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The great demand for, and impending depletion of petroleum reserves, the associated impact of fossil
fuel consumption on the environment, and volatility in the energy market have elicited extensive research
on alternative sources of traditional petroleum-derived products such as biofuels and bio-chemicals.
Fossil oil is largely associated with gasoline, however, approximately 6000 petroleum-derived products
currently exist in the market, with diverse applications. Ironically, while biofuels are more popular with
the public, the other petroleum-derived products have not attracted similar attention despite the vast
economic values for these products. Thus, given the finite nature of petroleum, it is timely to deploy
substantial resources and research efforts to the development of renewable chemicals (similar to the efforts
devoted to biofuels). Theoretically, bio-production of gasoline-like fuels and the 6000 petroleum-derived
products is within the realm of possibility, because aquatic and terrestrial ecosystems harbor an
abundance of diverse microorganisms, capable of catalyzing unlimited numbers of chemical reactions.
Moreover, the fields of synthetic biology and metabolic engineering have evolved to the point that a wide
range of microorganisms can be induced or manipulated to catalyze foreign or vastly improve indigenous
biosynthetic reactions. Hence the need for this Special Issue to provide a platform for highlighting recent
progress on fuel and chemical production from renewable resources such as lignocellulosic biomass.

This Special Issue, titled Biofuels and Biochemicals Production, consists of 13 articles in which
eleven and two are research and review articles, respectively. The Special Issue covers themes
on the development of different methodologies for efficient conversion of lignocellulosic biomass,
agricultural wastes, carbon dioxide, and carbon monoxide to fuels (ethanol, butanol, hydrogen),
chemicals (2,3-butanediol, acetone, acetic acid), and enzymes (cellulase). Some of the articles in
this Special Issue provide recent advancements on pretreatment and hydrolysis of lignocellulosic
biomass (LB) to lignocellulosic biomass hydrolysates (LBH), challenges associated with LBH utilization,
and recommended mitigation strategies.

Consistent with the Biofuels and Biochemicals Production theme, the research groups of
Moreno [1] and Rosentrater [2] evaluated different pre-treatment technologies for efficient disruption
and separation of lignin from the hemicellulose component of the LB to facilitate enzymatic
hydrolysis of the carbohydrate fraction to fermentable sugars. By combining acid-catalyzed steam
explosion and alkali-based extrusion process, the protective lignin structure of barley straw was
disrupted, which resulted in hydrolysates with significant amounts of glucan and hemicellulose sugars,
minimal concentrations of lignocellulose derived microbial inhibitory compounds (LDMICs), and a solid
residue with significant amounts of lignin [1]. In addition, the Low-Moisture Anhydrous Ammonia
(LMAA) pre-treatment method enhanced enzymatic hydrolysis of the cellulose component of the LB
to glucose, thus, the potential is great for LMAA for LB pre-treatment [2]. Consistent with enzymatic
hydrolysis of the cellulose component of LB, Bajaj’s group contributes an article that highlights the
capacity of Bacillus subtilis SV1 to use agroindustrial residues (LB) as carbon and nitrogen sources for
growth and ionic liquid (IL) stable cellulase production followed by the hydrolysis of IL-pretreated LB
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to fermentable sugars [3]. Unfortunately, pre-treatment and hydrolysis of LB can result in the formation
of a complex mixture of LDMICs that are toxic to fermenting microbes. Examples of LDMICs are
furfural, hydroxymethylfurfural (HMF), benzaldehyde, syringaldehyde, and acetic, ferulic, glucuronic,
p-coumaric, syringic, levulinic acids, and so on [4]. Overcoming the barriers imposed by LDMICs
motivated the study conducted by Marinova’s group in which LDMICs of phenol origin in LBH were
detoxified using nanofiltration, flocculation, laccase, and combinations thereof [5]. Detoxification of
LBH by a combination of flocculation and laccase enzymes before fermentation drastically reduced the
concentration of LDMICs in LBH, and significantly improved the fermentation of LBH to butanol [5].

To go beyond conversion of LB to fermentable sugars and produce usable products with lesser
carbon footprints, Rorke and Kana [6] evaluated the feasibility of using Monod and modified Gompertz
models to study the kinetic behaviour of a bioethanol fermentation process using sorghum leaves and
Saccharomyces cerevisiae as a substrate and fermentation microorganism, respectively. Interestingly,
obtained Monod and modified Gompertz coefficients indicated that waste sorghum leaves can serve as
an efficient substrate for bioethanol production. Similarly, Bardi and Cutzu [7] evaluated production
of ethanol from agricultural wastes (apple, kiwifruit, peach wastes, and corn threshing residue)
using residual thermal energy from ethanol distillation column. Their article recapitulates different
concentrations of ethanol obtained from these wastes during ethanolic fermentation with S. cerevisiae.
With the exception of peach wastes, all the waste substrates assessed had promise for industrial
ethanol fermentation, a finding that bodes well with use of non-food crops for biofuel production.
Additionally, Krömer’s group contributes a technical note that describes simultaneous quantitation
of sugars, carboxylates, alcohols and aldehydes in fermentation broth by High Performance Liquid
Chromatography (HPLC) [8]. The developed method allows quantitation of 21 compounds in a single
process, and could be used in LB pretreatment, hydrolysis, and fermentation of LBH to fuels and
chemicals’ research.

The two articles from Atiyeh’s and Sekoai’s groups focus on production of ethanol and acetic acid
from synthesis gas by Clostridium ragsdalei [9] and optimization of fermentative production of hydrogen
using Box–Behnken design [10]. Notably, Atiyeh’s article is the first study on continuous operation of
syngas fermentations in a trickle-bed reactor (TBR) for ethanol and acetic acid production, and the
report highlights operational constraints and challenges of continuous syngas fermentation in TBR,
and how the bioreactor operation can be restarted after major accidents such as flooding and power
shutdown [9]. Sekoai’s study indicates that there can be an improved biohydrogen production yield
of 603.5 mL H2/g total volatile solid (TVS) or more which is achievable at optimized operational set
point variables of 39.56 g/L, 82.58 h, 5.56, and 37.9 ◦C for substrate concentration, fermentation time,
pH, and temperature, respectively; a finding that could facilitate the use of large-scale biohydrogen
production processes [10].

Fermentative production of chiral compounds is currently receiving remarkable attention because
of the numerous industrial applications in the biofuel, synthetic rubber, bioplastics, cosmetics,
and flavor industries, and high cost of production from chemical synthetic routes. Recognizing the
importance of chiral compounds in the biotechnology industry, our group [11] contributed an article
in which process development for enhanced 2,3-butanediol (2,3-BD) production by non-pathogenic
bacterium, Paenibacillus polymyxa DSM 365, was emphasized. Indeed, while our group was able
to increase the concentration of 2-3-BD from 47 g/L (un-optimized) to 68.5 g/L (optimized) under
fed-batch fermentation condition, the results underscore an interaction between medium components
and fermentation conditions, which tends to influence 2,3-BD and undesirable exopolysaccharides
(EPS) production [11]. Although butanol is an achiral compound, it is an important chemical with
many applications in the production of solvents, butyl acetates, butylamines, plasticizers, amino resins,
etc. [12]. These facts were echoed by Li’s group whose article focused on the feasibility of using
acidified fibrous immobilization materials (cotton balls, modal fiber and charcoal fiber) to improve
production [13]. By pre-treating modal fiber materials with 3.5% HCl for 12 h, the structure of modal
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fibers was etched to decrease mass transfer resistance, increased adsorption of C. acetobutylicum to the
material, and ultimately, enhanced the kinetics of acetone butanol ethanol (ABE) fermentation [13].

The review articles in this Special Issue provide insights into syngas fermentation [14] and
the significance of laccases in the development of LB as an important substrate for the production
of renewable fuels and chemicals [15]. The review article contributed by Phillips et al. [14]
indicates that integration of thermochemical gasification of LB and wastes to syngas (CO, CO2

and H2) and syngas fermentation by autotrophic bacteria is a robust and potentially economical
process for the production of fuels and chemicals. Important concepts such as Wood–Ljungdahl
biochemical pathway reactions and applications, gas solubility, mass transfer, thermodynamics of
enzyme-catalyzed reactions, electrochemistry and cellular electron carriers and fermentation kinetics,
were highlighted [14]. The review article contributed by Fillat et al. [15] provides important studies
and perspectives on the use of laccases as a delignification and detoxification tool for efficient
conversion of LB into value-added products, with emphasis on lignocellulosic ethanol production;
highlighting major challenges and opportunities, and plausible ways to integrate the enzymes in the
future lignocellulose-allied industries.

In conclusion, it is my hope that this Special Issue will serve as a useful resource for students,
teachers, professors, engineers, government personnel, and anyone actively or passively involved
in renewable fuels and chemical production and research. In summary, I wish to thank our article
contributors, Editorial Board members, Ad Hoc reviewers, and Assistant Editors of this journal,
whose contributions made the publication of this Special Issue possible.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Despite the rise of ‘omics techniques for the study of biological systems, the quantitative
description of phenotypes still rests to a large extent on quantitative data produced on chromatography
platforms. Here, we describe an improved liquid chromatography method for the determination of
sugars, carboxylates, alcohols and aldehydes in microbial fermentation samples and cell extracts.
Specific emphasis is given to substrates and products currently pursued in industrial microbiology.
The present method allows quantification of 21 compounds in a single run with limits of quantification
between 10´7 and 10´10 mol and limits of detection between 10´9 and 10´11 mol.

Keywords: high performance liquid chromatography; ion-exchange chromatography;
metabolite separation; fermentation product quantification

1. Introduction

High performance liquid chromatography (HPLC) has been widely used for quantification of
compounds in biological samples [1]. It is precise, quantitative and highly reproducible, but, depending
on the analysis, HPLC can be slow and the analysis of different compound classes are best
performed with dedicated columns and methods [2]. To date, numerous HPLC-based methods
have been developed for analyzing sugars [3], organic acids [4,5] and alcohols [6], respectively.
However, running multiple dedicated methods has an impact on sample throughput, unless several
instruments are available. In addition, sample throughput can only be increased by reducing
chromatographic acquisition time, which may subsequently compromise peak resolution and, thus,
data reproducibility. Therefore, a combined method permitting analysis of multiple compound classes
is preferable and desirable, permitting the analyst to strike a balance between best possible analysis and
throughput. However, the few published combined methods were either operated at high temperatures
or achieved lower compound resolutions [7,8].

Despite the progress in column development in other areas of chromatography, such as rapid
resolution in reversed phase applications, the method of choice for combined quantification of alcohols,
organic acids and sugars is still ion-exchange chromatography [9,10], and due to the use of refractive
index detection for sugar and alcohol analysis, this is still mainly based on isocratic elution.

Fermentation 2016, 2, 6 5 www.mdpi.com/journal/fermentation
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Amongst a wide range of applications for such analyses in the food and chemical industries,
one important application is in biotechnology research. In particular, the quantitative analysis of
compounds from fermentation samples can serve as an essential tool for the understanding of microbial
phenotypes and for the development of improved microbial strains for the production of biofuels, fine
chemicals or bulk chemical feedstocks as replacements for petrochemicals.

Here, we present a thoroughly tested method that has broad application in microbiological
research, providing quantitative data for a range of common substrates in microbial fermentation
including hexoses, pentoses and disaccharides, while at the same time covering a broad range of
fermentation products including mono-, di-, tri-alcohols, aldehydes, mono-, di- and tri-carboxylic
acids, as well as sugar acids. While still based on cation-exchange, the method provides optimized
operation temperature and mobile phase composition for a recently commercialized column. It has
been optimized for simultaneous quantification of at least 21 compounds, including carbohydrates to
varied alcohol products via central metabolism and has been applied to three very different samples.

2. Experimental Section

2.1. Chemicals

A list of 30 compounds was tested, and all chemicals used in the study were of analytical grade
and were purchased from Sigma–Aldrich (Sydney, Australia). Aqueous analyte solutions and mobile
phase were prepared using high purity water (18.2 kΩ) generated by an Elga Lab water purification
system (Veolia Water Solutions and Technologies, Saint Maurice Cedex, France).

2.2. HPLC Set up

Separation of compounds was performed on an Agilent 1200 HPLC system using an Agilent
Hiplex H column (300 ˆ 7.7 mm, PL1170-6830, Santa Clara, CA, USA) with a guard column
(SecurityGuard Carbo-H, Phenomenex PN: AJO-4490; Lane Cove West, New South Wales, Australia)
for extended column life. Moreover, to extend column life, the column is cleaned with 0.2 mL/min
of high purity water (18.2 MΩ) at 60 ˝C overnight and then regenerated with the same conditions
using 25 mM sulfuric acid for a few hours, which is ideally performed after each batch of analysis.
With regular column maintenance and careful sample preparation (e.g., samples pre-filtered using
0.22 μm PES syringe filter (Millipore: Cork, Ireland) and pre-diluted microbial fermentation samples)
we have been able to make more than 200 injections per batch of analysis without change in column
performance (i.e., without significant RT drift or increase in back pressure).

Sugars and alcohols were monitored using a refractive index detector (Agilent RID, G1362A)
set on positive polarity and optical unit temperature of 40 ˝C with mobile phase in the reference
cell, while organic acids were monitored using RID and/or ultraviolet detector at 210 nm
(Agilent MWD, G1365B).

A sample volume of 30 μL was injected onto the column using an autosampler (Agilent HiP-ALS,
G1367B) and the column temperature was maintained at 40 ˝C using a thermostatically controlled column
compartment (Agilent TCC, G1316A). Analytes were eluted isocratically with 14 mM H2SO4 at 0.4 mL/min
for 38 or 65 min (elution time was dependent upon whether higher alcohols were present in the sample).
Chromatograms were integrated using Agilent ChemStation (Rev B.03.02; Santa Clara, CA, USA).

3. Results and Discussions

A series of preliminary experiments were conducted to monitor the interaction of the retention
times (RT) of compounds from various classes with column temperature (30, 50 and 65 ˝C),
mobile phase concentration (2, 4, 6, 8, 10, 12 and 14 mM) and flow rate (0.4, 0.5 and 0.6 mL/min)
(see supplementary information) and found that a column temperature of 40 ˝C, aqueous solution of
H2SO4 (14 mM) and a flow rate of 0.4 mL/min was the best combination to achieve separation of the
highest number of target compounds.
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With the optimized operating parameters, the method developed in this article is suitable for
mapping varied metabolic routes from carbohydrates, via carboxylic acids to alcoholic products
(Figure 1) and is, thus, highly relevant for fermentation process development.

Looking at widely used sugar substrates for fermentation [11] and sugar products occurring
in bioprocesses [12], our method has the capacity to separate D-trehalose, D-glucose, D-galactose,
L-arabinose and D-ribose in the same sample. D-fructose and D-galactose partially overlap, which means
they should only be quantified if the other sugar is known to be absent from the sample, the same holds
for the disaccharides D-maltose and D-trehalose. Sucrose exhibited partial on/in-column inversion and
cannot be analyzed reliably with the presented method, however the same column with water as the
mobile phase would be suitable for sucrose quantification (data not shown).

In addition to the fermentation substrates, 10 organic acids related to central metabolism were
identifiable and quantifiable in a single injection with this method, including two specific sugar
acids, gluconic acid and 2-ketogluconic acid, making this method suitable for microbes that favour
the Embden–Meyerhof–Parnas, as well as those using the Entner–Doudoroff pathway for sugar
utilization. This extends the applicability of the method amongst others to the group of Pseudomonads,
which contains a range of new strains for biotechnology that are currently widely studied for
biosynthesis of chemicals [13]. It has to be noted that citric acid and 2-ketogluconic acid co-elute
with this method and should not occur simultaneously. Previously published methods struggled to
separate compounds like formic acid and fumaric acid, 2-ketoglutaric acid and citric acid, pyruvic acid
and glucose [14]. These can now be successfully resolved and quantified in the same sample.

Figure 1. Substrates, intermediates and products of microbial fermentation captured by the presented
method in culture broth. Sugars (blue), organic acids (yellow), alcohols, ketones and aldehydes (green).

Looking at target compounds for biotechnology, this method is able to analyze a range of
alcohols currently studied as biofuels and chemical feedstock replacements. This includes ethanol,
1-butanol, sec-butanol, iso-butanol, 1-propanol as well as 2-propanol (Table 1). Acetone and its structural
isomer propionaldehyde are the metabolic precursors to 2-propanol and 1-propanol, respectively,
and can now be analyzed with their respective end product in the same solution. Butyric acid and
iso-butyric acid, the main by-products of butanol fermentation, can be quantified simultaneously as
well. One problem is the separation of 2-propanol and butyric acid, these will partly overlap with
the current chromatographic conditions. In any case, peak identification should be confirmed with
alternative means (e.g., mass spectrometry) in complex samples. The calibration curves achieved a
good fit and recoveries in the standard matrix were high (Table 1). The achieved peak shape and
elution profiles were acceptable for an isocratic HPLC method (Figure 2).
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Figure 2. HPLC chromatograms of selected standard mixture that is quantifiable in a single injection.
Note: Not all compounds listed in Table 1 are included in the mixture and focus should be on
peak shape. Abbreviations: Mal (Maltose), 2KGA (2-Ketogluconic acid), GlcA (Gluconic acid),
2KG (2-Ketoglutaric acid), Pyr (Pyruvic acid), Suc (Succinic acid), Lac (Lactic acid), FA (Formic acid),
1,3DHA (1,3-Dihydroxyacetone), 1,3PDO (1,3-Propanediol).

Finally, the method was tested on three different samples: (i) fermentation broth of a genetically
modified Escherichia coli fermentation during aerobic growth on glucose in minimal medium;
(ii) fermentation broth of Saccharomyces cerevisiae growing on the carbon sources glycerol and ethanol
in minimal medium and finally; (iii) the culture supernatant of Chinese Hamster Ovary (CHO) cells
in complex cell culture medium using glucose and galactose as the main carbon source (Figure 3).
In all three samples peak shapes and separation was good and the main substrates and products could
successfully be quantified. This demonstrates the robustness and versatility of the described method.
Based on the limits of detection, this method should also in principle be applicable to cell extracts.
Quantitative data obtained from this method on fermentation samples of Pseudomonas putida was of
sufficient quality to close the carbon and redox balances [15], underlining the value of this method for
a range of applications.

Figure 3. Cont.
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Figure 3. HPLC chromatograms for supernatants of genetically modified E. coli (A,B) growing on
glucose in minimal medium, genetically modified S. cerevisiae growing on glycerol and ethanol (C,D)
in minimal medium and Chinese Hamster Ovary (CHO) cells growing on galactose and glucose in
defined cell culture medium. Chromatograms serve the purpose of highlighting resolving power and
are not a reference chromatogram for the respective organisms. Detection is performed with UV (A,C,E)
and RI (B,D,F). In these samples, no signals were observed beyond 35 min and chromatograms have
been shortened for better visibility of the peaks. Injection signals are visible at around 10 min in UV
and 10.4 min RI. Complex medium components in the CHO experiment mainly pass through the
column (E,F).

4. Conclusions

In summary, a broad range of metabolites could be separated and quantified in one HPLC
injection with LOQ and LOD in ranges that will be suitable for a large range of fermentation samples,
including microbial culture broth and cell culture media and could be extended to intracellular samples.
The data quality allows drawing of carbon and degree of reduction balances. The method can be
extended to other compounds, if presence of co-eluting compounds can be ruled out with alternative
methods (e.g., by mass spectrometry on pooled samples).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/2311-5637/2/1/6/s1.
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Abstract: Fermentative biohydrogen production has been flagged as a future alternative energy
source due to its various socio-economical benefits. Currently, its production is hindered by
the low yield. In this work, modelling and optimization of fermentative biohydrogen producing
operational setpoint conditions was carried out. A box-behnken design was used to generate
twenty-nine batch experiments. The experimental data were used to produce a quadratic polynomial
model which was subjected to analysis of variance (ANOVA) to evaluate its statistical significance.
The quadratic polynomial model had a coefficient of determination (R2) of 0.7895. The optimum
setpoint obtained were potato-waste concentration 39.56 g/L, pH 5.56, temperature 37.87 ˝C,
and fermentation time 82.58 h, predicting a biohydrogen production response of 537.5 mL H2/g TVS.
A validation experiment gave 603.5 mL H2/g TVS resulting to a 12% increase. The R2 was above
0.7 implying the model was adequate to navigate the optimization space. Therefore, these findings
demonstrated the feasibility of conducting optimized biohydrogen fermentation processes using
response surface methodology.

Keywords: biohydrogen production; modelling and optimization; box-behnken design

1. Introduction

The adverse effects of climate change coupled with environmental pollution makes it necessary to
search for clean and sustainable energy resources [1–3]. Hydrogen is considered as one of the potential
alternative fuels because it is a clean energy source and its combustion results in pure water. It can also
be used in various applications such as fuel for automobiles, electricity, and thermal energy generation.
Moreover, it can be derived from diverse substrates including waste materials.

Amongst the hydrogen producing methods, biological hydrogen production processes are
highly recommended in hydrogen research fraternity as compared to thermo-chemical processes
because they are environmentally friendly and less-energy intensive, i.e., can be carried out at
ambient temperature and pressure. They mainly include photosynthetic and fermentative biohydrogen
production. The challenges facing photosynthetic biohydrogen production are low production yields
and the requirement for a light source. Meanwhile, fermentative biohydrogen production can produce
hydrogen for long periods of time without any light using diverse substrates such as organic wastes
and thus has a higher feasibility for industrialization. Moreso, it is more viable and extensively used [4].
Therefore, fermentative biohydrogen production process from waste materials plays a pivotal role
because it simultaneously generates hydrogen while curbing environmental pollution.

The optimization of biohydrogen operational setpoint parameters is of critical importance
in the research and development of biohydrogen fermentation technology owing to its impact

Fermentation 2016, 2, 15 12 www.mdpi.com/journal/fermentation
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on the economy and practicability of the process. The one dimensional search with successive
variation in variables, such as the one-variable-at-a-time (OVAT) method, is still used, albeit it is
well understood that it is impractical for the one dimensional search to achieve an appropriate
optimum results in a restricted number of experiments [5]. The complexity of combinational
interactions of operational setpoint variables and production does not allow for satisfactory detailed
modelling [5]. Furthermore, single parameter optimization methods are not only tedious but can
lead to misinterpretation of results, especially because the interaction between different factors is
overlooked [6,7].

Statistical experimental approaches have been extensively used for many years and it can be
implemented at various stages of an optimization strategy, such as screening of experiments or for
investigating optimal setpoint parameters on production responses [8]. Fermentation optimization
is conducted using a statistically designed experiment in a sequential process [9,10]. This involves a
large number of variables that are initially screened and the irrelevant ones are eliminated in order
to obtain a fewer and manageable set of parameters. The remaining variables are then optimized
by a response surface modelling (RSM) method. Finally, after model building and optimization,
the predicted optimum is verified [11,12]. The box-behnken RSM design uses a spherical design
with good certainty within the design space. It requires fewer experiments as compared to other RSM
designs [13]. In addition, box-behnken design is rotatable regardless of the number of parameters under
investigation [14]. This statistical approach has been successfully applied in various fermentative
biohydrogen production processes and has been proven to be very efficient in optimizing these
processes [15–19].

This study modelled and optimized the operational setpoint parameters of potato-waste
concentration, pH, temperature, and fermentation time for maximum biohydrogen production process
using box-behnken design. Moreover, the pairwise interactive effect of the above mentioned setpoint
parameters was investigated on biohydrogen production response.

2. Materials and Methods

2.1. Inoculum Development

Biohydrogen-producing anaerobic mixed sludge was collected from Olifantvlei
Wastewater Treatment Plant, Johannesburg, South Africa. The sludge was boiled at 100 ˝C for
30 min. This was done in order to deactivate the biohydrogen-consuming methanogenic bacteria and
enumerate the biohydrogen spore-forming bacteria. The sludge was supported with a nutrient stock
solution (all in g/L): yeast extract 2.0, glucose 10, K2HPO4 0.420, CaCl2 0.375, MgSO4 0.312, NaHCO3

8.0, KCl 0.25. It was then transferred into an Erlenmeyer flask (100 mL) which was covered with foil,
and cultured for three days at (30 ˝C) using a water-bath shaker, this was done to boost the population
of biohydrogen-producing bacteria. In addition, the inoculum preparation stage is essential because
biohydrogen-producing bacteria, such as Clostridium species, are fastidious and, therefore, a preliminary
stage is carried out in order to revive them and increase their cell concentration. This served as inoculum
for the twenty nine experimental designs.

2.2. Experimental Design

The four parameters studied and their search ranges were the concentration of potato-waste
10–40 g/L, pH 3–8, temperature 32–38 ˝C, and fermentation time 5–120 h. Based on these, box-behnken
design was used to generate 29 different experiments by varying the operational setpoint parameters,
as shown in Table 1.
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Table 1. Biohydrogen production response from the box-behnken design.

Run PW FT pH Temp H2 Yield

1 10 62.5 8 35 89.8
2 10 120 5.5 35 111.3
3 25 5 3 35 0.5
4 40 120 5.5 35 214.2
5 40 5 5.5 35 30.9
6 25 5 8 35 50.4
7 25 120 8 35 58.6
8 25 120 3 35 48.7
9 10 5 5.5 35 10.5

10 25 62.5 3 38 139.5
11 25 120 5.5 38 405.0
12 40 62.5 5.5 38 495.5
13 25 5 5.5 38 0
14 10 62.5 5.5 38 0
15 25 62.5 8 38 528.0
16 40 62.5 8 35 474.5
17 25 62.5 5.5 35 373.0
18 25 62.5 5.5 35 245.5
19 25 62.5 5.5 35 333.0
20 25 62.5 5.5 35 384.5
21 10 62.5 3 35 0
22 40 62.5 8 35 275.0
23 25 62.5 5.5 35 432.5
24 25 62.5 3 32 10.0
25 25 5 5.5 32 0
26 10 62.5 5.5 32 61.0
27 25 62.5 8 32 310.0
28 40 62.5 5.5 32 277.0
29 25 120 5.5 32 0

PW: Potato-waste concentration (g/L), FT: Fermentation time (h), Temp (˝C), H2 yield (mL H2/g TVS).

2.3. Substrates and Pretreatment

Potato-waste was obtained from various dumping sites in the city of Johannesburg, South Africa.
The effluents were oven dried at 60 ˝C for 24 h, and then grounded into fine particles (0.2–0.5 mm).
The total volatile solid (TVS) of potato-waste was determined using Equation (1).

TVS “ Weight of dried waste ´ Weight of ash
Weight of dried waste

ˆ 100% (1)

2.4. Fermentation Process

Substrate concentrations as specified in the design (Table 1) were weighed into 250 mL Erlenmeyer
flask, and the volume was raised to 100 mL with distilled water. These were autoclaved prior to the
fermentation process. One ml of inoculum was added to each 250 mL flask. The operational setpoint
parameters were kept as specified in the design. The fermentation process was conducted in a
temperature controlled shaking water-bath. Anaerobic microenvironments were achieved by flushing
the fermenter flasks with nitrogen gas for 3 min. The twenty-nine batch fermentation processes were
carried out in duplicates.

