustainable processes [204].

At present, the global acetone industry is driven by the solvents sector, representing approximately
34% of global demand in 2017. As a solvent, it is used in products, such as nail polish removers,
cement, lacquers, cleaners, paint, coatings, films, and adhesives [206]. It is also used for MMA (methyl
methacrylate) production, to form PMMA (polymethyl methacrylate), and as a fuel additive [206,207].

Acetone can be produced through different methods, such as the cumene process, from alkane
nitriles, hydrolysis of geminal dihalides, dehydrogenation of isopropyl alcohol, ozonolysis of alkanes,
and the fermentation process. About 96% of the world‘s acetone production is as a by-product of
phenol by the cumene process, which uses benzene and propylene, two petrochemical products, as
raw materials [206]. Integrated metabolic and evolutionary engineering was applied to C. cellulovorans
and a 138-fold increase in butanol production was achieved [208]. Due to the current concern about
greenhouse gas emissions and the replacement of petrochemical processing by renewable processes
and feedstocks, fermentation technologies are of interest to academic and industrial communities [207].

The fermentation of sugar using Clostridium strains is a well-known industrial process, for which
main products are acetone, butanol, and ethanol (ABE), obtained in a molar ratio of 3:6:1 [207].
Strictly anaerobic Gram-positive microorganisms possess a fermentation metabolism and utilize
a variety of sugars, oligosaccharides, and polysaccharides by two distinct phases, acidogenic and
solventogenic [209]. Usually, desired products of ABE fermentation are butanol and ethanol; acetone is
the major by-product and is produced in the solventogenic phase, along with ethanol and butanol [207].
Glucose is the preferred substrate for ABE fermentation; however, a range of substrates can be used,
such as simple sugars (galactose and xylose), disaccharides (maltose, sucrose, and lactose) and complex
polysaccharides (cellulose and hemicellulose). Furthermore, direct conversion of starch without any
hydrolysis step is possible with Clostridium strains [207].

The most widely used species for the production of acetone is C. acetobutylicum, although C.
beijerinkii has also been used with good results. Li et al. [210] reported a fermentation process in a 7
L bioreactor with C. acetobutylicum ATCC824, using a cassava-based medium. Six grams per liter of
acetone were produced after 50 h of fermentation. The addition of acetate in the culture medium is a
new approach to increase acetone and butanol production in ABE fermentation [211,212]. Acetone
production doubled with the addition of 4 g/L of acetate in the culture medium containing 50 g/L
of glucose with C. saccharoperbutylacetonicum N1-4 [211]. For pretreated corncob fermentation by C.
beijerinkii TISTR1461, an inferior increase (8%) was detected with acetate addition [212].
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Batch is the most common operational process for ABE studies, despite its drawbacks, such as
low cell density, low reactor productivity, nutritional limitations, and severe product inhibition. An
important approach that has attracted interest to achieve greater conversion rates in ABE fermentation
is cell immobilization technology. The immobilization can be done by adsorption or entrapment, but
due to diffusion limitation problems, passive adhesion to surfaces is preferred [213]. Six grams per
liter of acetone was obtained as by-product with C. acetobutylicum DSM792 using glucose as a substrate
in a continuous column bioreactor with wood pulp as the immobilization material [213]. Kong et
al. [39] reported a batch fermentation using free and immobilized C. acetobutylicum XY16 with modified
sugarcane bagasse as a support for immobilization. A 1.4 times increase in acetone production was
achieved with the cell immobilized batch process.

4.4. 1,3-Propanediol

1,3-Propanediol (1,3-PDO), also called trimethylene glycol, 1,3-dihydroxypropane, or propylene
glycol, is a three-carbon molecule with the molecular formula C3H8O2 [214]. Due to its enormous
applications in the synthesis of polyesters, polyethers, polyurethanes, and heterocyclic compounds,
such as indole and quinolines, 1,3-PDO is a promising bulk chemical. The chemical industry also uses
1,3-PDO to obtain resins, engine coolants, mortars, and inks [215]. The most important application
involves the synthesis of a superior polymer known as polytrimethylene terephthalate (PTT). PTT
is a biodegradable polyester with great potential application in textile, carpet, and upholstery
manufacturing. Compared to other similar polymers, such as polyethylene terephthalate (PET),
polybutylene terephthalate (PBT), or nylon, PTT has better elasticity and better modulus. It shows
higher ultraviolet (UV) resistance and tends less to electrostatic charging [214,216].