2.5. Analytical Procedures

Hydrogen was measured and monitored using the hydrogen sensor at 1 h interval
(BCP-H2 Bluesens GmbH, Herten, Germany) connected to a computer measuring software system.
The sensor has a measuring range of 0%–100% and use a thermal conductivity detector and infrared
technology. The cumulative volume of hydrogen was calculated using Equation (2).
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VH,i “ VH,i-1 ` CH,ipVG,i ´ VG,i-1q ` VHpCH,i ´ CH,i-1q (2)

VH,i and VH,i´1 are cumulative hydrogen gas volume at the current (i) and previous (i ´ 1) time
intervals, VG,i and VG,i´1 the total biogas volumes in the current and previous time intervals, CH,i and
CH,i´1 the fraction of hydrogen gas in the headspace of the reactor in the current and previous time
intervals, and VH the total volume of headspace in the reactor [20].

2.6. General Model

The results obtained from the experiments were used to develop a quadratic model that relates
hydrogen production to the considered parameters. The general form of the model with four
parameters is represented by Equation (3).

Y “ α0 ` α1x1 ` α2x2 ` α3x3 ` α4x4 ` α11x1
2 ` α22x2

2 ` α33x3
2 ` α44x4

2 ` α12x1x2 `
α13x1x3 ` α14x1x4 ` α23x2x3 ` α24x2x4 ` α34x3x4

(3)

where Y is the biohydrogen production response, α0 is the regression coefficient, α1x1 to α4x4 are linear
terms, α11x1

2 to α44x4
2 are linear coefficient and α12x1x2 to α34x3x4 shows the interaction between

parameters on biohydrogen production. The model fitness was evaluated by the analysis of variance
(ANOVA) using Design Expert software (Stat Ease, Inc., Minneapolis, MN, USA).

3. Results and Discussion

3.1. The Linear Interactive Effect of Parameters on Biohydrogen Production

Table 1 shows the linear interaction of operational setpoint parameters on biohydrogen production.
The hydrogen yields varied from 0 to 528 mL H2/g TVS. The highest biohydrogen production yield
was observed in runs 12 and 15, i.e., a maximum biohydrogen yield of 495.5 and 528.0 mL H2/g
TVS, respectively, were obtained from these batch experiments. Analysis of individual parameters
impact on the biohydrogen production pattern indicated that the fermentation times of 5 and 62.5 h,
low pH (3 and 5.5), and low concentration of potato waste (10 and 20 g/L) produce low yields of
hydrogen. This is likely attributed to the low pH as confirmed in literature. pH has been identified as
one of the most pivotal parameters that influence the growth of biohydrogen-producing bacteria. It also
affects the activity of biohydrogen-producing hydrogenase enzymes and its metabolic pathway [4].
Moreover, it was shown that low pH values (below 4) have an inhibitory effect on the activity of
biohydrogen-producing bacteria [4].

However, low fermentation time and high pH, moderate temperature, and concentration of potato
waste increases the hydrogen yield. Similar findings were reported by Sekoai and Gueguim Kana [4],
hence this highlights the importance of operational setpoint parameters on biohydrogen production
process modelling and optimization.

3.2. Development of Model for Optimization of Biohydrogen Production

3.2.1. Model Analysis Based on Input Parameters

The experimental data were used to generate a quadratic polynomial equation (Equation (4)).
This mathematical model relates hydrogen production to pH, temperature, fermentation time, and
substrate concentration. Where Y represents the hydrogen production response; A, B, C, and D
represents the operational setpoint parameters of potato-waste concentration, fermentation time, pH,
and temperature respectively. Moreover A2, B2, C2, and D2 represents the quadratic coefficients of the
above mentioned setpoint parameters.

Y “ 707.40 ` 248.00A ` 123.58B ` 107.25C ` 152.00D ` 41.75AB ´ 148.50AC `
140.75AD ´ 18.00BC ` 202.5BD ` 44.25CD ´ 141.66A2 ´ 421.28B2 ´ 155.28C2 ´ 96.66D2 (4)
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The ANOVA was also conducted to test the significance and the fitness of the regression equation.
Data from the analysis of variance is presented in Table 2, a high F-value (3.75) and low p-value (0.0094)
indicates that the model is significant. The model’s coefficients of estimates and their confidence
intervals are presented in Table 3. The generated model had a coefficient of determination (R2) value
of 0.7895, this implies that 78.95% of the data can be explained by the model. The results obtained from
this study correlate with literature, it has been reported that R2 values greater than 0.75 show that the
model is accurate [21].

Table 2. Analysis of variance (ANOVA) of the box-behnken model.

Source SS df MS F-Value p-Value R2

Model 2,890,000 14 207,000 3.75 0.0094 0.7895
A 738,000 1 738,000 13.4 0.0026
B 183,000 1 183,000 3.33 0.0895
C 138,000 1 138,000 2.51 0.1357
D 277,000 1 277,000 5.03 0.0415

AB 6972.25 1 0.13 0.7273
AC 88,209 1 1.6 0.2263
AD 79,242.25 1 1.44 0.2502
BC 1296 1 0.024 0.8803
BD 164,000 1 2.98 0.1064
CD 7832.25 1 7832.25 0.7117
A2 130,000 1 2.36 0.1465
B2 1,150,000 1 20.9 0.0004
C2 156,000 1 2.84 0.1141
D2 60,602.16 1 1.1 0.3119

A: Potato-waste concentration, B: Fermentation time, C: pH, D: Temperature, AB: interaction between potato-waste
concentration and fermentation time, AC: interaction between potato-waste concentration and pH, AD: interaction
between potato-waste concentration and temperature, BC: interaction between fermentation time and pH,
BD: interaction between fermentation time and temperature, CD: interaction between pH and temperature,
A2: quadratic value for potato-waste concentration, B2: quadratic value for fermentation time, C2: quadratic value
for pH, D2: quadratic value for temperature, SS: Sum of squares, MS: Mean of squares, df: degrees of freedom,
F-value: Fisher-Snedecor distribution value, p-value: Probability value, R2: Coefficient of determination.

Table 3. Coefficients of estimates and their confidence intervals for box-behnken design.

Factor CE df SE 95% CIL 95% CIH VIF

Intercept 707.4 1 104.95 482.31 932.49
A 248 1 67.74 102.7 393.3 1
B 123.58 1 67.74 ´21.71 268.88 1
C 107.25 1 67.74 ´38.05 252.55 1
D 152 1 67.74 6.7 297.3 1

AB 41.75 1 117.34 ´209.91 293.41 1
AC ´148.5 1 117.34 ´400.16 103.16 1
AD 140.75 1 117.34 ´110.91 392.41 1
BC ´18 1 117.34 ´269.66 233.66 1
BD 202.5 1 117.34 ´49.16 454.16 1
CD 44.25 1 117.34 ´207.41 295.91 1
A2 ´141.66 1 92.14 ´339.28 55.97 1.08
B2 ´421.28 1 92.14 ´618.91 ´223.66 1.08
C2 ´155.28 1 92.14 ´352.91 42.34 1.08
D2 ´96.66 1 92.14 ´294.28 100.97 1.08

A: Potato-waste concentration, B: Fermentation time, C: pH, D: Temperature, AB: interaction between
potato-waste concentration and fermentation time, AC: interaction between potato waste concentration and pH,
AD: interaction between potato-waste concentration and temperature, BC: interaction between fermentation
time and pH, BD: interaction between fermentation time and temperature, CD: interaction between pH and
temperature, A2: quadratic value for potato-waste concentration, B2: quadratic value for fermentation time,
C2: quadratic value for pH, D2: quadratic value for temperature, CE: Coefficient of estimate, df: degrees of
freedom, SE: Standard error, 95% CIL: 95% Confidence Intervals (Low limit), 95% CIH: 95% Confidence Intervals
(High limit), VIF: Variance Inflation Factor.
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3.2.2. Effect of Parameter Interaction on Biohydrogen Production Response

The three dimensional response surface curves showing the production of biohydrogen as a
function of parameters interaction are shown in Figures 1–6. The interactive effect of fermentation
time and substrate concentration is illustrated in Figure 1; it was observed that an increase in
fermentation time (55–80 h) and concentration of potato-waste (22–30 g/L) maximized the production
of biohydrogen. It has been reported that an increase in substrate concentration enhances the activity
of biohydrogen-producing bacterial species especially during their exponential growth phase [17].
This implies that a large-scale biohydrogen production process can be achieved within this range.
Moreover, from these findings it can be deduced that increasing the concentration of potato-waste
has a positive effect on biohydrogen production, but higher substrate concentration may have an
inhibitory effect on its production [17,22,23].

 

Figure 1. Response surface graph showing the interactive effect of fermentation time (h) and
potato-waste concentration (conc, g/L) on hydrogen yield (mL H2/g TVS).

Figure 2. Response surface graph showing the interactive effect of pH and potato-waste concentration
(conc, g/L) on hydrogen yield (mL H2/g TVS).
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Figure 3. Response surface graph showing the interactive effect of temperature (˝C) and potato-waste
concentration (conc, g/L) on hydrogen yield (mL H2/g TVS).

Figure 4. Response surface graph showing the interactive effect of fermentation time (h) and pH on
hydrogen yield (mL H2/g TVS).

18



Fermentation 2016, 2, 15

Figure 5. Response surface graph showing the interaction of fermentation time (h) and temperature
(˝C) on hydrogen yield (mL H2/g TVS).

Figure 6. Response surface graph showing the interactive effect of temperature (˝C) and pH on
hydrogen yield (mL H2/g TVS).

The interaction between pH and potato-waste concentration is shown in Figure 2, a simultaneous
increase in pH (above 5) and potato-waste concentration (above 22 g/L), increases biohydrogen
production. It has been confirmed that at an appropriate range, increasing pH could potentially
increase the metabolic activities of biohydrogen-producing bacteria during dark fermentative process,
but extreme pH values may inhibit their metabolic pathways [24]. For instance, Sekoai and Gueguim
Kana [4] reported an optimal pH value of 7.9. In contrast, low concentrations of potato-waste generate
low yields of biohydrogen (Figure 2). It has also been confirmed in various studies of biohydrogen
production that increasing substrate concentration within the experimental range enhances its
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production. Earlier studies by Mu et al. [25] and Wang et al. [26] reported optimal concentrations
above 25.0 g/L from organic effluents, whereas Sekoai and Gueguim Kana [19] reported an optimal
concentration of 40.45 g/L from organic fraction of solid municipal waste.

The synergistic effect of temperature and potato-waste concentration showed than an increase in
both temperature (35 ˝C) and potato-waste concentration (above 22 g/L) resulted in maximum
biohydrogen production (Figure 3). Several studies of biohydrogen fermentation process have
shown that mesophilic and thermophilic temperature have the ability to increase the population
of biohydrogen-producing bacteria; however some extreme temperatures may inhibit their metabolic
activities as reported in literature [1]. An increase in potato-waste concentration enhanced the
biohydrogen yield but the ability of biohydrogen-producing bacteria to produce hydrogen decreased
rapidly with increasing potato-waste concentration from 100 to 300 g/L (Figure 3). Thus, it is
reasonable to predict that when the potato-waste concentration continues to increase to 520 g/L,
the activity of biohydrogen-producing bacteria will be inhibited completely by the substrate at
such high concentration, and the fermentative biohydrogen production by mixed cultures will stop
accordingly [22]. With regards to the interactive effect of pH and fermentation time (Figure 4), it was
observed that low pH (below 5) and short fermentation time (below 51 h) minimizes the production
of biohydrogen. Khanal et al. [27] indicated that low pH values of 4.0–4.5 cause longer lag periods.
On the other hand, high initial pH values such as 9.0 decrease lag time, but have a lower yield of
biohydrogen production [28]. An optimum retention time between 8.0 and 14 h was reported to yield
maximum H2 without activating methanogenic process [29,30].

Considering the effect of temperature and fermentation time (Figure 5), decreasing both
temperature (below 35 ˝C) and fermentation time (below 51 h) generated low biohydrogen production.
Similarly, Wang and Wan [1] observed that the concentration of hydrogen in batch tests increased with
increasing temperature from 20 to 35 ˝C, however it decreased with further increase from 35 to 55 ˝C.
A plausible explanation for such results might be due to the fact that the inoculum consisted of high
population of mesophilic biohydrogen-producing bacteria. Conflicting results were reported by Hussy
et al. [30]; they observed that reducing fermentation time from 18 to 12 h improved the biohydrogen
yield without affecting starch removal efficiency when wheat starch was used as substrate. This might
be attributed to various factors such as inoculum type, mode of fermentation, and operational setpoint
parameters, i.e., organic loading rate.

In Figure 6, it is seen that low temperature (below 35 ˝C) coupled with low pH (below 5),
decreases the overall production of biohydrogen. Therefore, temperature is one of the most
critical parameters in biohydrogen process optimization because its affects the specific growth rate,
substrate utilization rate, and the metabolic pathway of microorganisms [31–34]. pH is also highlighted
as one of the most vital process parameters in biohydrogen production studies. It affects hydrogenase
activity, metabolic activity, and substrate hydrolysis [35–37].

3.3. Modelling and Optimization of Setpoint Parameters Using Box-Behnken Design

Optimization studies revealed that a maximum hydrogen production of 537.5 mL H2/g TVS
can be obtained with potato-waste concentration of 39.56 g/L, fermentation time 82.58 h, pH 5.56,
and temperature 37.87 ˝C. Model validation gave 603.5 mL H2/g TVS resulting to a 12% increase.
Thus, the models accurately optimized the biohydrogen production.

4. Conclusions

This study modelled and optimized the production of biohydrogen using box-behnken response
surface methodology. It was shown that an enhanced biohydrogen production yield of 603.5 mL
H2/g TVS is achievable at optimized operational setpoint variables of 39.56 g/L, 82.58 h, 5.56,
and 37.87 ˝C for substrate concentration, fermentation time, pH, and temperature, respectively.
Therefore, these findings could pave a way for large-scale biohydrogen production process by offering
reliable fermentation data and, thus, make this technology economically viable. The scaling-up of

20



Fermentation 2016, 2, 15

biohydrogen production process will accelerate its commercialization and contribute in the global
sustainable energy supply. Moreso, it is pivotal to conduct similar findings on large-scale processes
to fully understand the process complexities of biohydrogen-producing fermentation processes from
these setpoint conditions.
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Abstract: Pretreatment is the requisite step for the bioconversion of lignocellulosics. Since most
of the pretreatment strategies are cost/energy intensive and environmentally hazardous, there
is a need for the development of an environment-friendly pretreatment process. An ionic liquid
(IL) based pretreatment approach has recently emerged as the most appropriate one as it can be
accomplished under ambient process conditions. However, IL-pretreated biomass needs extensive
washing prior to enzymatic saccharification as the enzymes may be inhibited by the residual IL.
This necessitated the exploration of IL-stable saccharification enzymes (cellulases). Current study aims
at optimizing the bioprocess variables viz. carbon/nitrogen sources, medium pH and fermentation
time, by using a Design of Experiments approach for achieving enhanced production of ionic
liquid tolerant cellulase from a bacterial isolate Bacillus subtilis SV1. The cellulase production was
increased by 1.41-fold as compared to that under unoptimized conditions. IL-stable cellulase was
employed for saccharification of IL (1-ethyl-3-methylimidazolium methanesulfonate) pretreated
pine needle biomass in a newly designed bioprocess named as “one pot consolidated bioprocess”
(OPCB), and a saccharification efficiency of 65.9% was obtained. Consolidated bioprocesses,
i.e., OPCB, offer numerous techno-economic advantages over conventional multistep processes,
and may potentially pave the way for successful biorefining of biomass to biofuel, and other
commercial products.

Keywords: ionic liquid stable cellulase; Bacillus subtilis SV1; response surface methodology;
pine needle biomass; ionic liquid pretreatment; one pot consolidated bioprocess

1. Introduction

Ever-increasing world demand of energy, fast depleting fossil fuel reserves, and climate change
issues have motivated investigations for potential renewable sources of energy [1]. Among different
alternatives, lignocellulose biomass (LB) may be one of the most appropriate renewable resources
for the production of energy/biofuels [2]. LB is composed of cellulose, hemicellulose and lignin in a
densely compact form which in fact poses a major hurdle in its conversion into simple fermentable
sugars that, in turn, can be used for production of biofuels/chemicals and other commercial
products [3]. Extensive pretreatments are required for disrupting the recalcitrance of LB and to
make the cellulose accessible to saccharifying enzymes [4,5]. However, most of the pretreatment
approaches are expensive, tedious, energy intensive, and need harsh conditions like high temperature,
pressure, extreme pH, usage of hazardous chemicals, can cause sugar loss and may produce microbial
inhibitors [6] that may be detrimental to the fermentation microorganisms [7]. Therefore, there is a

Fermentation 2016, 2, 19 23 www.mdpi.com/journal/fermentation



Fermentation 2016, 2, 19

need for development of environmentally-benign pretreatment methods that may be executed under
ambient process conditions.

Pretreatment of LB with ionic liquid(s) may represent a relatively novel and efficient approach
for reducing recalcitrance of biomass; this approach proposes several merits over the traditional
pretreatment methods such as it can be accomplished under ambient process conditions, does not
require high temperature/pressure/extremes of pH or harmful chemicals, does not produce inhibitors,
does not cause sugar loss, and, finally, it is cost and energy efficient [7,8]. However, the IL-pretreated
biomass needs ample washing prior to enzymatic hydrolysis for removal of residual IL as
the latter is considered as a strong inhibitor of enzymes that are used for saccharification.
However, extensive washing of IL-pretreated biomass leads to loss of sugar, wastage of water
and consequential escalated generation of effluent, and this overall undermines the efficacy of
ILs as LB pretreatment agents [5]. The washing step could be obviated should the ionic liquid
tolerant saccharification enzymes viz. cellulases and others are available. Considering that the
techno-economic sustainability and success of the IL based pretreatment approach is substantially
determined by the availability of IL-stable cellulases, extensive research attempts are being undertaken
for IL-stable cellulases [9]. Several microorganisms have been reported to produce cellulases that are
tolerant towards ionic liquids, viz. Bacillus subtilis [4], Paenibacillus tarimensis [10], Pseudoalteromonas
sp. [11], and from metagenomic sources [12]. Availability of ionic liquid tolerant cellulases may
potentially be used for developing novel consolidated bioprocesses such as “one pot consolidated
bioprocess” (OPCB). In OPCB, unit operations like pretreatment and saccharification, or pretreatment,
saccharification, and fermentation are executed in a single reaction vessel. OPCB offers several
advantages over a conventional multi-operational strategy such as cost effectiveness, high product
recovery, and no or minimal sugar loss, among others. [13]. Consolidated bioprocesses may be
operated at different levels like pretreatment and enzymatic saccharification of LB or pretreatment,
enzymatic saccharification and sugar fermentation in a single vessel, either using single microorganism
or microbial consortium [14–16].

The high cost of saccharifying enzymes viz. cellulases, xylanases and others is another hurdle for
the success of LB-biofuel technology. Microbial sources are generally used for saccharifying enzymes
production [17]. High cost is incurred due to usage of expensive carbon/nitrogen sources for growth
of microorganisms for enzyme production [5]. The enzyme production cost may be reduced by usage
of agro-residues as carbon/nitrogen sources for microbial growth and enzyme production [18,19].
Furthermore, the bioprocess optimization may enhance enzyme yield and overall process economy [20].
Design of Experiments (DoE) based optimization offers several advantages over the conventional
one-variable-at-a-time (OVAT) optimization strategy [19]. One of the most commonly used DoE
approaches is response surface methodology (RSM). RSM represents an effective and proficient tool for
elucidation of processes involving multiple variables [21], and has been used extensively for cellulase
production [19,20]. Nonetheless, limited studies have been done on DoE mediated optimization of
process variables for producing ionic liquid tolerant cellulases [4,5].

Exploration of new LB resources for potential production of biofuels/chemicals has been a
continuous process [6], and pine needle biomass (PNB) may represent an important feedstock [22].
In coniferous forests, accumulation of leaves of pine trees (pine needles) on soil causes multifaceted
problems viz. destroys the nutrient dynamics of soil, affects the decomposition/mineralization of
organic matter and the flora/fauna of soil; tannins released from pine needles may inhibit the growth
of various beneficial soil microbes [5,22,23], and, finally, the dried heaps of pine needles may risk forest
fires [22,23]. Pine needles are mainly composed of polysaccharides (cellulose, hemicelluloses) which
can be hydrolysed into simple sugars, that in turn may be microbially fermented into valuable products
of commercial importance like biofuel, biomaterials, energy, and other products (biorefining) [5,22,23].
Thus, PNB may be exploited as a resource that might help not only mitigate the problems associated
with pine needle accumulation but might also realize the “valorization of waste”. Rare reports are
available on usage of PNB as feedstock for production of biofuels /chemicals [5].
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The current study aimed at DoE-based optimization for the production of IL-stable cellulase from
Bacillus subtilis SV1 using agroindustrial residues as substrates, and its prospective for saccharification
of PNB through OPCB.

2. Results and Discussion

2.1. Cellulolytic Bacteria

Primary screening showed that all the five bacterial isolates D1, J2, L10, SV1 and SV29 exhibited
cellulolytic activity (Figure 1a). Secondary (quantitative) screening indicated that bacterial isolate SV1
produced maximum cellulase (CMCase) titre (2.201 IU/mL ± 0.06) after 72 h of fermentation, and was
followed by isolates SV29 (1.574 IU/mL ± 0.035), L10 (1.115 IU/mL ± 0.06), D1 (1.102 IU/mL ± 0.05)
and J2 (0.862 IU/mL ± 0.06) (Figure 1b). Of all the five bacterial isolates, D1, L10 and SV29
displayed maximum growth after 72 h, and showed a direct relationship between growth and cellulase
production. However, partial association between growth and cellulase production was exhibited
by the isolates J2 and SV1 [5] (Figure 1c). The cellulase from all the isolates was also analyzed for
its FPase activity from 24 to 72 h. Bacterial isolate SV29 exhibited maximum FPase activity after
72 h (0.233 IU/mL ± 0.0035) (Figure 1d). Microbial cellulases have got vast application potential in
various industries [19]. Diverse ecological habitats have been explored for the isolation of several
cellulolytic bacteria like Bacillus subtilis MS 54 [19], Bacillus licheniformis K-3 [20], Bacillus subtilis G2 [5],
Paenibacillus terrae ME27-1 [24].

Figure 1. Cellulolytic activity of bacterial isolate SV1 (a); CMCase activity (b); Growth profile (c);
and FPase activity (d) of the bacterial isolates under submerged fermentation.

2.2. IL Stability of Cellulase

Crude cellulase produced from all the bacterial isolates was examined for its stability/tolerance
towards IL 1-ethyl-3-methylimidazolium methanesulfonate (EMIMS, 5%, v/v). Cellulase from
SV1 exhibited maximum stability (residual activity, 161.6%) and retained highest activity after
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72 h of prolonged exposure to the IL, EMIMS (5%, v/v) followed by SV29 (115%), J2 (54.8%),
L10 (53.1%) and D1 (18%) (Figure 2a). The IL-stability of cellulase from bacterial isolate SV1 was
further examined with higher concentrations of EMIMS (10%–50%, v/v). The cellulase from bacterial
isolate SV1 exhibited 98.12% residual activity in 50% EMIMS after 4 h of incubation while it showed
substantial residual activity of 72.9%, 69.52%, 65.71%, and 88.93% in 10%, 20%, 30% and 40% EMIMS,
respectively. The enzyme retained 70.14% residual activity even after 48 h of incubation with EMIMS.
However, after 72 h of incubation, the activity decreased considerably (Figure 2b). Thus, cellulase of
bacterial isolate SV1 exhibited excellent stability towards IL.

 

 

Figure 2. Stability of cellulase from the bacterial isolates against ionic liquid, 1-ethyl-3-methylimidazolium
methanosulfonate (a); stability of cellulase of bacterial isolate SV1 at different concentrations of
1-ethyl-3-methylimidazolium methanosulfonate (b).

The potential of IL-stable cellulases may be exploited for biorefining of LB. IL-stable cellulases
have been reported from several microorganisms. B. subtilis I-2 cellulase exhibited high stability
(activity retention 93%–98%) after 72 h with 1-ethyl-3-methylimidazolium methanesulfonate
(EMIMS) [4]. IL tolerant cellulase from B. subtilis G2 showed 95%–100% stability at 20%–50%
1-ethyl-3-methylimidazolium methanosulfonate after 72 h of exposure [5]. Similarly, activity of
cellulase Hu-CBH1 from heat tolerant haloalkalaiphilic archaeon Halorhabdus utahensis remained
unchanged or even slightly stimulated in the presence of 20% [EMIM]Ac [9]. Fusarium oxysporum
cellulase BN showed quite high and long-term stability in the presence of [Emim][DMP] and
[Emim][MtSO4] [15]. Thus, ionic liquid stability of cellulases from different microorganisms varies
with different types of ionic liquids (Table 1).
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Table 1. Ionic liquid stability of cellulases from different microorganisms.

Microorganism Ionic Liquid (IL) IL Concentration (%) Stability (Residual/Relative
Activity, %) Reference

Bacillus subtilis I-2 1-ethyl-3-methylimidazolium methanesulfonate 10 93–98 4

Bacillus subtilis G2

1-ethyl-3-methylimidazolium methanesulfonate (EMIMS)

20–50 95–100 5
1-butyl-3-methylimidazolium chloride
1-ethyl-3-methylimidazolium bromide
1-ethyl-3-methylimidazolium acetate

1-butyl-3-methylimidazolium trifluoro methanesulfonate

Halorhabdus utahensis

1-Ethyl-3-methylimidazolium acetate ([Emim]Ac)

20

100 (Remained unchanged)

9
1-ethyl-3-methylimidazolium chloride ([Emim]Cl Slightly increased
1-butyl-3-methylimidazolium chloride ([Bmim]Cl) Slightly increased

1-allyl-3-methylimidazolium chloride 100 (remained unchanged)

Pseudoalteromonas sp.

1-ethyl-3-methylimidazolium Methanesulfonate

20

59

11

1-ethyl-3-methylimidazolium bromide 67
1-ethyl-3-methylimidazolium acetate 93.47

1-butyl-1-methylpyrrolidinium trifluromethanesulfonate 80.2
1-butyl-3-methylimidazolium trifluoromethanesulfonate 74.69
1-butyl-3-methylimidazolium trifluoromethanesulfonate 73.2

Fusarium oxysporum BN
1-ethyl-3-methyl-imidazolium dimethylphosphate

10
93

151-ethyl-3-methyl-imidazolium methylphosphonate More than 84
1-ethyl-3-methylimidazolium Phosphinate More than 74

Bacillus subtilis SV1 1-ethyl-3-methylimidazolium methanesulfonate 10–50 72.9–98.12 Present study

2.3. Identification of IL-stable Cellulase Producing Bacterium

The bacterial isolate SV1 that produced cellulase which exhibited substantial IL-stability
was examined on the basis of morphological, microscopic, and 16S rDNA sequence analysis.
Bacterial isolate SV1 showed rapid growth on nutrient as well as CMC agar plates, and formed slimy,
off-white, irregular colonies (Figure 3a). The bacterial isolate SV1 was Gram-positive, rod shaped
(bacillus), and had spore-forming ability. The bacterial isolate SV1 possessed potential capability of
hydrolyzing starch, xylan, gelatin, casein and triglycerides (Figure 3b). The phylogenetic study of
isolate SV1 based on 16S rDNA sequence analysis showed its highest homology with several other
Bacillus subtilis strains available in the GenBank database (Figure 3c,d). Hence, this isolate is one of
the strains of Bacillus subtilis, and designated as Bacillus subtilis SV1. The sequence was submitted to
GenBank under accession number KU871117.