A number of different chemical and fermentative routes can be used to synthesize 1,3-PDO. The
chemical routes to produce 1,3-PDO are hydration of acrolein, followed by hydroformylation and
hydrogenation of ethylene oxide. These processes require expensive catalysts, high temperature,
and pressure, with several disadvantages, such as toxic intermediates and non-renewable raw
materials [214,216]. Alternative fermentative routes are more environmentally friendly compared
to chemical processes. Glycerol is the unique substrate that can be directly metabolized to 1,3-PDO.
Native microorganisms that convert glycerol into 1,3-PDO belong mainly to the genera Clostridium,
Klebsiella, Citrobacter, Enterobacter and Lactobacillus. All are able to produce 1,3-PDO using glycerol as
the sole carbon source except Lactobacillus, which produces 1,3-PDO by co-fermentation using both
sugar and glycerol as substrates simultaneously [214]. Among these microorganisms, K. pneumoniae
and C. butyricum have been most intensively studied due to their substrate tolerance, high yield, and
productivity. Although C. butyricum is strictly anaerobic and K. pneumonia is facultative anaerobic,
C. butyricum is more interesting for industrial application because K. pneumonia is classified as an
opportunistic pathogen [217]. Another possibility of producing 1,3-PDO involves genetically engineered
strains that can utilize sugar to glycerol and glycerol to 1,3-PDO consecutively [214,216,217].

Many strategies have been investigated to increase yield and productivity of 1,3-PDO using
Clostridium strains, including by-product reduction; substrate and product inhibition reduction; different
bioreactor operation modes; mutagenesis and genetic modification of strains; cell immobilization; and
co-culture fermentation [218–220]. Production of 1,3-PDO from glycerol using different Clostridium
species and strategies is compared in Table 5.
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Table 5. Production of 1,3-PDO from glycerol using different Clostridium butyricum strains and strategies.

Strain FS Strategy Scale C1,3-PDO
1 Y1,3-PDO

2 Q1,3-PDO
3 Ref. 4

C. butyricum CNCM1211 PG 5 B 7 1-L 37.1 0.53 1.32 [221]
C. butyricum CNCM1211 CG 6 B 1-L 63.4 0.57 0.63 [221]

C. butyricum F2b CG B 2-L 47.1 0.52 1.34 [222]
C. butyricum F2b CG C 8 2-L 44.0 0.51 1.76 [222]

C. butyricum VPI 3266 PG C 2-L 29.7 0.62 2.98 [220]
C. butyricum VPI 3266 CG C 2-L 31.5 0.50 3.15 [223]
C. butyricum AKR102a PG FB 9 1-L 93.7 0.52 3.30 [40]
C. butyricum AKR102a CG FB 1-L 76.2 0.51 2.30 [40]
C. butyricum AKR102a CG FB 200-L 61.5 0.53 2.10 [40]

C. butyricum DSP1 CG B 6.6-L 37.6 0.53 1.12 [224]
C. butyricum DSP1 CG FB 6.6-L 71.0 0.54 0.68 [224]
C. butyricum DSP1 CG B 42-L 36.4 0.52 1.13 [224]
C. butyricum DSP1 CG B 150-L 37.2 0.53 1.33 [224]

C. butyricum VPI1718 CG RB 10 1-L 65.5 0.52 1.15 [225]
C. butyricum NCIMB 8082 CG B 1-L 32.2 0.52 2.38 [226]
C. butyricum NCIMB 8082 CG FB 1-L 29.8 0.48 2.55 [226]

1 C1,3-PDO, final 1,3-PDO concentration (g/L); 2 Y1,3-PDO, 1,3-PDO produced per glycerol consumed (g 1,3-PDO/g
glycerol); 3 Q1,3-PDO, 1,3-PDO overall productivity (g/L.h); 4 Ref.: reference; 5 PG, pure glycerol; 6 CG, crude glycerol;
7 B, batch fermentation; 8 C, continuous fermentation; 9 FB, fed-batch fermentation; 10 RB, repeated batch cultivation.

4.5. Other Biomolecules

Clostridium spp. may also produce other interesting molecules besides those already mentioned.
Butyric acid, isopropyl alcohol, n-caproic acid, and hexanol are some of the chemicals that can also be
produced by the genus Clostridium [198,227–230].

Butyric acid is a four-carbon volatile acid with a global market of more than 80,000 tons
per year [227,231]. This carboxylic acid is an important chemical, as its derivatives present several
commercial applications. For example, butyrate esters can be applied as fragrance- and flavor-enhancing
agents in beverages, food, and cosmetics [227]. Due to its many health benefits, including antineoplastic
effects on the large intestine and colon, butyrate and its derivatives have been widely used in
pharmaceuticals as drugs for treating hemoglobinopathies, colon cancer, and gastrointestinal diseases;
and as prebiotic supplements to animal feeds replacing antibiotics [232]. Another relevant application
of butyric acid is butanol production by either biotransformation using microorganisms or catalytic
chemical process [230,232].

At present, butanol is mainly produced by the petrochemical industry via oxidation of
butyraldehyde obtained from oxosynthesis of propylene [227,232]. However, concerns regarding
environmental impacts and the rising desire to use renewable resources have driven industrial
attention toward fermentative production of butyric acid, especially for applications in the food and
pharmaceutical industries [227,232].