Figure 3. Identification of bacterial isolate SV1. Plate culture of isolate SV1 on nutrient agar (a);
hydrolytic potential of bacterial isolate SV1 (b); PCR-amplified amplicon of 16S rDNA sequence from
isolate SV1 (c); phylogenetic homology analysis of 16S rDNA sequence from isolate SV1 (d).
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2.4. DoE Based Optimization of Cultural and Environmental Variables for Cellulase Production

DoE based optimization approach not only surmounts the limitations of the OVAT approach but
represents an efficient tool for enhancing product yield by optimization of process variables [17,19].
In the present study, cultural and environmental variables were optimized using response surface
methodology (RSM) to boost the production of ionic liquid stable cellulase from B. subtilis SV1.
Central composite design (CCD) of RSM was applied for determining the optimum levels of the
selected independent variables, i.e., wheat bran (A), spirulina powder (B) and medium pH (C) and
incubation time (D), and the interactions between the variables. Based on the design, 30 experimental
runs were executed, and the corresponding responses are presented in Table 2. ANOVA was performed
(Table 3) and a polynomial equation was obtained (Equation 1) in which cellulase yield (Y, response)
is presented as a function of various variables. The polynomial equation obtained after multiple
regression analysis was as follows:

Response Y (Cellulase production) = 1.77 + 0.32A + 0.17B + 0.25C + 0.093D + 0.12A2

− 0.025 B2 + 9.688E − 004 C2 − 0.012 D2 + 0.031 AB - 0.13 AC + 0.079 AD − 0.14 BC +

0.081 BD + 0.17 C

(1)

The equation shows the variation of response (cellulase yield) as a function of various variables,
i.e., wheat bran (A), spirulina powder (B) and medium pH (C) and incubation time (D).

Table 2. Experimental and predicted response for CMCase production from B. subtilis SV1 based on
RSM-designed experiments for optimization of medium and environmental variables.

Runs Experimental Variables * Response (Enzyme Activity, IU/mL)

Run number A B C D Experimental Predicted
1 1.5 1.5 5 72 0.66 0.64
2 1.5 3.0 9 72 1.97 2.18
3 2.25 2.25 7 48 1.89 1.77
4 1.5 1.5 9 72 2.31 2.02
5 2.25 2.25 7 48 1.82 1.77
6 1.5 3.0 9 24 1.80 1.66
7 2.25 2.25 7 96 1.85 1.91
8 1.5 1.5 5 24 1.26 1.11
9 2.25 2.25 7 48 1.19 1.77
10 3.0 1.5 9 24 2.05 1.98
11 2.25 3.75 7 48 1.99 2.02
12 3.75 2.25 7 48 2.29 2.91
13 3.0 3.0 9 72 3.04 2.79
14 1.5 3.0 5 72 1.70 1.36
15 2.25 0.75 7 48 1.08 1.33
16 1.5 1.5 9 24 1.98 1.81
17 2.25 2.25 11 48 2.25 2.28
18 1.5 3.0 5 24 1.63 1.51
19 3.0 1.5 5 72 1.90 1.64
20 3.0 3.0 5 72 2.21 2.49
21 3.0 3.0 5 24 2.43 2.32
22 3.0 3.0 9 24 1.81 1.95
23 3.0 1.5 9 72 2.25 2.50
24 2.25 2.25 7 0 1.32 1.54
25 2.25 2.25 7 48 1.90 1.77
26 2.25 2.25 3 48 1.02 1.28
27 2.25 2.25 7 48 1.97 1.77
28 3.0 1.5 5 24 1.89 1.80
29 0.75 2.25 7 48 1.26 1.62
30 2.25 2.25 7 48 1.87 1.77

*A—Wheat bran (%, w/v), *B—Spirulina powder (%, w/v), *C—pH, *D—Incubation time (h).
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Table 3. Results of ANOVA for cellulase production by B. subtilis SV1 based on RSM designed
experiments for medium and environmental variables *.

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

Model 6.64 14 0.47 5.18 0.0015 Significant
A 2.49 1 2.49 27.23 0.0001 Significant
B 0.71 1 0.71 7.78 0.0138 Significant
C 1.50 1 1.50 16.35 0.0011 Significant
D 0.21 1 0.21 2.26 0.1533 -
A2 0.41 1 0.41 4.51 0.0507 -
B2 0.017 1 0.017 0.19 0.6694 -
C2 2.574 × 10−5 1 2.574 × 10−5 2.813 × 10−4 0.9868 -
D2 3.727 × 10−3 1 3.727 × 10−3 0.041 0.8428 -
AB 0.016 1 0.016 0.17 0.6859 -
AC 0.27 1 0.27 2.97 0.1051 -
AD 0.099 1 0.099 1.08 0.3146 -
BC 0.30 1 0.30 3.33 0.0879 -
BD 0.11 1 0.11 1.15 0.3007 -
CD 0.45 1 0.45 4.93 0.0422 Significant

Residual 1.37 15 0.092 -
Lack of fit 0.95 10 0.095 1.14 0.4714 Not significant
Pure Error 0.42 5 0.084 -
Cor Total 8.01 29 -

*A—Wheat bran (%, w/v); B—Spirulina powder (%, w/v); C—pH; D—Incubation time (h).

The model F-value of 5.18 implies the model is significant. The chance of getting this high
model F-value due to noise is quite low (0.15%). The significance of the model terms is shown by
probability > F < 0.05. Probability > F < 0.4714 shows that lack of fit is not significant which in turn
implies the strength and sturdiness of the model. Based on p value (p < 0.05), A, B, C, and CD were
found to be the significant model terms. A low value of standard deviation (0.30) and high coefficient
of determination, R-square (0.8286), point towards robustness of the model that has a reasonably good
predictability. Adequate precision of 10.587 indicates an adequate signal for the present results.

The interactive effects of independent variables were investigated by analyzing the 3-D response
surface plots. The interaction between wheat bran and pH (AC), and spirulina powder and pH (BC) had
a negative impact on the cellulase production (Figure 4a,b) whereas the interaction between medium
pH and incubation time (CD) was found to have a positive significance for enzyme production as
depicted in the 3-D response plot (Figure 4c). It is obvious from the graph that increasing pH as well as
incubation time led to enhanced response (cellulase yield). Figure 4d shows the perturbation plot.
Perturbation plot explains the increase or decrease in the response when the value of each variable
is changed keeping other variables constant with respect to the chosen reference point. When the
variable A (wheat bran) was changed from the reference point, it had the maximum positive effect on
the response among all the variables whereas variable D (incubation time) had the least effect on the
response. This is also substantiated from the equation generated by the design (Equation I). It showed
the maximum value of A (+0.32 A) and the least value of D (+0.093).
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Figure 4. Response surface plots showing the interactions between different variables for cellulase
production from B. subtilis SV1, wheat bran and medium pH (a); spirulina powder and pH (b); and pH
and incubation time (c); perturbation plot showing effect of individual variables (d).

The validation of the statistical model was done by using point prediction tool of RSM in which
the optimum value of all the four variables, i.e., wheat bran, 3.0 g; spirulina powder, 3 g; medium pH 9
and incubation time, 72 h was determined and the experiment was conducted. The close proximity of
observed (CMCase yield of 3.11 IU/mL) and predicted responses (3.10 IU/mL) validated the model.
DoE based optimization enhanced cellulase yield by 1.41-fold as compared to that under unoptimized
conditions (2.201 IU/mL). One of the major targets for bioprocess development is to achieve enhanced
product yield which in turn may contribute substantially towards improving the overall economy of
the process; optimization of process variables by DoE, especially the response surface methodology,
has quite often been used [18,19]. Though RSM based-optimization of cellulase production has been
attempted by several researchers, there are only a few reports on the optimization for production of
IL-stable cellulase using RSM. IL-stable cellulase production from Bacillus subtilis I-2 [4] was increased
by 4.1 and from B. subtilis G2 [5] was increased by 2.66 fold by sequential RSM based optimization
of medium and environmental variables. Similarly, many Bacillus spp. have been reported to yield
enhanced cellulase due to RSM mediated optimization of variables [18–21].

2.5. Some properties of B. subtilis SV1

The B. subtilis SV1 cellulase exhibited activity over a broad temperature range (4–90 ◦C) with an
optimal temperature of 45 ◦C. The cellulase activity at different pH (4–10) showed its optimal activity
at pH 10 indicating its alkaline behavior (Figure 5a,b). Similar to the current results, cellulase from
B. aquimaris [25] and Pseudomonas fluorescens, B. subtilis, E. coli and Serratia marscens [26] showed alkaline
behavior and showed optimum activity at 40–45 ◦C [25,26]. The cellulase from B. subtilis G2 showed its
optimum activity at 45 ◦C and pH 7 [5]. The optimal temperature of cellulase from B. subtilis YJ1 was
60 ◦C and but exhibited a slightly acidic behavior in contrast to the present study [27]. Thermostability
of enzyme depends on molecular interactions which impart a high degree of stabilization due to
various forces like hydrophobic and electrostatic interactions, hydrogen, disulphide or other covalent
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bonding [5,19,20]. Deviations from optimum pH may change the native 3-dimensional structure of
enzyme which may lead to alterations in substrate/cofactor/coenzyme binding, and hence decrease
or cause total loss of activity [5].

Figure 5. Biochemical properties of cellulase from B. subtilis SV1, effect of temperature (a); pH (b);
metal ions/additives (c); and sodium chloride on activity of cellulase (d).

Each of the metal ions/additives showed an inhibitory effect on cellulase activity. Among all the
metal ions/additives, Fe2+ had least inhibitive effect while Hg2+ had a maximum inihibitory effect on
enzyme activity (Figure 5c). Similar to the present study, the activity of cellulase from B. subitlis YJ1 was
inhibited by Hg+, Cd2+, Fe2+, Fe3+ and SDS [27]. B. vallismortis RG-07 cellulase was slightly inhibited
by Cu2+ and Zn2+ but Hg2+ and Mn2+ strongly inhibited cellulase [28]. The Cu2+ and Co2+ may
inhibit cellulase by competing with other cations that might be associated with enzyme resulting in
decreased activity. The published reports suggest that Hg+ might cause inhibition of activity due to its
interactions/binding with –SH or –COOH group of amino acids, or interactions with tryptophan [28].
Metal ions can have a profound effect on the enzyme activity, and can stimulate or hamper activity by
multiple mechanisms [5,19].

Salt tolerance of cellulase has been reported to be very much related with IL-stability of the
enzyme [11]. Salt tolerance of cellulase was examined by including different concentrations of NaCl
(0.3%–3.3%) in enzyme assay reaction mixture. Though cellulase activity decreased in the presence
of NaCl, over a range of NaCl concentrations, enzyme activity remained almost constant (66.4%).
The results show that cellulase from B. subtilis SV1 has considerable salt tolerance (halotolerance)
(Figure 5d). Contrary to the present study, cellulase from Marinimicrobium sp. LS-A18 retained
more than 88% residual activity at 0%–25% NaCl concentrations [29] while cellulase from B. flexus
NT showed 70% residual activity at 15% NaCl concentration [30]. Halotolerant cellulases are
hypothesized to be good candidates that may exhibit good IL-stability due to their adaptation to
high salinity [11,12]. Halotolerant enzymes show structural modification like the prevention of protein
aggregates’ formation through electrostatic repulsion due to the presence of too much charged acidic
amino acids on the surface imparting stability in ionic liquid [5,11].

2.6. Pretreatment and Enzymatic Saccharification under a One Pot Consolidated Bioprocess

OPCB allows the execution of multiple unit operations in a single vessel, thus enhancing the
overall economy of the process [11]. In the present study, OPCB involved the pretreatment of pine
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needle biomass with IL (EMIMS) followed by in situ enzymatic saccharification of PNB by using
IL-stable cellulase from B. subtilis SV1 in a single pot. It is apparent that IL-stability of saccharifying
enzymes (cellulase) is mandatory for OPCB. After executing consolidated IL-pretreatment and
enzymatic saccharification in one vessel i.e., OPCB, reducing sugar yield was determined to assess the
efficacy of the process. Pine needle biomass was pretreated with different IL-concentrations and an
increase in sugar yield was observed from 0.149 g/g to 0.200 g/g with the increasing IL concentration
from 10% to 50%. The sugar yield in control I was 0.125 g/g (non-pretreated biomass) (Figure 6).

Figure 6. Reducing sugar yield obtained after IL pretreatment and enzymatic saccharification of pine
needle biomass using cellulase from B. subtilis SV1 (3.1 IU/mL) under one pot consolidated bioprocess.
Control shows sugar yield obtained by direct cellulase treatment, i.e., without IL pretreatment.

After pretreatment, enzymatic saccharification was carried out using cellulase from B. subtilis SV1
in the same vessel and reducing sugar yield was estimated. A maximum of 0.464 g/g pine needle
biomass of reducing sugar yield was observed which was 2.01-fold higher than control II (0.230 g/g pine
needle biomass) (Figure 6) at 40% EMIMS concentration. Thus, saccharification efficiency of 65.9% was
obtained for PNB under OPCB. From the results, it is inferred that pretreatment resulted in a higher
degree of delignification and made cellulose accessible to cellulase and hence yielded higher sugar as
compared to the control. OPCB may be commercially vital due to its huge economic benefits [14], but a
consolidated process involving application of ionic liquids for LB pretreatment and in situ enzymatic
saccharification has scarcely been reported [31]. One pot IL (1-ethyl-3-methylimidazolium acetate,
[C2mim][OAc]) pretreatment following the enzymatic saccharification with IL stable cellulase was
carried out for switch grass to attain 80% glucose and xylose liberation [31]. Ionic liquid coupled with
HCl led to synergistic effects on sugar release from corn stover [32]. Pretreatment of sugarcane bagasse
has been effectively done with a combination of ionic liquid and surfactant [33]. Similarly, an enhanced
sugar release was observed from eucalyptus, rice straw and grass, but not from pine [34]. Ionic liquid
pretreatment of sugarcane bagasse with pure 1,3-dimethylimadazolium dimethyl phosphate gave better
results as compared to that obtained with aqueous solution of IL [35]. Pretreatment of rice straw with
20% cholinium lysine IL-water mixtures with subsequent hydrolysis liberated 81% and 48% glucose
and xylose yield, respectively [36].

3. Materials and Methods

3.1. Chemicals and Media

Various media, reagents, and chemicals employed in the experiments for current research
investigation were of high grade standard and purity, and were procured from suppliers like
HiMedia Laboratories, Merck and Co., Ranbaxy Fine Chemicals and Sigma-Aldrich. Ionic liquid
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1-ethyl-3-methylimidazolium methanesulfonate used in the current study was purchased from
Sigma-Aldrich (St. Louis, MO, USA).

3.2. Cellulase Producing Bacteria

Bacterial isolates used in this study were procured from culture collection of Fermentation
Biotechnology Laboratory, School of Biotechnology, University of Jammu (Jammu, India). The isolates
were examined primarily for cellulolytic activity by plate assay by using Congo red staining
method [5,20]. Congo red stain binds specifically with β-1,4 linked glycosidic linkage in cellulose.
Bacterial isolates which produce cellulase cleave β-1,4-glycosidic bonds in carboxymethyl cellulose
(CMC) agar, and form a zone of clearance around the colonies. Bacterial isolates exhibiting considerable
cellulase activity were subjected to secondary screening.

3.3. Submerged Fermentation for Cellulase Production

Cellulolytic bacterial isolates (D1, J2, L10, SV1 and SV29) selected on the basis of primary screening
were subjected to submerged fermentation in shake flasks for production and quantification of cellulase
activity. The bacterial isolates were grown under shaking (180 rpm) at 37 ◦C for 18 h in carboxymethyl
cellulose-peptone-yeast extract (CPYE) broth to attain the required cell concentration (A600, 0.9), and then
inoculated (2%, v/v) into the CPYE production medium [19]. Submerged fermentation was carried out
at 37 ◦C under shaking (180 rpm). The samples withdrawn at varying time intervals (24, 48, 72 and
96 h) were centrifuged (Eppendorf centrifuge 5804R) at 10,000 × g for 10 min. The supernatant was
considered as crude cellulase and assayed for activity. Carboxymethyl cellulase (CMCase, cellulase) and
filter paperase (FPase) activities were determined using substrate carboxymethyl cellulose (CMC) and
Whatman No. 1 filter paper as substrates, respectively [19]. The amount of reducing sugar released was
measured spectrophotometrically (UV-1800, Shimadzu, Japan) by using dinitrosalicylic acid (DNSA)
method [37]. One unit (IU) of CMCase and FPase was defined as the amount of enzyme which produced
one μmole of glucose equivalent per mL per min under assay conditions. The growth profile of the
bacterial isolates was measured spectrophotometrically (A600).

3.4. IL Stability of Bacterial Cellulases

Cellulases produced from bacterial isolates were pre-incubated with IL 1-ethyl-3-
methylimidazolium methanesulfonate (EMIMS, 5%, v/v) at room temperature. Samples were
withdrawn at various time intervals (1, 2, 3, 4, 24, 48, 72 and 96 h) and examined for residual activity.
Cellulase from bacterial isolate that exhibited maximum stability against EMIMS for a prolonged time
period was further investigated for its tolerance at higher concentrations of EMIMS i.e., 10%–50%.

3.5. Identification of the Selected Bacterium

Identification of the selected bacterial isolate SV1 that was capable of producing IL stable cellulase
was done by studying the cultural, morphological, and microscopic characteristics. The identity of
the bacterium was further confirmed by analyzing its 16S rDNA sequence and comparing it with
that other sequences available in GenBank (National Center for Biotechnology Information) [5,20].
CMC agar plates were used for the examination of colony morphology of bacterial isolate SV1. Gram
staining and endospore staining analysis was done for microscopic examination. The bacterial isolate
SV1 was observed for its ability to produce various hydrolytic enzymes viz. lipase, amylase, xylanase,
protease, and gelatinase [5,20]. Genomic DNA was extracted (Wizard Genomic DNA Preparation Kit,
Promega Co., Madison, WI, USA) and PCR-amplified using universal 16S rDNA primers (forward
primer 5′-AGTGTTTGATCCTGGCTCAG-3′, reverse primer 5′-CGGCTACCTTGTTACGACTTT-3′)
for 16S rDNA sequence analysis [19]. The amplified product was eluted (Axygen DNA gel extraction
kit, Union City, CA, USA) and sequenced (SciGenom Labs Pvt. Ltd., Chennai, India). BLAST analysis
of the DNA sequence data was performed for closest homology. The neighbor-joining phylogenetic
analysis was carried out with MEGA 6 software. Phylogenetic tree was constructed using MEGA 6
(http://www.megasoftware.net).
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3.6. Optimization of Cultural and Environmental Variables for Cellulase Production

Cellulase production from SV1 was enhanced by optimizing the medium components and
environmental variables by employing a central composite design of (CCD) of response surface
methodology (RSM). The medium variables selected for optimization were crude carbon/nitrogen
source viz. wheat bran (A) and spirulina powder (B), and environmental variables were medium
pH (C) and incubation time (D). The maximum and minimum range of independent variables was
selected based on the already published papers [5]. The variables investigated and full experimental
plan are presented in Table 4. A total of 30 experiments were conducted and the results were
analyzed using design of expert software version 6.0 (Stat-Ease, Inc., Minneapolis, MN, USA) (Table 5).
The three-dimensional (3-D) response surface plots were used to understand the interaction between
the variables and to analyze the optimum value of each parameter to maximize cellulase production.
The regression equation gave an empirical model that related the measured response to the independent
variables of the experiments. The statistical model was then validated in shake-flask experiments for
cellulase production under the conditions predicted based on point prediction tool. The response
values (Y) were measured as the average of triplicate experiments.

Table 4. Experimental range and levels of the medium and environmental variables used in RSM for
cellulase production from B. subtilis SV1.

Study Type: Response Surface Experiments: 30

Initial Design: Central Composite Design Model: Quadratic
Response Name Units

Y Enzyme activity IU/mL Experimental values
Factors Name Units Lower Higher

A Wheat Bran %, w/v 1.5 3
B Spirulina powder %, w/v 1.5 3
C Medium pH - 5 9
D Incubation time H 24 72

Table 5. RSM-designed experiments for medium and environmental variables for cellulase production
from B. subtilis SV1.

Runs Experimental variables *

Run number A B C D
1 1.5 1.5 5 72
2 1.5 3.0 9 72
3 2.25 2.25 7 48
4 1.5 1.5 9 72
5 2.25 2.25 7 48
6 1.5 3.0 9 24
7 2.25 2.25 7 96
8 1.5 1.5 5 24
9 2.25 2.25 7 48
10 3.0 1.5 9 24
11 2.25 3.75 7 48
12 3.75 2.25 7 48
13 3.0 3.0 9 72
14 1.5 3.0 5 72
15 2.25 0.75 7 48
16 1.5 1.5 9 24
17 2.25 2.25 11 48
18 1.5 3.0 5 24
19 3.0 1.5 5 72
20 3.0 3.0 5 72
21 3.0 3.0 5 24
22 3.0 3.0 9 24
23 3.0 1.5 9 72
24 2.25 2.25 7 0
25 2.25 2.25 7 48
26 2.25 2.25 3 48
27 2.25 2.25 7 48
28 3.0 1.5 5 24
29 0.75 2.25 7 48
30 2.25 2.25 7 48

*A—Wheat bran (%, w/v), *B—Spirulina powder (%, w/v), *C—pH, *D—Incubation time (h).
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3.7. Some Properties of IL-Stable Cellulase

The cellulase produced under optimized process was used for studying the effect of temperature
and pH on the activity. Cellulase activity was assayed at different temperatures (4–90 ◦C) for deducing
the effect of temperature on activity. Similarly, the effect of pH was realized by executing an
activity assay at different pH by using buffers (50 mM) of appropriate pH: acetate buffer (pH 4–5),
glycine-NaOH buffer (pH 6–8) and phosphate buffer (pH 9–10) [4].

For determining halotolerance of cellulase, an activity assay was executed in the presence of
varying concentrations of sodium chloride (0.3%–3.0%).

The cellulase activity was assayed in the presence of several metal ions/additives viz.
potassium chloride, ammonium chloride, cobalt chloride, copper chloride, ferrous sulphate,
mercuric chloride, magnesium sulphate, lead acetate, sodium dodecylsulphate (SDS), and
ethylenediaminetetraacetic acid (EDTA) at a final concentration of 1.66 mM. The activity without
metal ion/additive was considered as control.

3.8. Pretreatment and Enzymatic Hydrolysis of PNB Using One Pot Consolidated Bioprocess (OPCB)

3.8.1. Pine Needle Biomass (PNB)

Pine needles used in the study were procured from forest area near Udhampur (Jammu, India).
Pine needles were thoroughly washed with tap water and then air dried at 50 ◦C, and dry matter
content between 91% and 94% was obtained. The dried material was ground, and the fraction passing
through a 4–5 mm sieve was collected and used for further experiments [23]. The powdered PNB was
composed of (dry weight basis) holocellulose (64.12%), pentosan (14.12%) and lignin (27.79%) [23].

3.8.2. One Pot Consolidated Bioprocess

Pretreatment of PNB with 1-ethyl-3-methylimidazolium methanesulfonate (EMIMS) was carried
out in order to partially remove lignin and disrupt the crystalline structure of cellulose. An appropriate
quantity of dried and ground pine needles biomass was immersed in EMIMS at different concentrations
(10%–50%, w/v). The contents were incubated at 70 ◦C under shaking at 180 rpm for 18 h, and then
subjected to enzymatic hydrolysis in situ (same pot) using IL-stable cellulase preparation (at 311 IU/g
of PNB). After addition of cellulase preparation the contents were incubated at 37 ◦C under shaking
(180 rpm) for 24 h, following which reducing sugar was assayed. The untreated PNB was considered
as control I, and enzymatically hydrolyzed untreated PNB was used as control II.

4. Conclusions

Bacillus subtilis SV1 is capable of utilizing agroindustrial residues as carbon and nitrogen sources
for growth and IL-stable cellulase production. DoE based optimization of process variables appreciably
enhanced cellulase production (1.41-fold). Furthermore, integration of IL based pretreatment
and enzymatic saccharification in a single unit (OPCB) gave excellent results as indicated by
saccharification efficiency of PNB. Further research on the molecular basis of IL stability of cellulase,
and functional mechanisms of IL mediated reduction of LB recalcitrance, is underway in our
laboratory. Process-scale-up and other parameters need further investigation for harnessing the
full potential of OPCB to ultimately realize a sustainable, economically viable and highly efficient
biorefinery process, i.e., conversion of biomass to biofuel (ethanol, butanol, etc.) and other products of
commercial importance.
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Abstract: Acetone-butanol-ethanol (ABE) fermentation using Clostridium acetobutylicum is a process
that can be used to produce butanol, which can be utilized as an alternative to petroleum-based fuels.
Immobilization of the bacteria using three different fibrous materials was studied in order to see how to
improve the ABE fermentation process. The results were compared to those of non-immobilized bacteria.
Modal and charcoal fibers had OD levels below one at 72 h with the butanol concentration reaching
11.0 ± 0.5 and 10.7 ± 0.6 g/L, respectively, each of which were close to the free cell concentration at
11.1 ± 0.4 g/L. This suggests that bacteria can be efficiently immobilized in these fibrous materials.
Although an extended lag phase was found in the fermentation time course, this can be easily solved
by pre-treating fibrous materials with 3.5% HCl for 12 h. From comparisons with previous studies,
data in this study suggests that a hydrophilic surface facilitates the adsorption of C. acetobutylicum.

Keywords: immobilization; modal fibers; acid treatment; Clostridium acetobutylicum; Acetone-Butanol-
Ethanol (ABE) fermentation

1. Introduction

After the industrial revolution, the consumption of fossil fuels such as natural gas, coal and
gasoline increased dramatically. The industrial revolution also created lots of greenhouse gases such
as CO2 that brought about global warming and climate change. In order to reduce the consumption of
petrol chemical fuels, people looked to develop alternatives to fossil fuels.

Acetone-butanol-ethanol (ABE) fermentation, developed during World War II, is an anaerobic
fermentation process used to produce butanol. The strain of bacteria used in ABE fermentation is
Clostridium acetobutylicum. ABE fermentation was replaced in favor of petrochemical production in the
late 1960s due to having a lower productivity and yield. With the pollution generated by petrochemicals
growing every day, people looked to ABE fermentation as an alternative and tried to find a way to
improve the process. The key to increasing butanol production is improving the survivability of the
bacteria. Thus, researchers have utilized extract separation and immobilization to maintain the bacterial
count and improve ABE fermentation. Separation of butanol can decrease its toxicity to bacteria whereas
immobilization can enhance the tolerance of toxicity via improved cell density [1–3]. The immobilization
technique also facilities the downstream butanol separation while it reduces the amount of carbon needed
for biomass formation. Multiple immobilization materials for increasing ABE fermentation, such as
brick [2,4], polyvinyl alcohol [5], metals [6], agriculture wastes [7], and weaving fibers [8], were used in
earlier studies. Weaving fibers, such as vegetable fibers, are highly malleable hydrophilic materials that
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can be mixed with other materials to improve various characteristics. Animal fibers made from protein
can even act as nitrogen sources. Various kinds of fibrous materials are acquired from weaving industry
wastes, which would result in lower costs. With these advantages, weaving fibers have the potential to
make ABE fermentation more economical and environmentally friendly.

This study aims to observe the performance of cotton balls, modal fibers, and charcoal fibers.
Cotton is a readily available fibrous material, and so can easily be looked into as an immobilization
material for the bacteria. Modal fiber is a cellulose-based fiber originating from renewable wood
pulp. Its high water absorbance, strength, and availability make it ideal for immobilization testing.
Charcoal fiber consists primarily of bamboo fiber, which is harvested from bamboo plants and then
burned in an oven. As a result, charcoal is made almost entirely of carbon, giving it high tensile
strength. Like modal, its ability to absorb water and its renewability (due to the ease of harvesting
from bamboo plants) make it ideal as an immobilization material. Some of these fibers received an
acid pretreatment to generate more surface area. Overall butanol production, kinetic performance,
and in vitro performance will be analyzed for the cotton balls, modal fibers, and bamboo charcoal
fibers. The morphology of the C. acetobutylicum adsorbed on these three materials was scanned by
field-emission scanning electron microscope (FESEM) and the specific surface area was determined by
the Brunauer–Emmett–Teller (BET) method [9].

2. Experimental Section

2.1. Microorganism and Culture Environment

C. acetobutylicum ATCC 824 was the bacteria used in this study for ABE fermentation. A detailed
description of C. acetobutylicum ATCC 824 cultivation can be found in this previous study [10].
While preculturing the microorganism, the bacterial stock was injected into Reinforced Clostridial
Medium (RCM) at a concentration of 5% and heat-shocked at 80 ◦C for 5 min. The bacteria were then
inoculated into a batch bottle containing 100 mL LB-s medium, which consisted of NaCl at 10 g/L,
tryptone at 10 g/L, yeast extract at 5 g/L, MgSO4·7H2O at 0.6 g/L, FeSO4·7H2O at 0.11 g/L, and CaCl2
at 0.008 g/L. Glucose was added to the bottle at an initial concentration of 60 g/L. The bottles were
incubated at 37 ◦C and 200 rpm, and underwent ABE fermentation for 96 h. Note that the cultivation
of C. acetobutylicum was achieved under anaerobic condition as previously described [10]. Then 3 g of
each immobilization material were used when applied.

2.2. Immobilization Materials and Pretreating Process

The immobilization materials used in this study were cotton balls (CSD Ltd., Changhua, Taiwan),
modal fiber (Shing-Long Ltd., Yunlin, Taiwan), and charcoal fiber (composed of 20% of bamboo
charcoal fiber and 80% of cotton, Shing-Long Ltd.). For the acid pretreating process, all fibrous
materials were soaked in 3.5% HCl(aq) for 12 h and washed with deionized (DI) water.

2.3. Analytical Methods

An UV-VIS spectrophotometer (GENESYS 10S, Thermo Scientific, Waltham, MA, USA) was
used to determine the optical density of the bacterial culture at 600 nm. The ABE concentrations
for the three materials was determined by gas chromatography (Hewlett Packard HP 5890 Series II,
Agilent Technologies, Santa Clara, CA, USA) [11,12]. The DNS method was used to determine the
concentration of the glucose remaining [13]. Samples were diluted so that the above measurements
were in the dynamic range of calibration curve.

The surface of the three materials was characterized by a field-emission scanning electron
microscope (FESEM, model JSM-6700F, JEOL Ltd., Tokyo, Japan). Before pictures were taken, the
materials were washed with DI water and put into a drying oven to eliminate moisture. The specific
surface area of each immobilization material was measured by the BET method. A micromeritics ASAP
2010 porosimeter was used to absorb nitrogen and the de-gassed condition was controlled at 80 ◦C.
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2.4. In Vitro Performance of the Materials

Bacterial solutions containing C. acetobutylicum was prepared by first filling test tubes with
9 mL of the Reinforced Clostridial Medium (RCM, OXOID, Hampshire, UK), capping them with
rubber septa, and then sealing them with aluminum. The head space of the test tubes was flushed
for 10 min with nitrogen filtered in a 0.2 μm syringe filter. Test tubes containing an oxygen-free
headspace were sterilized by autoclaving at 121 ◦C for 20 min. After cooling the test tubes to room
temperature, a mineral stock solution (60 g/L MgSO4·7H2O, 11 g/L FeSO4·7H2O, 0.8 g/L CaCl2) and
the glucose solution of 600 g/L were added to them to create a primary medium for growing the
bacteria. 1 mL of the bacteria was transferred to each test tube and cultivated at 37 ◦C and 200 rpm for
72–96 h. Different amounts of modal and charcoal supports were added into test tubes containing 5-mL
bacterial solutions to start the in vitro immobilization experiments at 100 rpm. These experiments
were performed in an aerobic environment at room temperature to prevent excessive bacterial growth.
The performance of in vitro immobilization was determined by calculating the difference between the
initial and final OD600 of the liquid phase. The OD600 was converted into cell dry weight (g/L) by a
calibration curve with the conversion factor of 0.748 g·L−1·OD600

−1.

3. Results

3.1. The Performance of Immobilized Materials for ABE Fermentation

The growth curves and butanol production of non-immobilized bacteria and immobilized bacteria
were compared with each other. It can be seen in Figure 1 that at a fermentation time of 48 h, the OD600

of non-immobilized bacteria reached 7.7 ± 2.9 with a butanol concentration of 8.9 ± 2.5 g/L. On the
other hand, the OD600 of bacterial cultures in cotton reached 6.0 ± 1.3 with a butanol concentration
of 7.0 ± 4.4 g/L. The OD600 of cultures in modal and charcoal fiber reached lower numbers of
1.2 ± 0.4 and 3.0 ± 1.8 while the butanol concentrations were still at high values of 4.2 ± 2.5 and
2.5 ± 3.4 g/L, respectively. Overall, OD600 of the immobilized bacteria was lower than that of the
non-immobilized bacteria.

Modal and charcoal fibers had OD levels below one during the period of 72 h and beyond.
The highest butanol concentration was 11.8 ± 0.6, 11.0 ± 0.5, and 10.7 ± 0.6 g/L for cotton, modal,
and charcoal materials, respectively, each of which were close to the non-immobilized bacterial
concentration at 11.1 ± 0.4 g/L. This suggests that bacteria can be effectively immobilized in the
fibrous materials tested in this study, with modal and charcoal fibers displaying the best results.
Additionally, a slow onset of butanol production for bacterial cultures in these three materials was
observed in Figure 1b, indicating a noticeable mass transfer resistance. This, on the other hand,
reflects the effectiveness of the immobilization capability of the fibrous materials tested.

(a) (b) 

Figure 1. (a) Growth curve and (b) butanol production of C. acetobutylicum on different immobilized
materials with 60 g/L glucose. The standard deviation was used for the error with n = 3.
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3.2. The Effects of Acid Pretreatment

Samples of the three fibrous materials used were treated with hydrochloric acid (HCl).
ABE fermentation performance values using these acidified fibrous materials can be seen in Figure 2.
At a fermentation time of 48 h, the acidified cotton, modal fibers, and charcoal fibers had OD600

values of 6.1 ± 1.7, 1.5 ± 0.3, and 5.0 ± 1.7, respectively, while the normal cotton, modal fibers and
charcoal fibers had OD600 values of 6.0 ± 1.3, 1.2 ± 0.4, and 2.7 ± 1.8 (Figure 3). This indicates that
the immobilization capabilities of three acidified fibrous materials were kept intact. The butanol
concentration increased with the acidified modal fibers (with a p-value of 0.01). The acidified modal
fibers had a butanol concentration level of 10.4 ± 0.0 g/L, respectively, whereas the non-acidified
modal fibers had a concentration level of 4.2 ± 2.5 g/L. The elevated butanol concentrations, even
higher than those of non-immobilized bacteria at 48 h as shown in Figure 1, indicate that the mass
transfer resistance was significantly reduced while keeping the immobilization capabilities. On the
other hand, acidified cotton and charcoal fibers had no significant impact on the butanol concentration
compared to non-acidified fibers. In summary, evidence demonstrated in terms of kinetics points to
acidifying modal fiber as a method for improving butanol productivity, whereas no statistical evidence
points to acidifying cotton and charcoal fibers having the same effect.

Figure 2. Butanol concentration and cell growth of C. acetobutylicum on normal and acidified
immobilization materials with 60 g/L glucose at 48 h. The standard deviation was used for the
error with n = 3.

Figure 3a,b show FESEM images of the modal and charcoal fibers. These fibrous materials had
diameters of 5–10 μm. The surface porosity, defined as the distance between each fiber, was greater
than 50 μm. Figure 4a,b reveal FESEM images of bacteria on cotton and acidified cotton, respectively,
with a more homogeneous distribution of the immobilized bacteria seen in Figure 4b. This may reflect
that the stability of butanol production can be increased by using acidified cotton where the standard
deviation of the butanol concentration was decreased (Figure 2). It can be seen in Figure 4c that only
some areas on the modal fibers were occupied by bacterial colonies. This drawback can be solved
by using acid pretreatment so the whole surface area on an acidified fiber can be fully employed for
bacterial immobilization (Figure 4d). Figure 4e,f show no significant difference in how much bacteria
were immobilized. The effects of acid pretreatment on modal fiber can be perceived by measuring its
specific surface area. It can be seen in Figure 5 that there was a nine-fold increase in the specific area
for the acidified modal material. This increase in the specific area provides excellent immobilization
while minimizing the mass transfer resistance.
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(a) (b) 

Figure 3. Field-emission scanning electron microscope images of (a) modal and (b) charcoal fibers.

  
(a) (b) 

  
(c) (d) 

Figure 4. Cont.
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(e) (f) 

Figure 4. FESEM images of C. acetobutylicum bacteria immobilized on supports. (a) Bacteria on cotton
fiber; (b) bacteria on acidified cotton fiber; (c) bacteria on normal modal fiber; (d) bacteria on acidified
modal fiber; (e) bacteria on charcoal fiber; (f) bacteria on acidified charcoal fiber.

Figure 5. Specific surface area of modal and acidified modal materials.

3.3. In Vitro Performance of the Materials

Figure 6 indicates that modal fiber has an immobilization capability of 17.1 ± 0.3 mg-biomass/g-modal
while charcoal fiber has a capability of m. Note that one unit of OD600 is equivalent to 0.748 mg-biomass/L.

Figure 6. In vitro performance of the modal fiber and charcoal fiber. The standard deviation was used
for the error with n = 3.
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4. Discussion

In this study, experiments using the materials cotton, modal fiber, and charcoal fiber
for bacterial immobilization were conducted. It was found that modal and charcoal fibers
were suitable bacterial immobilization materials for ABE fermentation. We propose that a
hydrophilic surface facilitates more adsorption of C. acetobutylicum. This can be argued as follows.
When poly(3-hydroxybutyrate) (PHB) materials were fabricated into a fibrous structure, it could in vitro
immobilize up to 90 mg-biomass/g-PHB with a surface area of 18.3 m2/g-support (unpublished data).
The immobilization capabilities for modal fiber or charcoal fiber were significantly lower than that of
the PHB-based material because of the low specific surface area. The modal fibers have a specific surface
area of 0.03 m2/g-modal while the PHB-based material has a specific surface area of 18.3 m2/g-PHB
(unpublished data). Thus, modal fibers in vitro can immobilize 570 mg-biomass/m2 while PHB-based
supports in vitro can immobilize 4.9 mg-biomass/m2. This difference in two orders of magnitude
can be attributed to surface hydrophobicity, where modal fibers with a hydrophilic surface favor
adsorption of the bacteria. The good adsorption of bacteria on the modal or charcoal fibers can be seen
from FESEM images.

By pre-treating the modal fiber materials with 3.5% HCl for 12 h, the kinetics of ABE fermentation
with the acidified modal fibers were significantly enhanced. It can be argued that the structure of modal
fibers was etched by the acids so that the mass transfer resistance was decreased. Therefore, the long
lag phase of batch ABE fermentation cultivated with modal fibers was solved. Furthermore, the acid
treatment not only presumably increased the adsorption of C. acetobutylicum by increasing the specific
surface area of acidified modal fibers (Figure 5), but also provided a correct scale of geometry for the
formation of homogenous biofilms (Figure 4c,d). This facilitated the entrapment of C. acetobutylicum.
Therefore, an improved ABE fermentation in terms of kinetics was shown in Figure 2. To have a
maximum bacterial immobilization capacity, both adsorption and entrapment should be considered.
We propose that a hydrophilic surface on the immobilization material facilitates the adsorption of
C. acetobutylicum. To further improve the immobilization capability, we need to consider a support
structure, which in turn takes into account entrapment.
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Abstract: As a promising alternative of fossil fuel, ethanol has been widely used. In recent years,
much attention has been devoted to bioethanol production from lignocellulosic biomass. In previous
research, it is found that the pretreatment method named low-moisture anhydrous ammonia (LMAA)
has the advantage of high conversion efficiency and less washing requirements. The purpose of
this study was to explore the optimal conditions by employing the LMAA pretreatment method.
Corn stover was treated under three levels of moisture content: 20, 50, 80 w.b.% (wet basis), and
three levels of particle size: <0.09, 0.09–2, >2 mm; it was also ammoniated with a loading rate of 0.1g
NH3/g biomass (dry matter). Ammoniated corn stover was then subjected to different pretreatment
times (24, 96, 168 h) and temperatures (20, 75, 130 ◦C). After pretreatment, compositional analysis
and enzymatic digestibility were conducted to determine the highest glucose yield. As a result,
the highest glucose yield was obtained under the condition of 96 h and 75 ◦C with 50 w.b.% and
0.09–2 mm of corn stover. The main findings of this study could improve the efficiency of bioethanol
production processing in the near future.

Keywords: anhydrous ammonia; corn stover; cellulosic ethanol; low-moisture anhydrous ammonia
(LMAA); pretreatment

1. Introduction

Due to concerns about environmental, long-term economic and national security, there has
been increasing interest in renewable and domestic sources of fuels to replace fossil fuels in recent
decades. [1]. Bioethanol, produced from renewable materials, is regarded as an alternative to gasoline.
There are multiple raw materials to produce bioethanol; one of the most widely adopted is sugar- or
starch- based material, such as corn. Bioethanol produced from corn is called first generation biofuel.
It has been commercialized in several places and is considered quite efficient. However, a problem
arose because of land use and competition with food crops, the so-called food versus fuel debate [2].
Bioethanol can also be produced from lignocellulosic biomass, which is known as second generation
biofuel [3]. In general, four major processes are involved in converting lignocellulosic biomass to
bioethanol: pretreatment, hydrolysis, fermentation, and ethanol recovery [4]. Among the four steps,
pretreatment is critical because of the difficulties in removing the lignin-carbohydrate complex (LCC)
structure in lignocellulosic biomass. With the assistance of pretreatment, the LCC structure could be
removed, and the exposed cellulose could be broken down into monosaccharides, then the resulting
glucose can be fermented into ethanol [1].

Numerous efforts have been invested in exploring various pretreatment methods on various
biomass to enhance enzymatic digestibility. Additionally, various pretreatment reagents have been
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studied, such as carbon dioxide, dilute acid, hot water, ammonia and alkaline. Based on the results
of extensive research, each different reagent exhibited its unique characteristics. Several reagents are
compared as following.

Carbon dioxide (CO2) has many advantages, as it is environmentally friendly, inexpensive,
and easy to recover after use. The pretreatment method based on CO2 is supercritical carbon dioxide
(SC-CO2). It has been applied to a few lignocellulosic biomass, such as aspen and south yellow
pine [5], wheat straw [6], guayule [7], and corn stover [8]. As for corn stover, the maximum glucose
yield obtained under 3500 psi and 150 ◦C was 30 g/100 g dry corn stover [8]. However, the need for
high-pressure equipment by using the SC-CO2 pretreatment method may result in high capital cost;
besides, the low efficiency of this treatment may be a barrier as well to large-scale production [5].

Hot water has also been used as a reagent in pretreatment studies. Hot water has been studied
in materials like aspen [9], soybean straw [10], corn stover [9,10], alfalfa [11], and cattails [12].
As a convenient pretreatment method, liquid hot water is effective for soybean straw with the
combination of fungal degradation pretreatment, but the combination of these two pretreatment
methods is not efficient for corn stover, when compared with fungal degradation pretreatment alone [10].

Another reagent, ammonia, is also broadly explored in this field. Pretreatment methods of ammonia
have attracted much attention due to its effectiveness in delignification. For example, ammonia
fiber explosion [13–16], ammonia fiber expansion [17–20], and aqueous ammonia soaking [21–23]
have been developed. In addition, the improvement in glucose yield is clearly observed. However,
water consumption, environmental concerns, and high cost are problematic for ammonia-based
pretreatment methods.

Yoo et al. [24] developed the low moisture anhydrous ammonia (LMAA) pretreatment method
to eliminate the washing step and reduce capital costs in the ammonia-based pretreatment method.
In their study, corn stover pretreated with 3% glucan loading at 80 ◦C for 84 h resulted in the highest
ethanol yield, that is: 89% of theoretical ethanol yield. However, the reactor used in the research
conducted by Yoo et al. [24] was a 2.9-inch (8.1 cm) internal diameter with a 6.5-inch (18.5 cm) length
(690 mL internal volume). The small sealed reactor may not be capable of providing optimal conditions
for bioethanol production at industrial scales. Yang and Rosentrater [25] and Cayetano and Kim [26]
have expanded on this initial study. Yang and Rosentrater [25] investigated the effectiveness of LMAA
as a method to both pretreat and preserve corn stover prior to fermentation, and found that LMAA is
beneficial to preserving sugar yields during storage, with sealed containers being more effective at
ammonia treatment.

The main objective of this study was to investigate the LMAA pretreatment process with
a larger-scale reactor; four pretreatment conditions (moisture content, particle size, pretreatment
temperature, and pretreatment time) were considered in this study. Furthermore, optimal conditions
for higher ethanol yield were explored.

2. Materials and Methods

2.1. Biomass

In this study, freshly-harvested, air-dried corn stover was collected from central Iowa in 2012 and
stored at ambient temperature. Prior to pretreatment, the corn stover was ground and sieved into
three size fractions (<0.09, 0.09–2.0, and >2.0 mm). Then, the sieved corn stover was stored at room
temperature (~21 ◦C) until use.

2.2. Equipment

The reactor (Figure 1), which was purchased from Pall Corporation, Ann Arbor, MI, USA, was used
in the ammoniation process. Compared to Yoo’s [24] study, this sealed reactor was about 4.35 times
larger (the internal capacity is 3 L). It is anticipated that the potential errors caused by different ammonia
loadings and reaction times could be eliminated by the use of a larger reactor. High Performance
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Liquid Chromatography (HPLC) with a Bio-Rad Aminex HPX-87P column (Aminex HPX-87P,
Bio-Rad Laboratories, Hercules, CA, USA) and a refractive index detector (Varian 356-LC, Varian, Inc.,
Palo Alto, CA, USA) were used to measure sugar contents. Acid soluble lignin (ASL) content was
determined by UV-Visible spectrophotometer (UV-2100 Spectrophotometer, Unico, United Products &
Instruments, Inc., Dayton, NY, USA).

Figure 1. Ammoniation reactor with internal volume of 3 L.

2.3. Enzymes

In this study, GC 220 cellulase, purchased from Genencor International, Inc. (Rochester, NY, USA),
was a mixture of endogluconases and cellobiohydrolases. The cellulase activity was expressed in filter
paper units (FPU); the average activity of GC 220 was determined to be 45 FPU/mL. The β-glucosidase
enzyme (Novozyme 188), provided by Sigma-Aldrich, Inc. (St. Louis, MO, USA), was used to convert
cellobiose to glucose. The activity of Novozyme 188 was 750 cellobiase units (CBU)/mL.

2.4. LMAA Pretreatment Process

The original moisture content was measured before ammoniation, then certain amounts of water
were added to the corn stover in order to achieve the target moisture content (20, 50, and 80 w.b.%).
Moisturized corn stover was equilibrated for 24 h afterwards.

The moisturized corn stover was placed in the sealed reactor, and ammonia gas was introduced.
On top of the reactor, a pressure gauge and a temperature gauge were equipped to monitor the pressure
and temperature change during the whole process. However, temperature change was not controlled
during this study. The pressure of the anhydrous ammonia was maintained at 0.1 g NH3/g DM
biomass for 30 min in order to achieve a complete reaction. After the ammoniation process, the reactor
was cooled down for 5 min and the lid was removed in the fume hood. Then the ammoniated corn
stover was transferred into several glass bottles (250 mL) with screw caps. A pipe was connected
between the top of the reactor and the fume hood to ventilate surplus ammonia.

The bottles packed with ammoniated corn stover were placed in various heating ovens at varying
pretreatment temperatures (20, 75, and 130 ◦C) for 24, 96, and 168 h. As soon as the pretreatment
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process was complete, the lid of the glass bottles was removed in the fume hood and surplus ammonia
was evaporated for 12 h before compositional analysis.

2.5. Experimental Design

In this study, four independent variables that may have influence on the reaction severity were
investigated. Biomass moisture contents were 20, 50 and 80 wet basis (w.b.) %; the pretreatment times
were 24, 96, and 168 h; the pretreatment temperatures were 20, 75, and 130 ◦C; and the particle sizes
were <0.9, 0.9–2.0 and >2.0 mm, respectively. By combining different levels of these four independent
variables, 17 treatments were designed in this study, i.e., 2 × 2 × 2 × 2 + 1 center point. As dependent
variables, moisture content, lignin, glucan, xylan, galactan, arabinan, mannan and ash content were
measured and compared in the experiment. The experimental design for this study is shown in Table 1.

Table 1. Experimental design in this study. *

Treatment Moisture Content (w.b. %) Time (h) Temperature (◦C) Particle Size (mm)

1 20 24 20 <0.9
2 20 24 20 >2.0
3 20 24 130 <0.9
4 20 24 130 >2.0
5 20 168 20 <0.9
6 20 168 20 >2.0
7 20 168 130 <0.9
8 20 168 130 >2.0
9 80 24 20 <0.9

10 80 24 20 >2.0
11 80 24 130 <0.9
12 80 24 130 >2.0
13 80 168 20 <0.9
14 80 168 20 >2.0
15 80 168 130 <0.9
16 80 168 130 >2.0
CP 50 96 75 0.9–2.0

* CP denotes center point of the design.

2.6. Compositional Analysis

Carbohydrates and lignin (both acid-soluble lignin and acid-insoluble lignin) contents were
determined by NREL LAP [27]. Each sample was analyzed in duplicate. The glucan and xylan content
in the corn stover were analyzed by HPLC, following the NREL standards. Acid soluble lignin was
measured by UV-Visible Spectrophotometer. Moisture content was determined by an oven drying
method [27].

2.7. Enzymatic Digestibility Test

The enzymatic digestibility test was done in duplicate under conditions of pH 4.8 (0.1 M sodium
citrate buffer) with 40 mg/L tetracycline and 30 mg/L cyclohexamide in 250 mL Erlenmeyer flasks
according to NREL LAP [28]. The initial glucan concentration was 1% (w/v). Cellulase enzyme (GC 220)
loading was 15 FPU/g of glucan, and β-glucosidase enzyme (Novozyme 188) loading was equal to 30
CBU/g of glucan. Flasks were incubated at 50 ± 1 ◦C and 150 rpm in an incubator shaker (Excella E24
Incubator Shaker Series, New Brunswick Scientific, Edison, NJ, USA). Time for enzymatic digestibility
test ranged from 0 to 168 h for sugar analysis.

Total glucose detected from HPLC was used to calculate the glucan digestibility following
Equation (1) below. The conversion factor for glucose to equivalent glucan was 0.9 based on the
calculation. The quantification of glucose in HPLC is based on the separation of the solvent into
its constituent parts due to the different affinities of different molecules for the mobile phase and
stationary phase. All the statistical results were anaylzed by SAS 9.4 (SAS Institute Inc., Cary, NC, USA).
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Glucan digestibility [%] =
Total released glucose × 0.9

Initial glucan loading
× 100% (1)

3. Results and Discussion

3.1. Effects of LMAA Pretreatment on Biomass Composition

In this study, the employment of low-moisture anhydrous ammonia (LMAA) pretreatment method
didn’t result in significant changes in lignin, glucan, xylan, arabinose, mannan or ash contents. Table 2
exhibits the main effect. As can be seen by the letter, temperature had an effect mainly on lignin and ash.
With higher temperature, the ash content increased as well as the lignin content. Time also had effect
on lignin and glucan as well; longer time resulted in higher glucan. The effect of size is primarily on
ash content; larger size resulted in lower ash content. The forth factor, moisture content, did not have
much influence on the compositions. According to Table 3, the majority of the p-values of interactions
among these four independent variables were higher than 0.05, which indicates that little evidence of
significant interactions among independent variables was observed. Similar findings were found in
treatment effect (Table 4).

The reason for insignificant compositional analyses results in this study was because the ammonia
used in the LMAA pretreatment process was meant to break the LCC structure for later enzymatic
saccharification and ethanol fermentation process, not to change composition per se. This has also
been studied by Cayetano and Kim [26]. Their work showed that the LMAA pretreatment method did
not result in significant changes to the chemical composition.
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3.2. Effects of LMAA Pretreatment on Glucan Digestibility

Figure 2 shows the overall results of enzymatic digestibility for the 17 treatments mentioned in
previous experimental design; moreover, the results of avicel (used as a reaction blank for the substrate)
and untreated corn stover are indicated in Figure 2 as well. All the enzymatic digestibility results
have been organized from the highest digestibility to the lowest in Figure 3. The Lineweaver-Burke
linear regressions used to determine enzymatic digestibility kinetic constants are demonstrated in
Table 5. As observed in Figure 2, the combinations of the four factors resulted in various digestibility.
More clearly, in Figure 3, the highest glucose digestibility (57.23%) compared with the lowest one
(29.02%) showed that LMAA pretreated corn stover was 1.97 times higher.

According to the research of Yoo et al. [24], the optimal pretreatment temperature was 80 ◦C and
the pretreatment time was 84 h. In our study, among the 17 treatments, treatment CP, which contained
50 w.b.% moisture content with 0.9–2.0 mm particle size, achieved the highest glucose digestibility
with the conditions of 96 h pretreatment time and 75 ◦C pretreatment temperature. The results are
similar to those of Yoo et al. [24], thus indicating that the consistency remained in small and large
scale reactors.

Figure 2. Glucan digestibility results for all treatments. Trt denotes treatment; CP denotes center point.

Figure 3. Enzymatic digestibility results of glucan (from highest to lowest) for all the treatments.
CP denotes center point.
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Table 5. Lineweaver-Burke linear regressions used to determine enzymatic digestibility kinetic constants.
Dynamic changes in enzymatic digestibility over time are provided in Figure 2. *

Treatment Equation

1 y = 0.6417 × x + 0.0093 (R2 = 0.955)
2 y = 0.7603 × x + 0.0099 (R2 = 0.983)
3 y = 0.6274 × x + 0.0140 (R2 = 0.996)
4 y = 0.2067 × x + 0.0202 (R2 = 0.982)
5 y = 0.6021 × x + 0.0129 (R2 = 0.985)
6 y = 0.2939 × x + 0.0192 (R2 = 0.990)
7 y = 0.3751 × x + 0.0173 (R2 = 0.965)
8 y = 0.4849 × x + 0.0136 (R2 = 0.984)
9 y = 0.4805 × x + 0.0250 (R2 = 0.992)

10 y = 0.7780 × x + 0.0213 (R2 = 0.986)
11 y = 0.3611 × x + 0.0208 (R2 = 0.987)
12 y = 0.3995 × x + 0.0128 (R2 = 0.943)
13 y = 0.9155 × x + 0.0282 (R2 = 0.981)
14 y = 0.9004 × x + 0.0266 (R2 = 0.968)
15 y = 0.6683 × x + 0.0256 (R2 = 0.945)
16 y = 0.9196 × x + 0.0128 (R2 = 0.983)
CP y = 0.3939 × x + 0.0151 (R2 = 0.957)

Untreated y = 0.7294 × x + 0.0339 (R2 = 0.913)
Avicel y = 0.0609 × x + 0.0115 (R2 = 0.986)

* y stands for the reverse of digestibility; x stands for the reverse of time.