Although butyric acid can be synthesized by various strains belonging to the genera of
Clostridium, Butyrivibrio, Butyribacterium, Sarcina, Eubacterium, Fusobacterium, Megasphaera, Roseburia,and
Coprococcus [227,231,232], the preferred strains for potential commercial uses are from the genus
Clostridium because of their higher and stable productivity and production titers [230,232]. Most
butyric acid-producing clostridia ferment glucose, xylose, lactose, starch, and glycerol for cell growth
and butyric acid production. Cellulose and CO2 can also be converted into butyrate by some
species [227,232]. C. carboxidivorans can utilize CO, CO2, and H2 to produce butyric acid. C. cellulovorans,
C. polysaccharolyticum, and C. populeti can use cellulose for butyrate synthesis [232]. Some Clostridium
species can be manipulated to produce either solvents or acids as the main products, depending on
culture conditions. Several species, including C. butyricum, C. tyrobutyricum, and C. thermobutyricum
produce butyrate as the main product with a relatively high productivity and yield; thus, they are the
most studied species due to their high commercial potential for butyric acid production. C. kluyveri
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can produce butyric acid as a major product from ethanol and acetate as substrates; however, n-caproic
acid is produced instead of butyrate when ethanol is present in excess of acetate [227,232].

n-Caproic acid, a six-carbon chain carboxilyc acid, is a versatile platform chemical for producing
flavor additives for the food industry and biofuels for aviation. This molecule is also a potential
antimicrobial agent that can be used as a green antibiotic [228,233]. n-Caproic acid is produced by chain
elongation of a carboxylic acid, which is a reversed β-oxidation pathway using ethanol or lactic acid
as an electron donor. Short-chain carboxylic acids are elongated by adding two carbons (acetyl-CoA
derived from ethanol) each time, converting them into chemicals with six or more carbons [228,234].

C. kluyveri and Clostridium sp. BS-1 were identified as n-caproic acid producers [233]. The use
of C. kluyveri pure culture was reported in the caprogenic processes, but open cultures are known to
increase metabolite production. Studies have used different substrates, such as acetic acid with ethanol,
syngas fermentation effluent with ethanol, yeast-fermentation beer, and lactic acid [233,235].

Another valuable organic molecule that can be obtained by Clostridium anaerobic fermentation is
isopropanol, also called isopropyl alcohol. Isopropanol is an important organic solvent used in paints
and varnishes, removers, antiseptic solutions, printing, perfumery, and cosmetics [236]. This molecule
is also an additive for gasoline and diesel, and an important precursor for the production of green
propylene [229].

Although ABE fermentations are usually conducted using C. acetobutylicum, several C. beijerinckii
sp., having an additional primary/secondary alcohol dehydrogenase, can convert acetone to isopropanol.
Studies using C. beijerinckii have reported mainly butanol and isopropanol production with very little
ethanol/acetone, unlike other ABE organisms, where the ratio is 6:3:1 (butanol:acetone:ethanol weight
ratio) [227,229,237].

Hexanol is also an organic solvent that can be produced by Clostridium autotrophic growth on
CO and H2. C. carboxidivorans derives energy and carbon for growth from CO and H2, and produces
ethanol, butanol, and hexanol by reduction of organic acids formed in the mechanism of energy
conservation and synthesis of cell material [86,197].

5. Concluding Remarks

First-generation biorefinery processes are based on the use of sugar-containing food crops as
feedstock and lead to food–fuel competition. The use of lignocellulosic biomass, waste, or waste gases
increases the sustainability of biorefineries, thereby overcoming the food–fuel dilemma. These two
concepts can be integrated in a biorefinery, reducing the use of food crops, with the help of Clostridium
species, as proposed in the hypothetical scenario presented in Figure 1. In the example, because
sugarcane bagasse can be used to generate fuels and chemicals, reduced amounts of sugarcane juice
are needed for this purpose. In this concept, the lignocellulosic biomass (sugarcane bagasse) can be
submitted to pre-treatment for enzymatic hydrolysis for microbial transformation (biochemical route),
and also be thermally converted to syngas for microbial fermentation (hybrid route). In both routes,
significant progress has been made. Economic and market data can be used to choose between these
processes, minimizing the disadvantages related to each one. Clostridium species are essential in this
concept, since they can use syngas for solvent and fuel production, and can also use cellulosic material
directly without the need of enzymatic hydrolysis. Further research and development are essential
to improve yield and productivity, and to reduce the production costs of syngas fermentation. To
achieve this, strategies of developing recombinant clostridia to increase product tolerance and the use
of metabolic engineering to direct carbon flow to the production of target molecules must be adopted.
In addition, the design of new bioreactor configurations to circumvent inherent problems of gas–liquid
mass transfer, along with process optimization and downstream integration, will result in an efficient
process with greater scalability potential.
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