In this study, four independent variables were tested: moisture content, particle size, pretreatment
temperature, and pretreatment time. Among the four variables, pretreatment temperature was
regarded as the most critical due to the smallest p-value (0.0013). Table 6 shows the difference in
average glucan digestibility between high and low levels of pretreatment temperature when other
factors were kept constant, in particular, the other main effects. From Table 6, it is clear that higher
pretreatment temperature led to decreased glucan digestibility in this study.

Table 6. Main effects on glucan digestibility results (at t = 144 h).

Factor Levels Digestibility (%)

Temperature (◦C)
20 47.76 (16.11)
75 56.07 (−)

130 51.02 (9.56)

Time (h)
24 53.14 (13.83)
96 56.07 (−)

168 45.65 (11.55)

Moisture Content (%)
20 57.51 (8.47)
50 56.07 (−)
80 41.28 (11.60)

Size
S 47.02 (14.80)
M 56.07 (−)
L 51.77 (11.17)

As for pretreatment time, the difference between the longest time and the shortest one when other
factors were kept constant was also significant as shown in Table 6. The average glucose digestibility at
168 h (47.76%) was relatively lower than the average for 24 h of pretreatment time (51.02%). This could
be explained by the longer pretreatment times causing the collapse of the LCC structure of corn stover.
It is observed from Figure 2 that from 6 to 18 h, there was an average of 92.7% increase in glucan
digestibility, which was the maximum increase rate during all the enzymatic digestibility tests.
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In terms of moisture content, higher moisture content resulted in lower glucan digestibility.
The reason for this may be that the reduction of retaining ammonia with higher moisture content
could result in lower delignification within its structure. As for the effect of particle size, there were
some differences between the smallest size and the largest size of corn stover, as observed in Table 6.
Larger corn stover particles tend to be more digestible than smaller ones.

4. Conclusions

In this study, the effect of the LMAA pretreatment method with four independent factors was
investigated. As a result, LMAA pretreatment showed the potential to achieve higher glucose yield due
to higher glucan digestibility. When corn stover (50 w.b. % moisture content) was pretreated at 75 ◦C
for 96 h, the maximum enzymatic digestibility for glucan was obtained. What’s more, because there
was no washing step involved during the study, the LMAA pretreatment method has the potential to
eliminate water consumption compared to other ammonia-based pretreatment methods.
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Abstract: The present work evaluates a two-step pretreatment process based on steam explosion and
extrusion technologies for the optimal fractionation of lignocellulosic biomass. Two-step pretreatment of
barley straw resulted in overall glucan, hemicellulose and lignin recovery yields of 84%, 91% and 87%,
respectively. Precipitation of the collected lignin-rich liquid fraction yielded a solid residue with high
lignin content, offering possibilities for subsequent applications. Moreover, hydrolysability tests showed
almost complete saccharification of the pretreated solid residue, which when combined with the
low concentration of the generated inhibitory compounds, is representative of a good pretreatment
approach. Scheffersomyces stipitis was capable of fermenting all of the glucose and xylose from the
non-diluted hemicellulose fraction, resulting in an ethanol concentration of 17.5 g/L with 0.34 g/g yields.
Similarly, Saccharomyces cerevisiae produced about 4% (v/v) ethanol concentration with 0.40 g/g yields,
during simultaneous saccharification and fermentation (SSF) of the two-step pretreated solid residue
at 10% (w/w) consistency. These results increased the overall conversion yields from a one-step steam
explosion pretreatment by 1.4-fold, showing the effectiveness of including an extrusion step to enhance
overall biomass fractionation and carbohydrates conversion via microbial fermentation processes.

Keywords: lignocellulosic biomass; steam explosion; extrusion; Scheffersomyces stipitis;
Saccharomyces cerevisiae; simultaneous saccharification and fermentation

1. Introduction

Uncertainties about future energy supplies and the current effects of global warming promoted
by massive greenhouse gas emissions make it imperative to develop and implement competitive
technologies for establishing a sustainable bio-based economy.

Lignocellulosic biomass is the major renewable organic matter in nature. It is composed of
cellulose, hemicellulose and lignin polymers, bonded through non-covalent and covalent cross-linkages
to form a complex and recalcitrant structure. Similar to current petroleum-based refineries, future
biorefineries will efficiently convert the different components of lignocellulosic biomass into fuels,
materials, high value-added chemicals, and other energy forms [1].

Biochemical conversion of lignocellulose includes pretreatment, enzymatic hydrolysis and
fermentation steps. Pretreatment is needed to alter the structural characteristics of lignocellulose and
increase the accessibility of cellulose and hemicellulose polymers to the hydrolytic enzymes, which are
responsible for breaking down these polysaccharides into fermentable sugars. From a biorefinery

Fermentation 2017, 3, 15 59 www.mdpi.com/journal/fermentation



Fermentation 2017, 3, 15

point of view, pretreatment processes must guarantee optimal and efficient biomass fractionation in
order to maximize the potential value obtained from each component (cellulose, hemicellulose and
lignin). Over the last four decades, different chemical, physical, physicochemical and biological methods
have been developed for the pretreatment of lignocellulose [2,3]. Among pretreatment processes,
hydrothermal-based technologies such as steam explosion or liquid hot water (with or without the
addition of catalysts) have proven to be effective in deconstructing biomass structure. In the case of
steam explosion, biomass accessibility is enhanced mainly by opening lignocellulosic fibers, solubilizing
hemicellulosic sugars, and promoting partial solubilization and redistribution of lignin polymers [4].
This hydrothermal pretreatment is usually performed at elevated temperatures and pressures,
with varying residence times. In general, temperatures ranging from 200 to 230 ◦C with short residence
times (2–10 min) results in high cellulose saccharification yields (>70%; however, saccharification yields
are highly dependent on biomass feedstock), but also in extensive hemicellulose degradation [4].
This side effect lowers the amount of sugars available for fermentation, and releases several
biomass-derived products (aliphatic acids, furan derivatives and phenolic compounds), which inhibit
hydrolytic enzymes and fermenting microorganisms [5,6]. In addition to hemicellulose degradation,
the residual lignin present in the resulting pretreated solid material promotes the unspecific adsorption
of hydrolytic enzymes, decreasing saccharification yields [7].

Besides hydrothermal methods, extrusion has been considered as another cost-effective
pretreatment technology [2]. Extrusion represents a promising pretreatment method for industrial
applications, since it has a highly versatile configuration process for the use of lignocellulosic feedstocks.
This physical pretreatment provides effective mixing, rapid heat transfer, and high shear stress, which
increases biomass accessibility by (1) promoting defibrillation and shortening of fibers; (2) increasing
the surface area available to hydrolytic enzymes; and (3) reducing the crystallinity index and the
degree of polymerization of cellulose [8,9]. Furthermore, chemical and or biological catalysts can be
integrated in the process to boost saccharification processes. For instance, the addition of alkali during
extrusion pretreatment has been shown to promote lignin solubilization and provoke a water-swollen
effect, which leads to higher sugar yields in the subsequent saccharification step [8,9].

The combination of both hydrothermal and extrusion technologies can contribute to the balancing
of biomass accessibility and biomass degradation, by using milder pretreatment conditions, while
offering efficient biomass fractionation. In this context, the present work sequentially combines a mild
acid-catalyzed steam explosion with an alkali-based extrusion process for optimal fractionation of
lignocellulosic biomass. Using barley straw as a lignocellulosic source, the two-step pretreatment
was designed to obtain (1) a liquid fraction containing mainly hemicellulosic sugars; (2) a lignin-rich
liquid fraction; and (3) a solid fraction with a high cellulose content. To explore the full potential of the
two-step pretreatment process in terms of subsequent applications, collected fractions were studied by
analytical techniques and/or fermentation processes. First, the chemical compositions of collected
fractions were analyzed to determine recovery yields. Second, the precipitated solid residue (PSR) from
collected lignin-rich liquid fraction was analyzed by attenuated total reflectance-Fourier transform
infrared spectroscopy (ATR-FTIR) to evaluate lignin purity. Finally, the corresponding water-insoluble
solid fractions obtained from steam explosion (WIS) and extrusion (LE-WIS) were subjected to
saccharification and fermentation processes, to evaluate their hydrolysability and fermentability
in the context of bioethanol production.

2. Materials and Methods

2.1. Raw Material and Pretreatment Process

Barley straw, supplied by CEDER-CIEMAT (Soria, Spain), was used as lignocellulosic feedstock.
It had the following composition in terms of percentage dry weight (DW): cellulose, 31.1 ± 0.8;
hemicelluloses, 27.2 ± 0.4 (xylan, 22.3 ± 0.2; arabinan, 3.6 ± 0.1; galactan, 1.3 ± 0.1); Klason lignin,
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18.8 ± 0.2; ashes, 3.9 ± 0.1; extractives, 10.5 ± 0.6; others components (including acid soluble lignin,
acetyl groups, etc.), ~6%.

In order to collect hemicellulosic sugars, raw material was first pretreated by acid-catalyzed
steam explosion. Prior to steam explosion, barley straw was milled in a laboratory cutting mill
(Cutting Mill Type SM2000; Retsch GmbH, Haan, Germany) to obtain a chip size between 2 and 10 mm.
Milled material was then impregnated with H2SO4 at an acid/biomass ratio of 10 mg/g, and pretreated
in a 10 L steam explosion reactor (CIEMAT, Madrid, Spain) at mild conditions: 180 ◦C (~9 bar), 3.5 min.
This condition was selected on the basis of preliminary studies showing a good balance between
cellulose accessibility and hemicelluloses solubilization (data not shown). The recovered slurry was
vacuum filtered to obtain a WIS fraction rich in cellulose and lignin, and a liquid fraction rich in
hemicellulosic sugars and biomass-derived inhibitors. One portion of the WIS residue was stored for
comparison purposes in the hydrolysability and fermentability tests.

Since the lignin polymer remains in the recovered solid fraction after steam explosion pretreatment,
the corresponding WIS was subsequently subjected to an alkali-based extrusion process for lignin
solubilization. Reactive extrusion was performed in a twin-screw extruder (Clextral Processing
Platform Evolum® 25 A110, Clextral, Firminy, France) at 100 ◦C, 1 min of residence time (rotor speed:
150 rpm), with a biomass feeding rate of 2.5 kg/h, and at a final NaOH/biomass ratio of 80 mg/g
(2 L/h of 10% (w/v) NaOH). Extrusion conditions and screw configuration were adapted from
Duque et al. [10]. Similar to steam-pretreated slurry, extruded slurry was vacuum filtered to obtain
a lignin-rich liquid fraction and a lignin-extracted solid residue (LE-WIS), which contained mainly
cellulose and the remaining lignin polymers. The resulting lignin-rich liquid fraction was subsequently
supplemented with H2SO4 (1N) to reach a final pH of 2, to produce a PSR fraction. The PSR was
collected by centrifugation at 5000 g in a fixed-angle rotor for 10 min, washed once with distilled water,
and lyophilized with a LyoQuest lyophilizer (Telstar, Terrassa, Spain).

Compositional analysis of raw material and collected fractions was determined as described in
Section 2.6.1. Before usage, all collected liquid and solid fractions were stored at 4 ◦C.

2.2. Microorganisms and Growth Conditions

Scheffersomyces stipitis CBS 6054 (Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands)
and Saccharomyces cerevisiae Ethanol Red (Fermentis, Marcq-en-Baroeul, France) were used as
fermenting microorganisms in the present study. Active cultures for inoculation were obtained
in 100-mL flasks containing 50 mL of growth medium: 30 g/L sugar (S. cerevisiae was grown on
glucose, while xylose was used for growing S. stipitis), 5 g/L yeast extract, 2 g/L NH4Cl, 1 g/L
KH2PO4, and 0.3 g/L MgSO4·7H2O. Flasks were incubated in an orbital shaker at 150 rpm and under
controlled temperatures (35 ◦C for S. cerevisiae and 30 ◦C for S. stipitis) for 16 h (reagents for culture
medium were purchased from Merck; Darmstadt, Germany). After incubation, cells were harvested by
centrifugation at 5000 g in a fixed-angle rotor for 5 min, washed once with distilled water and diluted
accordingly to obtain an inoculum concentration of 1 g/L cell dry weight (CDW).

2.3. Enzymes

Saccharification processes were carried out by using the commercial cocktails Celluclast +
Novozyme 188 or Cellic CTec2 (Novozymes, Bagsvard, Denmark). Both Celluclast and Cellic
CTec2 are mainly cellulase preparations. Due to its low β-glucosidase activity, Celluclast requires
supplementation with Novozyme 188 (β-glucosidase) for the hydrolysis of cellobiose into glucose
monomers. In contrast to Celluclast, Cellic CTec2 incorporates β-glucosidase activity, and does not
therefore require supplementation with additional cocktails. Moreover, Cellic CTec2 also contains
endoxylanase activity, which aids in hydrolyzing hemicellulosic sugars.

Overall cellulase activity, measured as filter paper units (FPU), was determined using filter paper
(Whatman No. 1 filter paper strips), while β-glucosidase and xylanase activities were determined
using cellobiose and birchwood xylan (filter paper, cellobiose and birchwood xylan were purchased
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from Sigma-Aldrich Quimica SL; Madrid, Spain), respectively [11,12]. One unit of enzyme activity
was defined as the amount of enzyme that transformed 1 μmol of substrate per minute.

2.4. Fermentation of the Hemicellulosic-Rich Liquid Fraction

The non-diluted liquid fraction obtained after filtration of steam-pretreated slurry was subjected to
fermentation with S. stipitis, to evaluate its inhibitory capacity during revalorization of hemicellulosic
sugars. Before inoculation, an enzymatic hydrolysis with Cellic CTec2 was carried out to hydrolyze
both glucan and xylan oligomers. Enzymatic saccharification was performed in 100 mL shake flasks
containing 50 mL of the corresponding liquid fraction. After adjusting the pH to 5, the liquid was
supplemented with 2% (v/v) Cellic CTec2, and then incubated at 50 ◦C and 150 rpm for 24 h.
Once oligomers were hydrolyzed, the pH was adjusted to 6, and nutrients (5 g/L yeast extract,
2 g/L NH4Cl, 1 g/L KH2PO4, and 0.3 g/L MgSO4·7H2O) and 1 g/L CDW of S. stipitis were added.
Fermentation assays were performed at 30 ◦C and 150 rpm for 72 h. Samples were withdrawn
periodically during fermentation for analytical purposes. Assays were performed in triplicate, and the
corresponding average and standard deviation values were calculated to present the results.

2.5. Hydrolysability and Fermentability Studies of the Pretreated Solid Fractions

2.5.1. Enzymatic Hydrolysis

WIS and LE-WIS fractions were subjected to enzymatic hydrolysis to evaluate the pretreatment
process in terms of hydrolysability potential. In this case, 2.5 g of the corresponding solid residue were
first diluted in 100 mL shake flasks to a final substrate concentration of 5% (w/v). Saccharification was
performed at pH 5, 50 ◦C and 150 rpm for 72 h, with an enzyme loading of 15 FPU/g DW substrate of
Celluclast and 15 IU/g DW substrate of Novozyme 188. Assays were performed in triplicate, and the
corresponding average and standard deviation values were calculated to present the results.

2.5.2. Simultaneous Saccharification and Fermentation

In addition to hydrolysability tests, collected WIS and LE-WIS residues were also subjected to SSF
processes with S. cerevisiae to evaluate the fermentability potential of these residues. SSF processes
were performed at 35 ◦C and pH 5 for 72 h in an orbital shaker (150 rpm). For this method, 5 g of
the corresponding solid residue was first diluted to a final substrate concentration of 10% (w/w) and
supplemented with 15 FPU/g DW substrate of Celluclast and 15 IU/g DW substrate of Novozyme
188, and 1 g/L CDW of S. cerevisiae Ethanol Red. Samples were withdrawn periodically during SSF for
analytical purposes. Assays were performed in triplicate, and the corresponding average and standard
deviation values were calculated to present the results.

2.6. Analytical Methods

2.6.1. Compositional Analysis of Biomass

Chemical composition of raw and pretreated material was determined using the Laboratory
Analytical Procedures (LAP) for biomass analysis, provided by the National Renewable Energies
Laboratory (NREL, Golden, CO, USA) [13]. Sugars and degradation compounds contained in the
liquid fraction were also measured. For analysis of the oligomeric forms in the liquid fraction, a mild
acid hydrolysis (4% (w/w) H2SO4, 120 ◦C and 30 min) was required to determine the concentration of
all monomeric sugars. Monomeric sugars and degradation compounds were analyzed as described in
Section 2.6.3.

2.6.2. ATR-FTIR Analysis of Solid Residues

Raw material, WIS, LE-WIS and PSR were analyzed by ATR–FTIR to determine chemical changes
during pretreatment process. Dried biomass was analyzed in a FTIR spectrometer (Thermo Scientific
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Nicolet 6700 spectrometer; Thermo Fisher Scientific Inc., Waltham, MA, USA), using an attenuated
total reflectance (ATR) accessory and a deuterated triglycine sulfate detector. Spectra were collected at
room temperature in the 4000–600 cm−1 range with a 1.928 cm−1 resolution and with an average of
64 scans.

2.6.3. Identification and Quantification of Metabolites

Ethanol was analyzed by gas chromatography (GC), while high-performance liquid
chromatography (HPLC) was used to analyze sugars and biomass degradation compounds. In the case
of ethanol, a 7890A GC System (Agilent, Waldbronn, Germany) equipped with an Agilent 7683B series
injector, a flame ionization detector and a Carbowax 20 M column was used. The column oven was
kept constant at 85 ◦C, while injector and detector temperatures were maintained at 175 ◦C. The carrier
gas, helium, was set at a flow rate of 30 mL/min.

Sugars were analyzed by HPLC (Waters, Mildford, MA, USA) using a CarboSep CHO-682
carbohydrate analysis column (Transgenomic, San Jose, CA, USA). The operating temperature was
80 ◦C and the flow rate of the mobile phase (ultrapure water) was 0.5 mL/min. The identification of
sugars was performed with a refractive index detector (Waters, Mildford, MA, USA).

Syringaldehyde, vanillin, ferulic acid, p-coumaric acid, furfural and 5-hydroxymethylfurfural
(5-HMF) were analyzed and quantified by HPLC (Agilent, Waldbronn, Germany). The system
was equipped with a Coregel 87H3 column (Transgenomic, San Jose, CA, USA). The operating
temperature was 65 ◦C, and the mobile phase was 89% 5 mM H2SO4 and 11% acetonitrile, with a
flow rate of 0.7 mL/min. All these compounds were identified by a 1050 photodiode-array detector
(Agilent, Waldbronn, Germany). Finally, formic acid and acetic acid were also quantified by HPLC
(Waters, Mildford, MA, USA). The system was equipped with a Bio-Rad Aminex HPX-87H column
(Bio-Rad Labs, Hercules, CA, USA) and a 2414 refractive index detector (Waters, Mildford, MA, USA)
for the separation and identification of acids, respectively. The operating temperature was 65 ◦C, and
the flow rate of the mobile phase (5 mM H2SO4) was 0.6 mL/min.

3. Results and Discussion

3.1. Pretreatment of Barley Straw

Many pretreatment technologies have already been studied and developed to overcome the
recalcitrant structure of lignocellulosic biomass. However, improvements are still necessary to
maximize sugar recovery and establish a competitive lignocellulosic-based biorefinery process [2,3].
A two-step pretreatment process was designed for improving lignocellulosic biomass fractionation
and facilitating its conversion into value-added compounds via fermentation processes (Figure 1).

Pretreatment consisted of a mild acid-catalyzed steam explosion, and an alkali-based extrusion
process. First, steam explosion of acid impregnated barley straw resulted in a slurry with a total
solid content of 20.4% (w/w) (12.7% and 7.7% insoluble and soluble solids, respectively). Steam
explosion increased the cellulose and lignin content in the WIS fraction from 31.1% (w/w) and
18.8% (w/w), to 55.1% (w/w) and 32.1% (w/w), respectively (Table 1). This result is explained by
an extensive hemicellulose solubilization, indicated by the low hemicellulose content in the pretreated
WIS fraction (less than 10% (w/w)), and the high content of xylan and xylose in the recovered liquid
fraction (Table 1). Biomass degradation compounds including acetic acid, furfural, 5-HMF and
certain phenolic compounds (such as vanillin, syringaldehyde, p-coumaric acid and ferulic acid)
were also identified in the liquid fraction of steam-exploded barley straw. Acetic acid is released by
hydrolysis of the acetyl groups present in hemicelluloses. Formic acid derives from furfural and
5-HMF degradation, which results from the degradation of pentoses (mainly xylose) and hexoses
respectively. Finally, phenols are released during partial solubilization and degradation of the lignin
polymer [14,15].
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Figure 1. Process scheme depicting the two-step pretreatment process followed in the present
study. SSF_1, simultaneous saccharification and fermentation (SSF) of the solid fraction obtained
after steam explosion (WIS); SSF_2, SSF of the solid fraction obtained by the two-step pretreatment
process (LE_WIS).

Table 1. Composition of steam-exploded barley straw.

WIS Fraction

Component % (w/w)

Cellulose 55.1 ± 0.3
Hemicellulose 8.8 ± 0.2

Lignin 32.1 ± 1.9
Ashes 2.5 ± 0.3
Others ~1.5

Liquid Fraction

Sugar Monomeric Form % (w/w) a Oligomeric Form % (w/w) a Inhibitor % (w/w) a

Glucan 0.7 ± 0.1 (1.7) 2.8 ± 0.2 (7.6) Acetic ac. 0.23 ± 0.04 (0.6)
Xylan 7.2 ± 0.4 (18.0) 13.9 ± 1.2 (31.9) Formic ac. n.d.

Arabinan 2.5 ± 0.3 (6.2) 1.1 ± 0.2 (2.9) Furfural 0.17 ± 0.03 (0.4)
Galactan 0.7 ± 0.2 (1.8) 0.7 ± 0.1 (1.7) 5-HMF 0.04 ± 0.01 (0.1)

Vanillin <0.01 (12 × 10−3)
Syringaldehyde <0.01 (7 × 10−3)
p-courmaric ac. 0.01 ± 0.00 (15 × 10−3)

Ferulic ac. 0.01 ± 0.00 (21 × 10−3)

5-HMF, hydroxymethylfurfural; n.d., not determined; WIS, water insoluble solids; a Values expressed in g/L are
listed in brackets.

Temperatures above 200 ◦C are needed during steam explosion pretreatment for enhancing
biomass accessibility. Under these severe conditions, extensive biomass degradation—mainly
hemicellulosic sugars—is also promoted, resulting in higher concentrations of inhibitory compounds.
The use of lower pretreatment temperatures increases the recovery of hemicelluloses, and decreases
the amount of lignocellulose-derived inhibitors in pretreated streams. However, at lower temperatures,
longer pretreatment times (20–60 min) are needed to obtain similar saccharification yields in the
subsequent enzymatic hydrolysis step, which increases pretreatment costs [4]. In order to reduce
pretreatment time and lower the concentration of inhibitory compounds, an acid catalyst can be
added to boost hemicellulose solubilization at temperatures below 200 ◦C. Thus, the pretreatment
condition used in the present work for steam explosion was fairly sufficient for the solubilization of a
major fraction of hemicellulosic sugars, reducing the hemicellulose content from 27.2% to 8.8% (w/w)
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(Table 1). Furthermore, it is important to highlight the very low concentration of lignocellulose-derived
inhibitors in the resulting liquid fraction, which can be indicative of a good pretreatment balance.

In the second stage of the pretreatment process, the recovered WIS fraction was subjected to an
alkali-based extrusion process. The obtained extruded slurry contained 25% (w/w) insoluble solids
out of 30% (w/w) total solids. After the extrusion process, the cellulose content of collected LE-WIS
increased to 64.2% (w/w) (Table 2). Such an increase was promoted by lignin solubilization, even
though similar lignin content was measured for both WIS and LE-WIS residues (Tables 1 and 2).
The effectiveness of alkali-catalyzed extrusion processes to solubilize lignin has been previously
observed. Duque et al. [10] reported a minimum NaOH/biomass ratio of 2.5–5% (w/w) to
promote lignin solubilization in barley straw. Furthermore, these authors showed the highest lignin
solubilization when using similar NaOH/biomass ratio and temperatures (7.5% (w/w) and 100 ◦C) to
those used in the present study.

Another advantage of reactive extrusion with alkali is the possibility of lignin revalorization.
Lignin represents an economic raw material for a wide range of applications. Although it has not yet
been converted into high-value products at large scales, lignin has been utilized for the production of
fertilizers, bioplastics or carbon fibers, among others products [16]. In this context, solubilized lignin
was recovered by precipitation from the corresponding lignin-rich liquid fraction, resulting in a PSR
fraction with about 85% and 3.5% (w/w) of lignin and sugar content, respectively (Table 2).

Table 2. Composition of extruded barley straw.

LE-WIS Fraction

Component % (w/w)
Cellulose 64.2 ± 2.0

Hemicellulose 6.8 ± 0.1
Lignin 29.3 ± 0.6
Ashes 2.1 ± 0.0

PSR Fraction

Component % (w/w)
Glucan 0.9 ± 0.1
Xylan 2.5 ± 0.2
Lignin 85.1 ± 1.5
Ashes 8.6 ± 0.6

LE-WIS, lignin-extracted water insoluble solids; PSR, precipitated solid residue.

In addition to determining the chemical composition of each collected fraction, the global
mass balance for each component was estimated by comparing both raw and pretreated biomass
yields. As listed in Table 3, high overall recovery yields were observed for glucan (84% (w/w)),
hemicellulose (91% (w/w)) and lignin (87%, (w/w)), when considering all collected fractions. As
well as the low concentration of biomass degradation compounds, these high recovery yields
are representative of the well-balance pretreatment strategy, which offers high potential for the
revalorization of lignocellulose.

Table 3. Mass balance during the two-step pretreatment process.

Component
Steam Explosion Extrusion

Solid a Liquid Solid b Liquid

Glucan 90 9 75 n.d.
Hemicellulose 17 82 9 n.d.

Lignin 87 n.d. 55 32 c

Values expressed as g/100 g DW of initial biomass; n.d., not determined; a Solid refers to WIS fraction; b Solid refers
to LE-WIS fraction; c Value considering precipitated lignin in PSR fraction.
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3.2. Characterization of Solid Residues by Attenuated Total Reflectance-Fourier Transform Infrared
(ATR-FTIR) Spectroscopy

Chemical changes promoted during pretreatment process were analyzed by ATR-FTIR on each
solid residue. Figure 2 shows the absorbance in the mid-infrared region (2000–800 cm−1) for all
collected solid fractions. In the case of the non-pretreated barley straw (Figure 2a), typical peaks
related to lignocellulosic biomass were observed [17]. The carbohydrate region (1370–890 cm−1),
including peaks characteristic of C–H deformation (900 cm−1), C–O stretching (1105–1050 cm−1),
C–O–C vibration (1159 cm−1) and C–H stretching (1375 cm−1), showed the highest absorbance values.
In addition, a lignin region (1595–1261 cm−1)—including signal for aromatic rings vibration (1595,
1510, 1421, 1329 and 1261 cm−1) and C–H symmetric deformation (1498 cm−1)—and a peak related
to ester groups in hemicelluloses (1731 cm−1) could be also identified. This peak pattern of barley
straw was modified during the two-step pretreatment process. First, the WIS fraction obtained after
steam explosion pretreatment showed a significant reduction in the carbohydrate region, and at band
1731 cm−1 (Figure 2a). This reduction was supported by the extensive hemicellulose solubilization
induced during the first stage of the pretreatment process (Table 1). In the case of extrusion pretreatment,
an increase in the peak intensity of the carbohydrate region was noted when comparing WIS and
LE-WIS fractions (Figure 2a). The higher absorbance in the carbohydrate region of LE-WIS can be
explained by lignin solubilization, which increased the glucan/lignin ratio (Table 2).

A completely different absorbance profile was obtained with the collected PSR fraction (Figure 2b).
This spectrum presented clearly defined peaks in the lignin region, which shows evidence of the high
lignin content of this residue (Table 2). This result, combined with the high lignin content measured
for the PSR fraction, offers possibilities for the subsequent revalorization of this residue from a
biorefinery point of view. Nevertheless, further studies are needed to evaluate the actual potential
of PSR utilization, since lignin polymers are usually altered during steam explosion pretreatment
(e.g., cleavage of the β–O–4 ether bonds and other acid labile linkages) [4].

Figure 2. Infrared absorption spectra (cm−1) of non-pretreated barley straw and pretreated collected
fractions. (a) Solid fractions collected during the two-step pretreatment process: (black) non-pretreated
barley straw, (orange) WIS fraction obtained after steam explosion, (green) LE-WIS fraction obtained
after extrusion pretreatment; (b) PSR obtained by precipitation of the liquid fraction collected after
extrusion pretreatment.

3.3. Saccharification of Pretreated Solid Residues

Saccharification is a key step during lignocellulosic biomass conversion as it highly influences
overall production yields [18]. In this context, an efficient saccharification step is essential to obtain
higher concentrations of fermentable sugars. After steam explosion pretreatment, 75% of potential
sugars were enzymatically hydrolyzed from the collected WIS fraction (Figure 3a). This sugar yield
was increased to about 100% by introducing the extrusion process, showing the effectiveness of this
second stage for improving biomass accessibility.
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Both steam explosion and extrusion are considered effective pretreatment technologies for
enhancing biomass accessibility to the hydrolytic enzymes [2,3,8,9]. Moreover, these methods are
highly versatile with regards to biomass feedstock and process configuration (such as the use of
chemical catalysts). By combining steam explosion and extrusion processes, steam explosion can be
performed at lower temperatures, decreasing the amount of released biomass degradation compounds
without compromising biomass recovery and accessibility (Figure 3, Tables 1 and 3). Extrusion has
been previously combined with other pretreatment technologies, with the aim of reaching high
sugar yields and use milder process conditions (such as using lower temperatures and pressures,
reducing the amounts of chemicals or solvents required during the process, decreasing enzyme
loadings, etc.) [8,19,20]. For instance, Chen et al. [20] obtained an enzymatic hydrolysis yield of 80%
(with about 84% xylan recovery), when subjecting rice straw to a combined extrusion and dilute acid
pretreatment process. Similarly, Lee et al. [19] combined extrusion with hot-compressed water to
pretreat Douglas fir, obtaining five-fold higher sugar yields.

In addition of increasing the concentration of fermentable sugars, higher saccharification yields
also benefit the potential utilization of the remaining lignin polymer. Thus, the 55% (w/w) of the
lignin that was left in the LE-WIS fraction could be recovered after an enzymatic hydrolysis step,
increasing the overall lignin recovery yield from 32% (w/w) (in the PSR) to 87% (w/w) (Table 3).

When considering the initial sugar content, however, similar overall saccharification yields were
observed for both WIS and LE-WIS fractions (Figure 3b). This result can be explained by the fact that
some glucan and hemicellulose is co-solubilized with lignin during extrusion pretreatment, as indicated
by the lower glucan and hemicellulose recovery yields for the LE-WIS fraction [10] (Table 3).

Figure 3. Saccharification yields obtained by enzymatic hydrolysis (72 h) of the WIS and LE-WIS
fractions at 5% (w/v) substrate loadings. (a) cellulose and hemicellulose yields based on the composition
of each pretreated fraction; (b) overall saccharification yields based on the initial composition of
non-pretreated barley straw.

3.4. Conversion of Lignocellulosic Sugar by Microbial Fermentation Processes

From a biorefinery perspective, several biofuels and biochemicals (ethanol, methane, lactic acid,
lipids, etc.) can be obtained via microbial fermentation of lignocellulosic sugars [21]. Among biofuels,
lignocellulosic bioethanol is considered to be a promising alternative for the partial replacement of
fossil fuels in the short to medium prospect. In this context, the two-step pretreatment process was
evaluated in terms of ethanol production from pretreated sugar fractions: the hemicellulose-rich liquid
fraction and the solid WIS and LE-WIS fractions. Results related to these assays are discussed in the
following subsections.
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3.4.1. Fermentation of the Hemicellulose-Rich Liquid Fraction

The presence of biomass degradation compounds in pretreated biomass is one of the main
limitations for the fermentation of lignocellulosic sugars. These compounds have a negative impact
on cell growth by inhibiting specific intracellular enzymes, causing an energy imbalance, and/or
affecting the integrity of cell membranes [6,14,22,23]. After steam explosion pretreatment, the
collected liquid fraction contained, in addition to solubilized hemicellulosic sugars, those compounds
released from biomass degradation (Table 1). With the aim of evaluating the inhibitory capacity
of this stream, the hemicellulose-rich liquid fraction was subjected to fermentation with S. stipitis.
This yeast was chosen as a fermentative microorganism since it is capable of assimilating and
converting xylose, the major component of this fermentation medium (Table 1). Most of the
non-Saccharomyces yeast strains, including S. sitipitis, are known to be more sensitive to the inhibitory
compounds released from biomass [24]. This means that lower concentrations of lignocellulose-derived
compounds are needed to inhibit these fermentative microorganisms. To overcome microbial inhibition,
different physical, chemical and biological detoxification processes have been developed to lower the
concentration of degradation compounds [6,23,25]. Typical detoxification methods include filtration
and washing, vacuum evaporation, and the use of resins and/or chemical/biological catalysts [26,27].
These processes, however, should be avoided since they usually require higher quantities of freshwater,
the use of extra equipment, produce a loss of soluble sugars, and increase wastewater and overall
process costs [25].

Biomass degradation promoted by steam explosion pretreatment can be reduced by using milder
pretreatment conditions. As discussed above, the liquid fraction resulted from the first pretreatment
stage (steam explosion) showed low concentrations of lignocellulose-derived compounds (Table 1).
Nevertheless, the synergistic interaction between degradation compounds might cause the inhibition
of the fermenting microorganisms, even at low concentrations [28,29], depending mainly on the
inhibitory mixture and the inoculum size. In this case, the non-diluted liquid fraction caused no
inhibition on S. stipitis, confirming the low inhibitory potential of this collected fraction. During the
fermentation process, a maximum ethanol concentration of 17.5 g/L and a maximum ethanol
volumetric productivity of 0.46 g/L·h were obtained, showing glucose and xylose depletion within
24 h and 72 h, respectively (Figure 4, Table 4). The observed ethanol concentration corresponds to a
final ethanol yield of 0.34 g/g, which represents to about 70% of the theoretical ethanol that can be
produced from the initial concentration of glucose and xylose.

Figure 4. Fermentation of the non-diluted hemicellulose-rich liquid fraction (equivalent to about 13%
WIS (w/w)). Time course of glucose and xylose consumption and ethanol production by the yeast
S. stipitis CBS 6054. Prior to inoculation, the liquid fraction was enzymatically hydrolyzed with Cellic
CTec2 at 50 ◦C for 24 h. Mean values and standard deviations were calculated from replicates to present
the results. Note: glucose concentration is higher than that reported in Table 1 due to the presence of
glucose in Cellic CTec2 preparation.
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From a biorefinery point of view, the resulting ethanol concentration was below the minimum
required for scaling up the process [30]. In this context, the low inhibitory capacity of the obtained
hemicellulose-rich liquid fraction may offer possibilities for alternative microbial-based processes,
such as the production of xylitol, lactic acid or microbial oils [31–33].

3.4.2. SSF of Pretreated Solid Fractions

Taking into account the good hydrolysability of LE-WIS (Figure 3a), this fraction was subjected to
SSF processes to evaluate the fermentability potential of this pretreated material. The WIS fraction
collected after steam explosion pretreatment was also subjected to SSF for comparison purposes.
Due to its superior fermentation capacity of hexose sugars, the yeast S. cerevisiae was chosen as the
fermentative microorganism for SSF processes. When using the WIS fraction as substrate, a maximum
ethanol concentration of 19.6 g/L was obtained after 72 h of SSF process (Figure 5a, Table 4). This value
was increased up to 31.7 g/L when using the LE-WIS fraction instead (Figure 5b, Table 4). With a
16% higher glucan content (Tables 1 and 2), higher ethanol concentrations during SSF of LE-WIS
were expected. Nevertheless, the obtained ethanol concentrations respectively correspond to 0.29 g/g
and 0.40 g/g overall yields, which were equivalent to 57% and 78% of the theoretical ethanol yield
(Table 4). Both higher ethanol concentrations and yields were consequently observed for the LE-WIS
fraction, being representative of the better hydrolysability of the two-step pretreated solid fraction.
The differences in the glucan content, however, had an effect on the corresponding increase in ethanol
concentration and yield. Thus, ethanol concentration increased by 60%, while overall ethanol yields
increased by 1.4-fold.

In addition to ethanol concentration and yields, slightly higher maximum ethanol volumetric
productivities were also observed during SSF of LE-WIS (0.96 g/L·h, compared to 0.83 g/L·h for
WIS). In SSF processes, ethanol volumetric productivities are highly influenced by hydrolysis rates.
Therefore, these small differences could be justified by the differences in the hydrolysability capacity
of pretreated fractions.

The better fermentation parameters observed for LE-WIS fraction could be explained by the better
hydrolysability of LE-WIS, as indicated by the higher glucose concentration within the first 12 h of
SSF processes, and the higher overall yields (Figure 5, Table 4). However, although hydrolysability
tests showed 75% and 98% saccharification yields for the WIS and LE-WIS fraction, respectively,
only 57% and 78% ethanol yields were obtained –even though glucose concentration remained
below 0.5 g/L after 72 h of SSF (Figure 5). This result hints at enzymatic hydrolysis as the main
impeding factor for reaching higher conversion yields. Differences between saccharification yields
during hydrolysability tests and SSF could be explained by the increase in substrate concentration
(from 5% (w/v) to 10% (w/w)) and the lower temperature (35 ◦C instead of 50 ◦C) used during
SSF processes. The increase in substrate loadings influences enzymatic hydrolysis by promoting (1)
end-product inhibition of hydrolytic enzymes; (2) unproductive adsorption of proteins to the remaining
lignin polymer; (3) protein deactivation or denaturalization and (4) the decline in the binding capacity
of enzymes to cellulose [34,35]. For instance, Moreno et al. [36] reported a 35% decrease on the overall
ethanol yields after increasing the substrate concentration from 10% to 20% (w/w) during SSF processes.
Another factor that highly influences saccharification yields is SSF temperature. Enzymatic hydrolysis
has an optimal temperature around 50 ◦C, while most fermenting yeasts work at 30–37 ◦C. In this
context, the use of thermotolerant strains that can ferment at temperatures above 40 ◦C, may contribute
to obtain increased overall conversion yields [37,38].

Energy balance is another important aspect for evaluating the economic feasibility of the
process [39]. In this context, the present work provides the basic scenario to set optimal conditions for
the future success of the process. Also, it is remarkable to mention that a final ethanol concentration of
4% (v/v) was obtained with the present two-stage pretreatment strategy. Notwithstanding, with the
aim of increasing final ethanol concentration and overall yields, different experiments at higher
substrate concentrations and using novel enzyme cocktails are now being performed.
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Figure 5. Simultaneous saccharification and fermentation (SSF) of (a) WIS and (b) LE-WIS at 10% (w/w)
substrate loading. Time course of glucose and xylose consumption and ethanol production by the
yeast S. cerevisiae Ethanol Red. Mean values and standard deviations were calculated from replicates to
present the results.

Table 4. Summary of the fermentation parameters obtained for collected sugar fractions.

Substrate (w/w) Yeast EtOHmax (g/L) YE/S (g/g) YE/ET (%) QEmax (g/L·h)

Liquid fraction a S. stipitis 17.5 ± 0.2 0.34 ± 0.01 b 66.7 0.46 ± 0.01
10% WIS S. cerevisiae 19.6 ± 0.1 0.29 ± 0.00 c 56.9 0.83 ± 0.04

10% LE-WIS S. cerevisiae 31.7 ± 0.3 0.40 ± 0.01 c 78.4 0.96 ± 0.09
a The liquid fraction used was equivalent to about 13% (w/w) WIS. EtOHmax, maximum ethanol concentration
reached at 72 h; YE/G, ethanol yield based on b initial glucose and xylose concentration or c potential available glucose
(considering the glucan content of substrate); YE/ET, percentage of the theoretical ethanol, assuming maximum
ethanol yields of 0.51 g/g for both glucose and xylose; QEmax, maximum volumetric ethanol productivity,
estimated within 12–24 h. Ethanol yield was calculated with the assumption that the liquid volume of the SSF
system is constant [40].

4. Conclusions

By combining an acid-catalyzed steam explosion and an alkali-based extrusion process,
lignocellulosic biomass (barley straw) can be fractionated with high overall recovery yields, producing (1) a
solid residue with high lignin content, (2) a non-inhibitory liquid fraction containing hemicellulosic sugars
and (3) a solid residue with high glucan content. From a sugar platform perspective, the majority of uses
for sugar are via microbial fermentation. The present two-step pretreatment process has demonstrated not
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only the possibility for maximizing lignin and sugar recovery, but also for enhancing the hydrolysability
and fermentability of collected residues. Thus, this pretreatment favors the revalorization of each
lignocellulosic component when considering a fermentation-based biorefinery.
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Abstract: The continuous increase in the world energy and chemicals demand requires the development
of sustainable alternatives to non-renewable sources of energy. Biomass facilities and biorefineries
represent interesting options to gradually replace the present industry based on fossil fuels.
Lignocellulose is the most promising feedstock to be used in biorefineries. From a sugar platform
perspective, a wide range of fuels and chemicals can be obtained via microbial fermentation processes,
being ethanol the most significant lignocellulose-derived fuel. Before fermentation, lignocellulose must
be pretreated to overcome its inherent recalcitrant structure and obtain the fermentable sugars.
Usually, harsh conditions are required for pretreatment of lignocellulose, producing biomass degradation
and releasing different compounds that are inhibitors of the hydrolytic enzymes and fermenting
microorganisms. Moreover, the lignin polymer that remains in pretreated materials also affects
biomass conversion by limiting the enzymatic hydrolysis. The use of laccases has been considered
as a very powerful tool for delignification and detoxification of pretreated lignocellulosic materials,
boosting subsequent saccharification and fermentation processes. This review compiles the latest studies
about the application of laccases as useful and environmentally friendly delignification and detoxification
technology, highlighting the main challenges and possible ways to make possible the integration of these
enzymes in future lignocellulose-based industries.

Keywords: lignocellulosic biorefinery; delignification; detoxification; ethanol; fermentation;
inhibitory compounds; laccase; lignin; pretreatment; saccharification

1. Introduction

Renewable fuels are considered promising alternatives to mitigate global warming and reduce
our dependence on fossil fuels. In the particular case of transportation, ethanol is one of the few
alternatives for the diversification of this sector in the short term, since it can be easily integrated
into current fuel distribution systems [1]. Traditionally, certain food-related products including sugar
crops and starch-based feedstocks have been used to produce ethanol. Alternatively, lignocellulosic
biomass is an abundant and low-cost raw material that has no directly influence on food production [2].
Among them, forestry and agricultural residues (e.g., pine harvest forest, wheat straw, olive tree
pruning, etc.), dedicated crops (e.g., elephant grass, forage sorghum, poplar, etc.), and municipal solid
wastes are considered potential materials for ethanol production. Lignocellulosic biomass, in addition,
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is expected to provide a wide range of different renewable products such as food and feed additives,
chemicals and materials. This lignocellulose-based industry—also known as biorefinery—is likely to
become increasingly important in the future society as a complement and/or alternative to the current
petroleum-based industry.

Biochemical conversion of lignocellulose represents the most favorable route among all
developed technologies [3]. It includes three major steps: pretreatment, enzymatic hydrolysis,
and fermentation. Pretreatment increases the accessibility of lignocellulose to hydrolytic enzymes
by removing or modifying lignin and hemicellulose polymers, and by altering cellulose structure.
Enzymatic hydrolysis or saccharification breaks down carbohydrates into fermentable sugars by the
combined action of different enzyme activities. Finally, microorganisms convert sugars into alcohols,
organic acids, alkenes, lipids or other chemicals through fermentation processes.

Focusing on pretreatment processes, several physical and/or chemical technologies have
been developed and optimized for improving the conversion of a high number of lignocellulosic
feedstocks [4]. During pretreatment, high pressures and temperatures and/or the addition of
chemicals and solvents are in general required. These harsh pretreatment conditions lead to biomass
degradation and generation of different enzymatic (mainly phenolic compounds) and microbial
inhibitors (weak acids, furan derivatives and phenols), which limits the subsequent saccharification
and fermentation steps [5]. Another factor that limits enzymatic hydrolysis is the residual lignin that
remains in pretreated materials. Lignin hampers the accessibility of carbohydrates to hydrolytic
enzymes by acting as a physical barrier; but also, it promotes the non-specific adsorption of
hydrolytic enzymes to the lignin polymer, lowering the number of enzymes available for hydrolyzing
carbohydrates and therefore decreasing saccharification yields [6].

To overcome the effects of lignocellulose-derived inhibitors and lignin, different detoxification
and delignification processes have been evaluated [7,8]. Among them, the utilization of laccase
enzymes has been widely investigated, showing to be effective in removing and/or modifying the
lignin polymer, and in reducing the phenolic content of pretreated lignocellulosic materials [9,10].
The present work focuses on review the use of laccases as delignification and detoxification agents for
the efficient conversion of lignocellulosic biomass into value-added products, with special accent in
the lignocellulosic ethanol production.

2. Lignocellulosic Biomass Conversion: The Sugar Platform

The implementation of a sugar platform offers the possibility to obtain a high number of fuel
and chemical products (alcohols, organic acids, alkenes, lipids and other chemicals) via fermentation
processes [11]. With a high carbohydrate content, lignocellulosic biomass represents a promising
sugar source for such an aim. Lignocellulosic sugars can be obtained either by acidolysis or via
enzymatic hydrolysis, being the latter a preferred choice since it is more selective, it requires less energy
(lower temperatures are needed), and it releases no harmful by-products [3]. However, the recalcitrant
structure of lignocellulose hinders the accessibility of carbohydrates to hydrolytic enzymes and
prevents the release of fermentable sugars. In this context, a pretreatment process is therefore
needed to alter the structure of lignocellulose and thus facilitate an efficient enzymatic hydrolysis of
carbohydrates [12].

The effectiveness of pretreatment processes for improving enzymatic hydrolysis of lignocellulosic
biomass has been attributed to (1) hemicellulose removal; (2) lignin removal and redistribution [13];
(3) a reduction in the degree of polymerization and crystallinity of cellulose [14]; and/or (4) an
increment in the porosity of pretreated materials [15]. Over the years, many different pretreatment
methods have been investigated on a wide variety of feedstocks, being classified into physical, chemical,
physicochemical, and biological pretreatments [4,16]. It is important to highlight that there is no best
pretreatment technology and that the choice of the pretreatment method depends very much on
the type and composition of the feedstock to be processed [17]. Among pretreatment technologies,
chemical and physicochemical pretreatments are the most effective and promising processes for
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industrial applications [1]. Chemical methods, especially alkali- and acid-based pretreatments, are low
cost processes and have shown to effectively remove hemicellulose and lignin from lignocellulosic
feedstocks. Physicochemical pretreatments (e.g., steam explosion, liquid hot water, ammonia fiber
explosion/expansion, wet oxidation, etc.), on the other hand, are also low cost technologies but
with a lower environmental impact compared to chemical technologies [4]. These methods are
capable of solubilizing hemicellulose, disrupting the structure of lignocellulose and increasing the
accessible surface area of pretreated substrates. Other pretreatment technologies including milling,
organosolv, and ionic liquids (ILs) can also significantly improve the digestibility of lignocellulosic
materials [1]. Nevertheless, their high operational costs represent an important limitation for their
commercial applications.

After pretreatment, enzymatic hydrolysis is responsible for breaking down lignocellulose-
contained carbohydrates. It is in overall a crucial step that highly influences final process yields.
Due to the complex structure and the heterogeneous composition of lignocellulose, a high number of
enzymatic activities including cellulases, hemicellulases, and ligninases are needed for its complete
hydrolysis [18]. Cellulases (endoglucanases, cellobiohydrolases, and β-glucosidases) hydrolyze cellulose
into glucose monomers, while hemicellulases (e.g., xylanases, β-xilosidases, α-L-arabinofuranosidases,
esterases, etc.) and ligninases (e.g., laccases, peroxidases, reductases, oxidases generating H2O2,
etc.) depolymerize hemicellulose and lignin, respectively. Major limitations of the enzymatic
hydrolysis are the costs for enzyme production and the necessity of providing the appropriate
enzyme mixtures. Although significant advances have been achieved to overcome these limitations, the
enzymatic mixtures and the enzyme production process still need to be optimized. This optimization
involves the use of low-cost substrates and/or the inclusion of novel enzymatic activities, such as
the non-hydrolytic proteins swollenins and expansins, and the polysaccharide monooxygenases
(LPMOs) [19,20]. In addition, recent studies also aim at increasing the catalytic efficiency of hydrolytic
enzymes, by screening and/or engineering of enzyme-producing microorganisms, while other studies
aim at cost reduction by enzyme recycling [18].

The corresponding sugars obtained after enzymatic hydrolysis can be potentially converted to a
large number of products via microbial fermentation processes. Among them, the sugar-to-ethanol
conversion process has been the most widely studied. Three main process configurations have
been described for ethanol production, including separate hydrolysis and fermentation (SHF),
simultaneous saccharification and (co)fermentation (SSF/SSCF) and consolidating bioprocessing
(CBP) [21]. SSF/SSCF processes integrate the enzymatic hydrolysis and the fermentation stages in
a single step, which has shown to be beneficial for improving conversion efficiencies. During these
processes, the introduction of a presaccharification step (PSSF/PSSCF) to liquefy the media prior yeast
addition is especially suitable when working at high substrate loadings [18]. Several yeast, bacterial
or fungal strains have been used for fermentation of lignocellulosic-based streams. Among them,
the yeast Saccharomyces cerevisiae is the most commonly employed microorganism, especially in the
alcohol industry. S. cerevisiae can utilize all kind of hexoses to produce ethanol, reaching conversion
yields close to the theoretical. However, its inability to metabolize pentoses has led to the exploration
and development of novel fermenting microorganisms with the capacity to convert all kind of sugars to
ethanol [22]. Besides the capacity of utilizing a wide range of sugars, it is important that the fermenting
microorganism also shows high tolerance to inhibitory compounds, temperatures, ethanol and/or
mechanical and osmotic stress.

3. Inhibitors and Lignin in Pretreated Materials

Pretreatment of lignocellulose often involves side reactions resulting in the release of certain
biomass-derived by-products that are inhibitors of downstream biochemical processes [5]. They mainly
include furan derivatives, aliphatic acids, and phenolic and other aromatic compounds (Figure 1).
Extractives (mainly terpenes, fats, waxes, and phenolics) and inorganic compounds may also promote
inhibition of enzymes and microorganisms in the subsequent steps [1]. The nature and concentration
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of all these inhibitory products is strongly dependent on the feedstock as well as the pretreatment
process [23].

Figure 1. Common inhibitory compounds present in lignocellulosic pretreated materials, indicating
main sources of its formation.

During pretreatment processes, the pentoses resulting from hemicellulose can undergo
dehydration with formation of furfural, while hexoses can be dehydrated to 5-hydroxymethylfurfural
(5-HMF). In addition, furan derivatives can be further degraded to form levulinic acid and formic
acid, depending on the severity of the pretreatment process. From hemicelluloses, acetic acid
can be also generated from the acetyl groups, while a large number of phenolic compounds,
such as 4-hydroxybenzoic acid, 4-hydroxybenzaldehyde, vanillin, dihydro-coniferyl alcohol, coniferyl
aldehyde, syringaldehyde, syringic acid, p-coumaric acid, ferulic acid, and Hibber’s cetones, can be
produced from lignin [5,24].

The inhibitory effects caused by degradation compounds can be observed in both hydrolytic
enzymes and fermentative microorganisms [5,24–26]. Furan derivatives are one of the most important
microbial inhibitors during fermentation. They affect cell viability and growth rates, extend the lag phase
at the initial stage of the fermentation process, and lower ethanol yields and productivities. These effects
derived from the inhibition of several intercellular enzymes (such as alcohol dehydrogenase and
pyruvate dehydrogenase) and from the damage promoted to cell membranes and/or to genetic
materials [5,24]. Carboxylic acids also affect biomass growth and ethanol production by mainly
promoting the intracellular accumulation of H+ ions. Among the main biomass-derived carboxylic
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acids, formic acid has a greater inhibitory effect than levulinic acid, which in turn has shown to have a
greater impact than acetic acid [5,24]. The undissociated form of carboxylic acids can diffuse through cell
membranes and once inside the cell they are dissociated due to an increase in the pH (the pH increases
from about 5 to 7). As a consequence, H+ ions are accumulated, lowering the intracellular pH and
causing an imbalance in the ATP/ADP ratio by the increase in the activity of ATP/H+ pumps. At last,
phenolic compounds have shown to affect microbial growth and reduce ethanol production rates, but
not ethanol yield. Usually, this group of lignocellulosic-derived compounds causes loss of membrane
integrity and affects specific intracellular enzymatic activities [5,24]. Regarding to hydrolytic enzymes,
phenols are the main degradation compounds that inhibit and deactivate them, reducing both rates and
yields during the saccharification step [25,26]. Thus, vanillin and syringaldehyde have shown to inhibit
cellulases—and in particular β-glucosidases—, while ferulic acid and p-coumaric acid are capable of
deactivate them. Nonetheless, cellobiose, glucose, and sugars from hemicellulose have been also shown
to inhibit hydrolytic enzymes [18].

In addition to the inhibitory compounds, the residual lignin present in pretreated materials
represents an important limiting factor during enzymatic hydrolysis of carbohydrates. Lignin constitutes
a physical barrier that may unspecifically adsorb hydrolytic enzymes, decreasing the enzyme
concentration during the saccharification process [6]. Lignin polymer is built up of p-hydroxyphenyl
(H) (derived from p-coumaryl alcohol), guaiacyl (G) (derived from coniferyl alcohol), and syringyl
(S) (derived from sinapyl alcohol) phenylpropanoid units and their acylated forms [27]. The G:S:H
unit proportion varies depending on biomass feedstock. Softwood lignin is mainly composed of G
units with small proportions of H units, whereas lignin in hardwood contains mainly S and G units.
Lignin from non-woody plants, such as agricultural residues, also contains H units together with G
and S units [27]. As can be observed in Figure 2, lignin units are linked through a variety of inter-unit
linkages including C–C and ether bonds [28]. Among them, the most abundant inter-unit linkages are
β-O-4′ (aryl ether), β-5′ (phenylcoumaran), and β-β′ (resinol) bonds. Other structural links such as β-1′

(spirodienone), 5-5′-O-4 (dibenzodioxocin), 5-5′ and 4-O-5′ bonds have been also described. In addition
to the interaction between lignin units, lignin-carbohydrate complexes (LCC) are also formed in plant
cell walls [28]. The main types of LCC linkages in lignocellulosic materials are phenyl glycoside, ether,
or ester bonds.

It has been suggested that the chemical and physical structure of lignin plays an important role
during enzymatic hydrolysis. Lignin structure is, in turn, highly dependent on biomass feedstock
and/or on pretreatment conditions [29]. For instance, steam-explosion pretreatment produces great
reductions in β-O-4′ linkages, resulting in partial lignin solubilization and the release of free phenolic
groups [30,31]. Moreover, lignin repolymerization can also take place [32], increasing the number of
aromatics substitutions at the C6. Depending on pretreatment temperature and time, an increase of
phenolic hydroxyl groups and a decrease in aliphatic hydroxyl groups can also be observed [33].

Different mechanisms including hydrophobic, electrostatic and hydrogen bonding interactions
have been proposed to explain the inhibition of hydrolytic enzymes by lignin [15]. However, the actual
mechanism by which hydrolytic enzymes interact with lignin and become inhibited has yet to be
fully elucidated. One of the most common accepted explanations is related to an increase in lignin
phenolic groups and hydrophobicity (resulted by a lower amount of carboxylic groups and aliphatic
hydroxyl groups), which promotes enzyme adsorption to the lignin polymer [15]. This hypothesis
is supported by Sewalt et al. [34], who reversed the inhibitory mechanism of organosolv-pretreated
lignin by hydroxypropylation of the phenolic groups. Moreover, the addition of surfactants and certain
polymers (e.g., tween, bovine serum albumin, polyethylene glycol, gelatin, etc.) has shown to reduce
the unspecific adsorption of hydrolytic enzymes to lignin as they can bind to the adsorption sites,
improving saccharification yields [34,35].
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Figure 2. Schematic representation of lignin structure showing the main interunit linkages originated
from p-coumaryl, coniferyl, and sinapyl alcohols.

The presence of inhibitors and residual lignin makes detoxification and delignification processes
powerful tools for improving saccharification and fermentation of pretreated lignocellulosic biomass.

3.1. Detoxification of Pretreated Materials

A detoxification step prior to enzymatic hydrolysis and/or fermentation of pretreated
materials may reduce the concentration of inhibitory compounds, enhancing saccharification and
conversion yields. Filtration and washing processes have been widely used for this purpose.
However, these methods involve additional and expensive steps, waste of water and loss of
soluble sugars [36]. As alternative to filtration and washing, several detoxification technologies
have been developed to overcome the effects of inhibitory compounds of pretreated materials [7–9].
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Vacuum evaporation is capable of reducing volatile compounds such as furfural, acetic acid and
vanillin [37]. Solvents (e.g., ethyl acetate) and active charcoal and/or ion-exchange resins reduce the
concentration of inhibitors by extraction or adsorption, respectively [38–40]. Chemical transformation
of inhibitors is also possible by addition of reducing agents (dithionite and sulfite) [41] and chemical
catalysts, being overliming (treatment with Ca(OH)2) the most efficient chemical detoxification method
for removing phenols and furan derivatives [37].

Biological detoxification involves the use of microorganisms and/or their enzymes to decrease
the inhibitory effects of degradation compounds. In comparison to physico-chemical detoxification
processes, biological detoxification methods are advantageous as they have lower energy requirements,
they take place at milder reaction conditions, they need no chemical addition and they have fewer
side-reactions [9,10]. Among different microorganisms, fungi such as Trichoderma reesei have the ability
to remove different inhibitory compounds. Larsson et al. [37] evaluated this fungus to detoxify
a diluted-acid hydrolysate from spruce, observing an important removal of furans and a small
proportion of phenols. Furthermore, T. reesei can produce hydrolytic enzymes while detoxification
takes place. In this sense, Palmqvist et al. [42] used T. reesei to remove phenolic compounds, furan
derivatives and aliphatic acids from acid-catalyzed steam-pretreated willow, simultaneously obtaining
0.2–0.6 IU/mL of cellulase activity. Besides fungi, several bacteria and yeasts have been also used
for detoxification purposes [10]. For instance, the thermophilic bacterium Ureibacillus thermophaercus
was employed to remove furfural and 5-HMF and phenolic compounds from a waste house wood
hydrolysate [43], increasing markedly the ethanol production rate by S. cerevisiae in a subsequent
fermentation stage. The yeast S. cerevisiae has also the natural ability to assimilate some of these inhibitory
compounds –mainly furfural, 5-HMF and aromatic aldehydes such as vanillin, syringaldehyde or
4-hydroxybenzaldehyde– and convert them into less inhibitory forms [44,45]. Furthermore, this innate
capacity can be improved by subjecting S. cerevisiae to evolutionary engineering in the presence of
inhibitory compounds, boosting its fermentation performance in lignocellulosic pretreated materials [46].
Strategies such as genetic modification also offer the possibility to introduce a particular characteristic
that is not present naturally in a certain microorganism. The yeast tolerance towards inhibitors has
been improved by homologous or heterologous overexpression of certain genes. Larsson et al. [47]
improved the tolerance of S. cerevisiae to phenylacrylic acids by overexpression of Pad1p gene (encoding a
phenylacrylic acid decarboxylase). This genetically modified strain was capable of metabolizing
different cinnamic acids from a spruce hydrolysate, showing higher growth rates and ethanol
productivities. Similarly, Petersson et al. [48] overexpressed the gene ADH6p (which encodes an
NADPH-dependent alcohol dehydrogenase enzyme with ability to reduce furfural and 5-HMF) on
S. cerevisiae, increasing microbial conversion rates of 5-HMF in both aerobic and anaerobic cultures.
Besides evolutionary or genetic engineering modifications, strategies such as cell retention, flocculation,
and encapsulation of the fermenting microorganism have been also assessed to increase the intrinsic
tolerance or the inherent detoxification capacity of some strains [9].

3.2. Delignification of Pretreated Materials

Together with detoxification processes, delignification is considered an important step for
improving enzymatic saccharification of lignocellulosic biomass. Some traditional pretreatments
methods such as alkaline, organosolv, and oxidative processes have been developed to target lignin
removal. Biological delignification has also shown to be efficient in reducing the lignin content
of lignocellulosic feedstocks. In contrast to physico/chemical delignification processes, biological
methods are promising alternatives due to the lower environmental impact and the resulting higher
product yield in the subsequent saccharification and fermentation steps. Biodelignification involves
lignin removal/modification, the increase in the number of pores and the available surface area,
and the reduction in the non-productive binding of hydrolytic enzymes. Wood-decaying fungi are
the sole organisms in nature capable of degrading the lignin polymer, making the carbohydrates
of lignocellulose accessible to cellulolytic enzymes [49]. Microbial lignin attack is an extracellular
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and oxidative process that involves different oxidoreductase enzymes: ligninolytic peroxidases
(lignin peroxidase (LiP), manganese peroxidase (MnP), versatile peroxidase (VP), and dye-decolorizing
peroxidase (DyP)), laccases, oxidases for the production of extracellular H2O2 (glyoxal oxidase,
pyranose-2 oxidase, and aryl-alcohol oxidase), and dehydrogenases (aryl-alcohol dehydrogenase,
and quinone reductase). Along with oxidoreductases, certain low molecular weight compounds play
an important role, acting as mediators in some reactions [49]. Among peroxidases, LiP and MnP
were first discovered in Phanerochaete chrysosporium and are capable of degrading non-phenolic (about
70–90%) and phenolic lignin units [49–51]. Regarding VP, it was first described in Pleorotus sp. [52,53],
and combines properties from both LiP and MnP enzymes. DyP has been recently discovered during
fungal pretreatment of wheat straw with Irpex lacteus [54], showing the ability to degrade non-phenolic
lignin compounds. Finally, laccases can only address direct oxidation of phenolic compounds due
to their lower redox potential [49]. However, in the presence of redox mediators, laccases can also
degrade non-phenolic lignin units, as it is discussed in the following section.

Different wood-decaying fungi have been widely explored for biological delignification,
being “white-rot” basidiomycetes (e.g., P. chrysosporium, Trametes versicolor, Ceriporiopsis subvermispora,
I. lacteus, Pleurotus ostreatus, Cyathus stercoreus, etc.) the most efficient microorganisms for this
purpose [9,10]. T. versicolor was grown on steam-exploded wheat straw for 40 days, resulting in
55.4% lignin degradation compared with the 20% obtained after steam-explosion treatment alone [55].
Salvachúa et al. [56] combined mild alkaline extraction with microbial delignification to reduce the
lignin content of wheat straw. When using C. subvermispora and I. lacteus, 30% and 34% lower lignin
content was measured, respectively, after 21 days of incubation. The lower lignin content increased
the cellulose available for subsequent processing and conversion to around 66–69%, allowing to
obtain 69% ethanol yields during the fermentation process. Microbial delignification was also studied
with P. ostreatus on H2O2-pretreated rice hull [57]. This pretreatment combination increased the
delignification range about two times, leading to 49.6% of glucose yield in the subsequent saccharification
step. Although only “white-rot” basidiomycetes can degrade lignin extensively, certain ascomycetes
can also colonize lignocellulosic biomass, showing to be beneficial for the subsequent saccharification
step. Martín-Sampedro et al. [58] reported for the first time the ability of new endophytic fungi to enhance
saccharification of autohydrolysis-pretreated eucalypt wood. Two of the evaluated fungi, Ulocladium
sp. and Hormonema sp., produced a slight delignification in comparison to autohydrolysis pretreament
alone, showing 8.5 and 8.0 times higher saccharification yields. Eventually, certain bacterial strains
such as Bacillus macerans, Cellulomonas cartae, and Zymomonas mobilis are also capable of delignifying
lignocellulosic feedstocks [59], yielding lignin degradation up to 50%.

In spite of the ability of ligninolytic microorganisms for delignification, treatment time as well as
white-rot pattern must be taken into consideration for an efficient microbial delignification. Incubation
time can vary from days to weeks, which depends on the strain used. An increment of lignin removal
from 17% to 47% was reported when the residence time of wheat straw treatment with Panus tigrinus
was increased from 7 days to 3 weeks (from 15% to 34% using Coriolopsis rigida) [56]. In terms of
pattern lignocellulose deconstruction by microorganisms, selective delignification (sequential decay)
should be favored against simultaneous cellulose and lignin degradation (simultaneous rot) to avoid
carbohydrate consumption during microbial treatment [49]. These patterns vary among species
and strains. Then, some fungi, such as P. tigrinus and Phlebia radiata, degraded lignin and sugars
simultaneously in wheat straw; whereas Pleurotus eryngii was able to remove lignin selectively and
faster than the carbohydrate components [56].

4. Outline of Laccase Enzymes

The use of ligninolytic enzymes, especially laccases, is an attractive method and an alternative
to the use of microorganisms for detoxification and delignification of pretreated materials (Figure 3).
These enzymes are substrate specific and offer the possibility to increase conversion rates and yields
during saccharification and fermentation processes, reducing detoxification and delignification times
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from weeks to hours and avoiding carbohydrate consumption [9]. Laccases enzyme was first isolated
from sap of the Japanese lacquer tree Rhus vernicifera [60]. Afterwards, laccases have been widely
described in higher plants, fungi, insects, and bacteria [61], being their production a characteristic
distinctive of “white-rot” basidiomycetes [49], and some ascomycetes [62]. In plants, laccases are
involved in the biosynthesis of lignin by inducing radical polymerization of the phenylpropanoid
units. In contrast, in wood-decaying fungi laccases play a key role in lignin degradation [27].

Figure 3. Schematic representation of lignocellulosic ethanol production showing (1) the
different process configurations, and (2) the points where laccase delignification (DL) and laccase
detoxification (DT) can be applied. The scheme can also be extended to the generation of several
fermentation-based products including different alcohols, lipids, alkenes and other chemicals.
SSF, simultaneous saccharification and fermentation; SSCF, simultaneous saccharification and
co-fermentation; CBP, consolidated bioprocessing. Dashed line arrow represents the flow of the
solid fraction after a water washing step.

Laccases (benzenediol:oxygen oxidoreductases, EC 1.10.3.2) are multicopper-containing oxidases
with phenoloxidase activity, which catalyze the oxidation of substituted phenols, anilines and aromatic
thiols, at the expense of molecular oxygen [63]. The catalytic site of laccases involves four copper
ions. Type-T1 copper (blue copper) is implicated in the oxidation of the reducing substrate, acting as
the primary electron acceptor. Type-T2 copper together with two type-T3 coppers form a tri-nuclear
copper cluster where the transferred electrons reduce the molecular oxygen to water. Electrochemical
potential of type-T1 copper is one of the most significant features of laccases and might vary from
0.4 to 0.8 V [49]. Plant and bacterial laccases have comparatively low redox potential, whereas the
highest values are generally reported for fungal laccases [64]. This redox potential allows the direct
oxidation of some substrates by laccases, including the phenolic part of lignin (less than 20% of lignin
polymer). However, potential substrates too large to enter the laccase catalytic site or with redox
potential about 1.3 V cannot be oxidized directly by laccases.
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Laccase-Mediator Systems (LMS)

The inability of laccases for the oxidation of complex lignocellulosic substrates or with high redox
potential, such as non-phenolic lignin, can be overcome by using redox mediators in the so-called
laccase-mediator systems (LMS). Certain low molecular compounds forming stable radicals that act
as redox mediators, expand the catalytic activity of laccases towards more recalcitrant compounds
which are not oxidized by laccase alone [65,66]. ABTS (2,2′-azino-bis (3 ethylbenzothiazoline-6-sulfonic
acid)) was the first chemical molecule described as laccase mediator for oxidation of non-phenolic
lignin model compounds [66], following the electro transfer (ET) route for the oxidation of the
target substrate [67]. Since then, new chemical mediators have been proposed for this purpose.
Among them, the N–OH mediators such as 1-hydroxybenzotriazole (HBT), N-hydroxyphthalimide
(HPI), violuric acid (VLA) or N-hydroxyacetanilide (NHA) have been described as the most efficient
chemical mediators for the oxidation of recalcitrant compounds [68,69], performing the radical
hydrogen atom transfer (HAT) route as oxidation mechanism [67]. These N–OH compounds have
been successfully applied for delignification and bleaching of paper pulps, being the laccase-HBT
system particularly effective in woody and non-woody pulp bleaching and delignification [70,71].
Moreover, decolorization of industrial dyes or detoxification of pollutants are another fields where the
applicability potential of laccase-mediator systems has been comprehensively demonstrated [67,72].

Nevertheless, the high cost of chemical mediators and the generation of possible toxic species
hamper the use of laccase-mediator systems at industrial scale. Consequently, the search of cheaper
and environmental-friendly natural mediators has increased in the last years [67]. In this context,
lignin-derived phenolic compounds obtained from lignocellulose biodegradation or as by-product or
residue during the own industrial process of biomass conversion (e.g., from the black liquors of paper
pulp industry) have been identified as potential natural mediators. A set of such compounds, including
acetosyringone, syringaldehyde, vanillin, and p-hydroxycinnamic acids have been successfully applied
in dye decolorization, delignification and bleaching of paper pulps, and removal of lipophilic
extractives [73–75]. Similar to HBT, the HAT route is the mechanism by which the phenoxy radicals
from these natural mediators oxidize the target substrate [67].

5. Application of Laccases for Detoxification of Pretreated Materials

5.1. Detoxification Mechanism

Laccases have been largely used to diminish the toxicity of different pretreated substrates
(Table 1). These enzymes catalyze the selective oxidation of phenolic compounds generating unstable
phenoxy radicals without affecting furan derivatives and aliphatic acids [37]. These phenoxy radicals
further interact with each other and lead to the polymerization into aromatic compounds with lower
inhibitory capacity [76]. It is important to highlight that not all phenolic compounds are susceptible to
oxidation by laccase enzymes. Kolb et al. [77] described different catalytic activities for T. versicolor
laccase when acting on phenolic compounds released from liquid hot water pretreatment of wheat
straw. Thus, complete removal of syringaldehyde, p-coumaric acid and ferulic acid was achieved within
1-hour treatment, while vanillin was only removed after 24-h treatment, and 4-hydroxybenzaldehyde
did not vary its concentration within 1-week reaction time in the presence of laccase. These reaction
mechanisms are determined by the structure of the different phenolic compounds [67]. Laccase activity
toward phenols is improved by the presence of electron-donating substituents in the ring and these
substituents decrease the electrochemical potential of the corresponding phenols. Then, an additional
methoxy group (the structural difference between vanillin and syringaldehyde) increases the
affinity of the phenolic compounds toward laccase. Furthermore, the presence of ethylene groups
in para-substituted phenols, such as p-coumaric and ferulic acids, also increases the activity of
laccase [73,78].
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Incomplete phenols removal has been widely described with different high redox fungal laccases.
Kalyani et al. [79] achieved a phenol removal of 76% when steam-exploded whole slurry from rice straw
was treated with Coltricia perennis laccase. Moreno et al. [80] reported higher phenol reductions (93–95%)
when Pycnoporus cinnabarinus and Trametes villosa laccases were used to detoxify steam-exploded wheat
straw. Similar ranges were observed by Jönsson et al. [81] with acid steam-pretreated willow and T.
versicolor laccase, and by Jurado et al. [76] with both water and acid-impregnated steam-exploded
wheat straw and T. versicolor and C. rigida laccases. Together with the structure of phenols, the redox
potential of laccases also determines the grade of action toward them. Then, low redox potential
laccases, a particular property of bacterial laccases [96], show minor reactivities on phenols [97].
In this sense, Moreno et al. [82] described a lower phenol reduction of 21% when a commercial
bacterial laccase (MetZyme®, Kaarina, Finland) was used to reduce the toxicity of a whole slurry from
steam-exploded wheat straw. Finally, other factors, such as the viscosity of the medium in which
the laccase detoxification is implemented also affects the laccase efficiency. Higher viscosity when
higher solids content is used difficult the blending of laccase with the pretreated material, consequently
reducing the laccase efficiency [90].

Laccase detoxification is usually performed either by using a partially purified laccase [88],
or with a totally purified enzyme [83]. Nevertheless, culture enriched in laccase activity has been
also successfully proved [79]. The treatments can be carried out at a wide range of optimal pH and
temperature depending of laccases source. Then, the treatment of steam-exploded wheat straw with a
fungal laccase from T. villosa at optimal pH 4 removed 90% of phenols, while a reduction in the phenol
content of 29% was achieved with a bacterial laccase from S. ipomoea at optimal pH 8 [95]. Regarding to
temperature, Moreno et al. [80] reported phenols reduction around of 94% when steam-exploded
wheat straw was treated with laccases from P. cinnabarinus and T. villosa at their optimal temperatures
of 50 and 30 ◦C, respectively. The treatment time and the enzyme loading at which the detoxification
is carried out are also two important factors. Moreno et al. [92] obtained similar phenols reduction,
65% and 53%, in steam-exploded wheat straw using P. cinnabarinus laccase after 3 h and 12 h of
treatment, respectively. In terms of enzyme loading, laccase can be added at low or high loadings,
depending on process optimization and material type. Then, only 1.5 U/mL of a laccase from C.
perennis was enough to remove 77.5% of total phenols from acid steam-exploded rice straw [79];
whereas a higher enzyme loading (100 times more) of C. stercoreus laccase was necessary to remove the
same phenols range from sugarcane bagasse hydrolysate [88].

5.2. Detoxification and Fermentation

S. cerevisiae, the most commonly employed microorganism for ethanol production, has been
also largely used to evaluate the effects generated by laccase detoxification. Jönsson et al. [81] and
Larsson et al. [37] reported higher yeast growth together with higher glucose consumption rate,
ethanol productivity, and ethanol yield when liquid fractions from acid steam-exploded wood were
detoxified by T. versicolor laccase. Similarly, Moreno et al. [83,84] used P. cinnabarinus laccase to detoxify
steam-exploded wheat straw, observing higher cell viability and shorter lag phase during SSF and
PSSF processes. Jurado et al. [76] also described a greater influence on ethanol concentration and
yeast growth when both enzymatic hydrolyzed from water and acid-impregnated steam-exploded
wheat straw were treated with T. versicolor and C. rigida laccases. On the other hand, Martín et al. [85]
explored the use of T. versicolor laccase to detoxify a steam-exploded sugarcane bagasse hydrolysate,
resulting in improved ethanol yield and ethanol volumetric productivity by using a recombinant
xylose-utilizing S. cerevisiae strain. Steam-exploded sugar cane bagasse prehydrolysate was also
detoxified by Fang et al. [86] with Ganoderma lucidum laccase, resulting in improved yeast growth and
ethanol yield. Finally, one-pot SSF process with alkali-extracted sugar cane bagasse was carried out
with Aspergillus oryzae laccase, improving the fermentation efficiency by 6.8% [87].

In addition to S. cerevisiae, similar effects derived from laccase detoxification have been also
reported in other fermenting yeasts. Chandel et al. [88] observed an improvement in the performance
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of Candida shehatae during the fermentation of an acid hydrolysate from sugarcane bagasse treated
with C. stercoreus laccase. Moreno et al. [83] described similar ethanol concentrations and yields
comparable to those obtained by S. cerevisiae when steam-exploded wheat straw was detoxified
by P. cinnabarinus laccase and fermented with the thermotolerant yeast Kluyveromyces marxianus
CECT 10875. This thermotolerant yeast was also used by Moreno et al. [82] during both SSF and PSSF
processes of steam-exploded wheat straw detoxified with the bacterial laccase MetZyme®. In this
case, a shorter adaptation phase and an increase in cell viability could be observed in laccase-treated
samples. This result is of special relevance, since the use of thermotolerant yeasts lead to a better
integration of both saccharification and fermentation processes. Saccharification has an optimum
temperature around of 50 ◦C, whereas most fermenting yeasts have an optimum temperature ranging
from 30 to 37 ◦C [98]. The use of thermotolerant microorganisms such as K. marxianus, with capacity
of growing and fermenting at temperature above 40 ◦C, represents therefore an advantage to obtain
higher saccharification and fermentation yields [99]. In addition, the use of thermotolerant strains has
shown to reduce overall process costs due to the reduction cooling costs.

Another strategy to reach higher ethanol concentrations and make the process more economically
viable is to operate saccharification and fermentation processes at high-substrate consistencies.
This approach offers possibilities to reduce freshwater consumption and downstream processing,
and minimize energy consumption during subsequent distillation—due to the higher ethanol
concentrations after fermentation—and evaporation stages [100]. Nevertheless, increasing the substrate
consistency presents some disadvantages such as accumulation of glucose and cellobiose (that inhibits
hydrolytic enzymes), mixing and mass transfer limitations, and larger concentration of inhibitors
in the fermentation medium [101]. In this context, laccase detoxification enables the fermentation
of inhibitory hydrolysates at higher substrate consistencies, improving final ethanol concentrations
and yields. Moreno et al. [89] used laccase from P. cinnabarinus to detoxify steam-exploded wheat
straw at 12% (w/v) substrate loadings, triggering its fermentation by K. marxianus CECT 10875 during
SSF processes and yielding an ethanol concentration of 16.7 g/L. These authors also described the
fermentability of steam-exploded wheat straw at 20% (w/v) substrate loadings. At this consistency, the
evolved xylose-consuming yeast S. cerevisiae F12 was unable to growth. However, this inhibition was
overcome by P. cinnabarinus laccase, allowing S. cerevisiae F12 to produce more than 22 g/L of ethanol
during a SSCF process [90]. The evolved xylose-recombinant S. cerevisiae KE6-12 was also explored
to produce ethanol from steam-exploded wheat straw at 16% (w/v) of substrate loading. In this case,
P. cinnabarinus laccase reduced the toxicity of this media improving cell viability and increasing the
ethanol production up to 32 g/L during a fed-batch SSCF process [91]. Finally, a water insoluble
solids (WIS) fraction from steam-exploded wheat straw was used at 25% (w/v) of substrate loading for
ethanol production. This material, detoxified by P. cinnabarinus laccase, was then subjected to PSSF
processes with S. cerevisiae, obtaining an ethanol production of 58.6 g/L [92].

5.3. Detoxification and Saccharification

Laccase detoxification processes have been also evaluated in terms of enzymatic hydrolysis,
showing contradictory effects. Kalyani et al. [79] observed an enhancement in the saccharification
yield by 48% of acid-pretreated rice straw due to a phenols reduction by C. perennis laccase.
Contrary, Tabka et al. [102], Jurado et al. [76] and Moreno et al. [80,89] described lower glucose
concentration after enzymatic hydrolysis of steam-exploded wheat straw treated with P. cinnabarinus,
T. villosa and C. rigida laccases. This negative phenomenon was attributed to the formation
of laccase-derived compounds from phenols that inhibit cellulolytic enzymes. In this sense,
Oliva-Taravilla et al. [103] showed a strong inhibition due to oligomeric products derived from
the oxidative polymerization of vanillin and syringaldehyde by Myceliophthora thermophila laccase.
The presence of these resulting oligomers caused a decrement on enzymatic hydrolysis yield of a
model cellulosic substrate (Sigmacell) of 46.6% and 32.6%, respectively. Moreover, a decrease in more
than 50% of cellulase and β-glucosidase activities was observed in presence of laccase and vanillin.
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Negative effects on xylose production has been also reported by phenolic oligomers formed from
vanillin, syringaldehyde and ferulic acid, as was observed by Oliva-Taravilla et al. [104] with a WIS
fraction from steam-exploded wheat straw treated with M. thermophila laccase in the presence of the
mentioned phenols. Finally, an increase in the competition of cellulose binding sites between hydrolytic
enzymes and laccases has been also suggested as a reason for the reduction in glucose recovery [105].

5.4. Other Comments

Although significant advances have been demonstrated about the use of laccases for detoxification,
the high enzyme production cost is one of the most important limitations for its application at
industrial scale. An alternative approach to adding directly laccase to pretreated materials could
be the genetic engineering of fermenting yeast for laccase production. This would allow detoxification
and ethanolic fermentation processes simultaneously, thus reducing the cost and time associated with
laccase production and detoxification step, respectively. In this matter, Larsson et al. [93] designed
a recombinant S. cerevisiae strain carrying the laccase gene from the white-rot fungus T. versicolor.
This strain had the ability to decrease the content of low-molecular phenolic compounds and ferment
a dilute-acid spruce hydrolysate, showing higher ethanol productivity compared to control. On the
other hand, laccase recycling by enzyme immobilization or co-immobilization could also represent
a cost effective approach. Ludwig et al. [94] immobilized a laccase from T. versicolor on both active
epoxide and amino carriers (Sepabeads® EC-EP and EC-EA, respectively) for detoxification of a wheat
straw organosolv fraction. With the immobilized laccase phenolic compounds could be efficiently
removed (higher with EC-EA), observing a better performance of Pichia stipitis during the fermentation
of the detoxified fraction. Additionally, reusability of the immobilized laccase was demonstrated.

6. Application of Laccases for Delignification of Pretreated Materials

The modification or partial removal of lignin by laccases has been shown to be effective for
improving enzymatic hydrolysis of different lignocellulosic materials. Different strategies have been
assayed with this purpose, either using laccases alone or in combination with mediators (LMS).
Consequently, lignin oxidation is produced leading to the formation of aromatic lignin radicals that
give rise to a variety of reactions, such as ether and C–C bonds degradation, and aromatic ring cleavage,
and finally resulting in lignin degradation [49].
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6.1. Delignification by Laccase Alone

Although the direct action of laccases on lignin is, in principle, restricted to phenolic units—which
only represent a small percentage of the total polymer—, different studies have showed the ability
of laccase alone for delignifying different pretreated materials, improving the subsequent enzymatic
hydrolysis (Table 2). Kuila et al. [106,107] explored the use of a laccase from Pleurotus sp. to treat
milled materials from Indian Thorny bamboo (Bambusa bambos) and Spanish flag (Lantana camara).
A range of delignification between 84–89% was obtained for both materials, observing an increment of
the saccharification performance because of the better accessibility of hydrolytic enzymes. The same
laccase was used by Mukhopadhyay et al. [108] to treat a milled material from Ricinus communis,
reporting a delignification yield of about 86%, which increased the yields on reducing sugars by
2.68-fold. Similar lignin removal (81.6%) was achieved by Rajak and Banerjee [109] using a laccase
produced by Lentinus squarrosulus MR13 to delignify karn grass (Saccharum spontaneum), resulting in a
sugar production increase by 7.03 fold. On the other hand, lower lignin loss (18%) was obtained when
milled material from wheat straw was treated with P. cinnabarinus laccase followed by an alkaline
peroxide extraction [110]. Then, 24–25% increase in glucose and xylose release was produced. In the
same way, Rico et al. [111] compared laccases from M. thermophila and P. cinnabarinus to treat milled
eucalypt wood followed by an alkaline peroxide extraction in a multistage sequence (four cycles of
enzyme-alkaline extraction). Whereas the treatment with M. thermophila decreased the lignin content
of about 20%, P. cinnabarinus laccase did not affect the lignin content. Concerning glucose release,
the treatment with M. thermophila and P. cinnabarinus laccases produced an increase of glucose liberation
of 9% and 4%, respectively. Finally, Singh et al. [112] has recently described the use of a small bacterial
laccase from Amycolatopsis sp. to delignify steam-pretreated poplar, obtaining a 6-fold increase in
terms of the release of acid insoluble lignin. Then, glucose production from laccase-treated sample was
increased by 8%.

89



Fermentation 2017, 3, 17

Ta
bl

e
2.

A
pp

lic
at

io
n

of
la

cc
as

e
al

on
e

fo
r

de
lig

ni
fic

at
io

n
of

di
ff

er
en

tp
re

tr
ea

te
d

m
at

er
ia

ls
.

Pr
et

re
at

ed
M

at
er

ia
l

La
cc

as
e

Tr
ea

tm
en

t
Ef

fe
ct

s
O

bs
er

ve
d

B
en

efi
ts

Pr
od

uc
ed

R
ef

er
en

ce

M
ill

ed
m

at
er

ia
lf

ro
m

T
ho

rn
y

ba
m

bo
o

an
d

Sp
an

is
h

fla
g

Pl
eu

ro
tu

s
sp

.
R

an
ge

of
de

lig
ni

fic
at

io
n

be
tw

ee
n

84
–8

9%
,r

ev
ea

lin
g

th
e

lig
ni

n
re

m
ov

al
by

FT
IR

,X
R

D
,a

nd
SE

M
an

al
ys

is
Be

tt
er

ac
ce

ss
ib

ili
ty

of
hy

dr
ol

yt
ic

en
zy

m
es

[1
06

,1
07

]

M
ill

ed
m

at
er

ia
lf

ro
m

R
ic

in
us

co
m

m
un

is
Pl

eu
ro

tu
s

sp
.

86
%

of
lig

ni
n

lo
ss

,r
es

ul
tin

g
in

a
de

gr
ad

at
io

n
of

th
e

su
rf

ac
e

tis
su

es
(S

EM
an

al
ys

is
)

R
ed

uc
in

g
su

ga
r

yi
el

ds
in

cr
ea

se
d

2.
68

-f
ol

d
[1

08
]

M
ill

ed
m

at
er

ia
lf

ro
m

ka
rn

gr
as

s
Le

nt
in

us
sq

ua
rr

os
ul

us
M

R
13

Li
gn

in
re

m
ov

al
of

81
.6

%
.P

or
os

ity
an

al
ys

is
ev

id
en

ce
d

th
e

sp
ec

ifi
c

ac
ti

on
of

la
cc

as
e

on
lig

ni
n

In
cr

ea
se

of
su

ga
r

pr
od

uc
ti

on
of

7.
03

fo
ld

[1
09

]

M
ill

ed
m

at
er

ia
lf

ro
m

w
he

at
st

ra
w

P.
ci

nn
ab

ar
in

us
la

cc
as

e
fo

llo
w

ed
by

al
ka

lin
e

pe
ro

xi
de

ex
tr

ac
ti

on
18

%
de

cr
ea

se
in

lig
ni

n
af

te
r

se
qu

en
ti

al
tr

ea
tm

en
t

24
–2

5%
in

cr
ea

se
in

gl
uc

os
e

an
d

xy
lo

se
pr

od
uc

ti
on

[1
10

]

M
ill

ed
w

oo
d

fr
om

Eu
ca

ly
pt

us
gl

ob
ul

us
Fo

ur
cy

cl
es

of
M

yc
el

io
ph

th
or

a
th

er
m

op
hi

la
la

cc
as

e
-a

lk
al

in
e

ex
tr

ac
ti

on
U

p
to

20
%

of
lig

ni
n

lo
ss

af
te

r
fo

ur
cy

cl
es

tr
ea

tm
en

t
In

cr
ea

se
of

gl
uc

os
e

pr
od

uc
ti

on
by

9%
[1

11
]

St
ea

m
-p

re
tr

ea
te

d
po

pl
ar

Ba
ct

er
ia

ll
ac

ca
se

fr
om

A
m

yc
ol

at
op

si
s

sp
.

In
cr

em
en

to
fa

ci
d

in
so

lu
bl

e
lig

ni
n

re
le

as
e

by
6

fo
ld

,o
bs

er
vi

ng
a

re
du

ct
io

n
of

m
ol

ar
m

as
s

lig
ni

n
(a

pp
ro

x.
50

%
)b

y
SE

C
an

al
ys

is
8%

in
cr

em
en

to
fg

lu
co

se
pr

od
uc

ti
on

[1
12

]

A
lk

al
i-

ex
tr

ac
te

d
co

rn
st

ra
w

Tr
am

et
es

hi
rs

ut
a

In
cr

em
en

to
fp

or
os

iti
y

an
d

su
rf

ac
e

ar
ea

in
la

cc
as

e-
tr

ea
te

d
sa

m
pl

es
2-

fo
ld

in
cr

em
en

ti
n

su
ga

r
pr

od
uc

ti
on

[1
13

]

A
lk

al
i-

ex
tr

ac
te

d
st

ra
w

fr
om

Br
as

si
ca

ca
m

pe
st

ri
s

G
an

od
er

m
a

lu
ci

du
m

H
ig

he
r

nu
m

be
r

an
d

de
ns

it
y

of
ho

le
s

w
it

h
gr

ea
te

r
w

id
th

an
d

de
pt

h
af

te
r

la
cc

as
e

tr
ea

tm
en

t
Sa

cc
ha

ri
fic

at
io

n
yi

el
d

in
cr

ea
se

d
1.

7-
fo

ld
[1

14
]

St
ea

m
-e

xp
lo

de
d

w
he

at
st

ra
w

Sc
le

ro
tiu

m
sp

.
Lo

os
en

in
g

of
lig

ni
n-

ca
rb

oh
yd

ra
te

co
m

pl
ex

16
.8

%
in

cr
ea

se
in

ce
llu

lo
se

hy
dr

ol
ys

is
[1

15
]

A
ci

d
st

ea
m

-p
re

tr
ea

te
d

sp
ru

ce
T.

hi
rs

ut
a

R
ed

uc
tio

n
of

lig
ni

n
hy

dr
op

ho
bi

ci
ty

an
d

en
ri

ch
m

en
to

fc
ar

bo
xy

lic
gr

ou
ps

re
ve

al
ed

by
ES

C
A

(e
le

ct
ro

n
sp

ec
tr

os
co

py
fo

r
ch

em
ic

al
an

al
ys

is
)

13
%

in
cr

ea
se

in
su

ga
r

yi
el

d
[1

16
]

A
ci

d
st

ea
m

-p
re

tr
ea

te
d

sp
ru

ce
C

er
re

na
un

ic
ol

or
an

d
T.

hi
rs

ut
a

la
cc

as
es

R
ed

uc
ed

bi
nd

in
g

of
hy

dr
ol

yt
ic

en
zy

m
es

by
lig

ni
n

m
od

ifi
ca

ti
on

Im
pr

ov
em

en
to

fh
yd

ro
ly

si
s

yi
el

d
by

12
%

[1
17

,1
18

]

St
ea

m
-e

xp
lo

de
d

su
ga

rc
an

e
ba

ga
ss

e
G

.l
uc

id
um

D
el

ig
ni

fic
at

io
n

75
%

in
cr

ea
se

in
gl

uc
os

e
pr

od
uc

ti
on

[1
19

]

C
or

nc
ob

re
si

du
e

Tr
am

et
es

sp
.A

H
28

-2
he

te
ro

lo
go

us
ly

ex
pr

es
se

d
in

Tr
ic

ho
de

rm
a

re
es

ei
N

ot
in

ve
st

ig
at

ed
U

p
to

71
.6

%
in

cr
ea

se
in

re
du

ci
ng

su
ga

r
yi

el
ds

[1
20

]

M
ill

ed
w

he
at

st
ra

w
Ba

ct
er

ia
ll

ac
ca

se
fr

om
Th

er
m

ob
ifi

da
fu

sc
a

in
co

rp
or

at
ed

in
to

a
de

si
gn

er
ce

llu
lo

so
m

e
in

cl
ud

in
g

tw
o

ce
llu

la
se

s
an

d
xy

la
na

se
N

ot
in

ve
st

ig
at

ed
R

ed
uc

in
g

su
ga

r
yi

el
ds

in
cr

ea
se

d
2.

0-
fo

ld
[1

21
]

M
ill

ed
su

ga
rc

an
e

ba
ga

ss
e

Ba
ct

er
ia

ll
ac

ca
se

fr
om

T.
fu

sc
a

SE
M

an
al

ys
is

of
la

cc
as

e-
tr

ea
te

d
sa

m
pl

e
sh

ow
s

sm
al

le
r

sh
at

te
rs

2-
fo

ld
in

cr
em

en
ti

n
su

ga
r

pr
od

uc
ti

on
[1

22
]

St
ea

m
-e

xp
lo

de
d

w
he

at
st

ra
w

A
lk

al
in

e
ex

tr
ac

ti
on

fo
llo

w
ed

by
a

co
m

m
er

ci
al

ba
ct

er
ia

ll
ac

ca
se

M
et

Z
ym

e®
Sl

ig
ht

de
lig

ni
fic

at
io

n
(2

%
)a

ft
er

al
ka

lin
e

ex
tr

ac
ti

on
-l

ac
ca

se
se

qu
en

ce
In

cr
em

en
to

fg
lu

co
se

an
d

xy
lo

se
pr

od
uc

tio
n

by
21

%
an

d
30

%
,r

es
pe

ct
iv

el
y

[8
2]

St
ea

m
-e

xp
lo

de
d

w
he

at
st

ra
w

A
lk

al
in

e
ex

tr
ac

ti
on

fo
llo

w
ed

by
Tr

am
et

es
vi

llo
sa

la
cc

as
e

or
ba

ct
er

ia
ll

ac
ca

se
fr

om
St

re
pt

om
yc

es
ip

om
oe

ae
tr

ea
tm

en
t

Sl
ig

ht
de

lig
ni

fic
at

io
n

(4
%

)a
ft

er
al

ka
lin

e
ex

tr
ac

ti
on

-l
ac

ca
se

se
qu

en
ce

.N
o

de
lig

ni
fic

at
io

n
ob

se
rv

ed
by

T.
vi

llo
sa

In
cr

em
en

to
fg

lu
co

se
an

d
xy

lo
se

pr
od

uc
tio

n
by

16
%

an
d

6%
,r

es
pe

ct
iv

el
y.

N
o

po
si

ti
ve

ef
fe

ct
s

ob
se

rv
ed

by
T.

vi
llo

sa
[9

5]

FT
IR

,F
ou

ri
er

tr
an

sf
or

m
in

fr
ar

ed
sp

ec
tr

os
co

py
;X

R
D

,X
-r

ay
d

iff
ra

ct
io

n;
SE

M
,S

ca
nn

in
g

el
ec

tr
on

m
ic

ro
sc

op
y;

SE
C

,S
iz

e
ex

cl
us

io
n

ch
ro

m
at

og
ra

ph
y;

G
en

er
al

ly
,l

ac
ca

se
s

so
ur

ce
is

fu
ng

al
,

ex
ce

pt
in

th
os

e
ca

se
s

w
he

re
it

is
in

di
ca

te
d.

90



Fermentation 2017, 3, 17

In addition to lignin removal, the improvement of enzymatic hydrolysis due to lignin and/or
microfiber structure modification by laccase has been also reported. Properties such as porosity,
surface area, and hydrophobicity can be altered, resulting in the reduction of unproductive binding of
hydrolases. Li et al. [113] observed an increment in the porosity and surface area of alkali-extracted
corn straw after a treatment with Trametes hirsuta laccase, doubling the sugar production. The same
effect was observed on alkali-extracted straw from Brassica campestris [114]. Then, the treatment
of this material with a laccase from Ganoderma lucidum increased saccharification yields 1.7-fold.
Regarding steam-exploded materials, laccase treatment has shown contradictory results. Qiu and
Chen [115] explored the use of a laccase from Sclerotium sp. to treat steam-exploded wheat
straw. Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM)
analysis indicated that laccase oxidized lignin, which contributed to loose the compact wrap of
lignin-carbohydrate complexes and consequently enhancing the cellulose hydrolysis. Palonen
and Viikari [116] also reported lignin modification of acid steam-pretreated spruce (Picea abies) by
treatment with T. hirsuta laccase. This modification consisted in a reduction of lignin hydrophobicity
together with an enrichment of carboxylic groups, which reduced the unproductive binding of
hydrolytic enzymes to lignin. Consequently, an enhancement of saccharification yield by 13% was
observed during the subsequent enzymatic hydrolysis. Similar results were attained by Moilanen et
al. [117,118] when acid steam-pretreated spruce was treated with C. unicolor and T. hirsuta laccases.
However, using acid steam-pretreated giant read (Arundo donax), C. unicolor laccase reduced the
hydrolysis yield by 17% [117]. In this case, the lower sugar production was explained by an increase
of the unproductive adsorption of hydrolytic enzymes onto the lignocellulosic fibers and a major
strengthening of lignin-carbohydrate complexes. Moreno et al. [84] also reported a reduction of
glucose recovery by almost 6–7% after 72 h of enzymatic hydrolysis of steam-exploded wheat straw
treated with P. cinnabarinus laccase. These authors observed a slight lignin content increment after
laccase treatment due to a grafting phenomenon. Grafting takes place when the lignin-derived phenols
resulting from steam explosion pretreatment are oxidized by laccase to phenoxy radicals, which can
undergo polymerization by radical coupling or being grafted onto steam-exploded material (via radical
coupling to lignin residues) [123]. This lignin content increment by grafting phenomenon might prevent
the accessibility of hydrolytic enzymes to cellulose, either by reducing the number and/or the size
pores or hindering the processivity of cellulases. Moreover, the grafting process could also lead to
an increase of the lignin surface area, thereby limiting the accessibility of hydrolytic enzymes to
cellulose, and consequently reducing sugar recovery yields. Oliva et al. [105] also suggested the
grafting effect to support the lower sugar recovery obtained after treatment of steam-exploded wheat
straw with P. cinnabarinus laccase. For the first time, these authors observed by FTIR spectroscopy the
incorporation of p-hydroxycinnamic acids into the fibers of laccase-treated samples.

6.2. Delignification by Laccase-Mediator System (LMS)

Compared to laccase alone, laccase in the form of LMS can oxidize both phenolic and non-phenolic
component of lignin moieties, producing an extensive cleavage of covalent bonds in lignin. Different
pretreated materials have been subjected to the LMS action for delignification in order to improve
the enzymatic hydrolysis, being chemical mediators mainly used (Table 3). Milled material from oil
palm empty fruit bunch (OPEFB) was treated with an enzymatic crude extract from Pycnoporus
sanguineus and HBT and ABTS as mediators [124]. This process leads to lignin removal of 8%
and 8.7% when using HBT and ABTS as mediators, respectively. As a consequence, the LMS
treatment resulted in a fermentable sugars production of 30 g/L, in comparison to the crude
ligninolytic extract without mediator, which showed a maximum concentration of fermentable
sugars of 19.1 g/L. Higher delignification range (up to 97%) was reported in liquid hot water
pretreated wheat straw and corn stover when using P. sanguineus laccase and violuric acid (VIO)
as mediator [125]. Al-Zuhair et al. [126] treated milled materials from palm trees fronds and
seaweed with a laccase from T. versicolor and using HBT as mediator, achieving 9% and 24% of

91



Fermentation 2017, 3, 17

lignin removal, respectively. Consequently, the subsequent enzymatic hydrolysis was improved
from 0.04% to 3.1%. Furthermore, when combining laccase-HBT system with the ionic liquid [C2

mim] [OAc] (1-ethyl-3-methylimidazolium acetate), saccharification yields increased up to 13%.
Moniruzzaman and Ono [127] also combined LMS treatment with ionic liquids. These authors reported
50% delignification yields when wood chips from hinoki cypress (Chamaecyparis obtusa) pretreated with
[C2 mim] [OAc] (1-ethyl-3-methylimidazolium acetate) were treated with the commercial laccase Y120
(Trametes sp.) and HBT as mediator. The same laccase-mediator system was also applied on OPEFB
biomass pretreated with the hydrophilic ionic liquid [EMIM] [DEP] (1-ethyl-3-methylimidazolium
diethyl phosphate) [128], resulting in a delignification range of 35%. On the other hand, a sequential
combination of ultrasonication, liquid hot water and a commercial LMS (PrimaGreen® EcoFade
LT100 composed principally by a laccase from modified strains of C. unicolor and the mediator
3,5-dimethoxy-4-hydroxybenzonitrile) was performed on cotton gin trash [129]. This process led
up to 15% lignin removal, increasing glucose and ethanol yields by 23% and 31%, respectively.
A new sequential pretreatment combines an alkaline ultrasonication with liquid hot water and the
commercial LMS PrimaGreen® EcoFade LT100, was again evaluated [130]. When applied to cotton
gin trash, the delignification range was increased to 27%, resulting in increments of 41% and 64% of
glucose and ethanol yields, respectively. Ultrasound pretreatment was also applied on elephant grass
(Pennisetum purpureum) by Nagula and Pandit [131]. The pretreated material was then subjected to
a LMS treatment consisting of T. hirsuta crude laccase supernatant and ABTS as mediator, resulting
in a delignification range of 69%. In another study, Gutiérrez et al. [132] evaluated the ability of
T. villosa laccase, together with HBT as mediator and a subsequent alkaline extraction, to remove
lignin from milled eucalypt wood and elephant grass. 48% and 32% of the eucalypt and elephant
grass lignin were removed, respectively. Consequently, the glucose yield was increased by 61% and
12% from both lignocellulosic materials, respectively, as compared to those without LMS treatment.
Additionally, lignin structural changes were observed by two-dimensional nuclear magnetic resonance
(2D NMR), as a result of the laccase-HBT system. A significant decrease of aromatic lignin units
(with preferential degradation of guaiacyl over syringyl units) and aliphatic (mainly β-O-4′-linked)
side-chains of lignin after LMS treatment was showed, leading to residual lignin with mainly oxidized
syringyl units. These authors also described similar lignin structural changes when four cycles
of a sequential treatment of LMS (including P. cinnabarinus laccase-HBT) followed by an alkaline
peroxide extraction were applied on milled eucalypt wood [111]. Rencoret et al. [110] also reported
lignin structural variations in milled wheat straw treated with the same laccase-mediator system.
Moreover, a substantial lignin removal (37%) was produced by P. cinnabarinus laccase in the presence
of HBT, which was increased up to 48% when a subsequent alkaline peroxide extraction was applied.
This LMS treatment increased glucose yields by 60% after enzymatic hydrolysis.
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The use of lignin-derived soluble phenols, such as vanillin, acetosyringone, p-hydroxycinnamic
acids, etc., as natural mediators for ethanol production would offer environmental and economic
advantages compared to chemical mediators. Although their use could be compromised by
laccase-mediated coupling reactions, several studies have also shown their potential for improving
delignification and cellulose hydrolysis. Rico et al. [111] evaluated the use of methyl syringate as natural
mediator in the presence of M. thermophila laccase to delignify milled eucalypt wood. Four cycles of
LMS-alkaline peroxide extraction were performed, resulting in a lignin content reduction of about
50%, and an increase in glucose yields of 30%. These results were comparable to those obtained with P.
cinnabarinus laccase-HBT as LMS. Moilanen et al. [118], in contrast, observed an increase in the lignin
content of acid-steam pretreated spruce when using acetosyringone mediator together with T. hirsuta
laccase. In spite of this effect, laccase-acetosyringone treatment improved the hydrolysis yield by 36%.
This result was explained by an increment of the syringyl/guaiacyl ratio promoted by the enzymatic
treatment, which let to reduce the unproductive adsorption of cellulases.

In addition to the reduction in the lignin content, LMS has been also reported for improving
enzymatic hydrolysis by lignin modification. By using ABTS and TEMPO as mediators of T.
hirsuta laccase, Moilanen et al. [118] increased the hydrolysis yields of acid steam-exploded
spruce by 54% and 49%, respectively. These improvements were explained to be based on the
reduction of the unspecific adsorption of hydrolases on enzyme-treated lignin. Similar results were
obtained by Al-Zuhair et al. [134], which showed an increment of sugar production from 5.6% to
45.6% after treatment of a milled material from date palm lignocellulosic waste with T. versicolor
laccase and the mediator HBT. Using the same LMS and the pyrolysis/gas chromatography-mass
spectrometry (Py/GC–MS) with tetramethylammonium hydroxide (TMAH) thermochemolysis analysis,
Chen et al. [135] described a significant lignin modification (lignin side chain oxidation) after treatment
of ensiled corn stover. This resulted in an increment of the subsequent hydrolysis yield of 7%.
The T. versicolor laccase-HBT system was also used by Heap et al. [136] for improving the saccharification
yield of acid steam-exploded wheat straw. In a first assay, LMS impaired the enzymatic hydrolysis of
acid steam-exploded material. However, when a subsequent alkaline peroxide extraction was carried out
after LMS, the released glucose concentration increased by up to 2.3 g/L (35%) compared to untreated
control. Py/GC–MS with TMAH analysis also revealed lignin oxidation via Cα–Cβ sidechain cleavage
at the Cα position. In another study, the use of N-hydroxy-N-phenylacetamide (NHA) as mediator of
T. hirsuta laccase increased the saccharification yield of acid steam-exploded spruce from 13% to 21%
compared to the treatment with laccase alone [116]. Nevertheless, a filtration and washing step had to
be performed between laccase-mediator treatment and enzymatic hydrolysis due to inhibitory effect
of oxidized NHA on cellulases. In this sense, Moreno et al. [84] also observed a direct inhibition on
hydrolytic enzymes activities of different oxidized radicals generated by P. cinnabarinus laccase from
HBT, VIO, and ABTS mediators. A decrease of about 34% was observed for overall cellulase activity
in the presence of the different chemical mediators. However, enzymatic deactivation was even more
remarkable in the case of β-glucosidase activity, showing a reduction of about 50%. Martín-Sampedro et
al. [137] also observed lignin changes after treatment with LMS (M. thermophila laccase and the mediator
HBT) of steam-exploded eucalyptus wood chips. By using 2D NMR and 13C NMR, these authors
reported an increase in the amount of secondary OH groups and in the degree of lignin condensation.
In a subsequent enzymatic hydrolysis, this LMS-treated material showed an increase in the glucose
yield from 24.7% to 27.1% [138].

6.3. Other Comments

As previously discussed for laccase detoxification, the genetic engineering of microorganisms
for the simultaneous production of laccase and hydrolytic enzymes would allow better processes
integration for delignification and saccharification of lignocellulose biomass, and thus reducing the cost
and time associated with laccase production and delignification step, respectively. Zhang et al. [120]
observed higher saccharification yields during the hydrolysis of corn residue by the heterologous
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expression of Trametes sp. AH28-2 laccase in T. reesei. With a similar concept, Davidi et al. [121]
have recently incorporated laccase activity into a cellulase- and xylanase-containing cellulosome.
For that, authors designed a dockerin-fused variant of a recently characterized laccase from the aerobic
bacterium Thermobifida fusca [122]. The resulting cellulosome complex yielded a 2-fold increase in
the amount of reducing sugars released from wheat straw compared with the same system lacking
laccase activity.

7. Laccases for Detoxification and Delignification in a Lignocellulose-based Biorefinery

On the basis of the current review, laccase enzymes have been largely evaluated as specific,
effective and environmental friendly tools for detoxification and delignification of lignocellulosic
feedstocks. After laccase treatment, higher saccharification and fermentation yields are usually observed,
which offer high potential to reduce overall process costs. For instance, by modifying or partially
removing lignin, the unspecific adsorption of hydrolases is reduced and lower enzymes loadings are
therefore required for the enzymatic hydrolysis of lignocellulose. This fact represents an important
breakthrough, since the costs of hydrolytic enzymes is one of the major economical bottlenecks
in the conversion of lignocellulosic biomass. The cost of laccase and/or of mediators should also
take into account. Another relevant advantage is the possibility of having a better water economy.
After detoxification with laccase, pretreated material contains lower inhibitory compounds, avoiding
the necessity of including a filtration and washing step and therefore saving freshwater and reducing the
amount of wastewater. Also, by having less inhibitory pretreated materials, conversion processes can be
performed at higher substrate loadings, giving the possibility of reaching higher product concentrations
with shorter fermentation times.

With the aim of implementing laccases in the current conversion processes, in situ laccase
treatment with saccharification and/or fermentation offers some advantages as they do not
require extra equipment and thus generates benefits in terms of lower capital and operating costs.
Simultaneous delignification and detoxification with laccase is another interesting strategy to consider.
However, little is known about the existence of laccases with capacity for simultaneous delignification
and detoxification. Furthermore, it should be noted that lower sugar yields are usually observed
during saccharification of detoxified feedstocks [76,82,89,102]. Searching for novel laccases with ability
to delignify and detoxify simultaneously or designing new ones with the required properties need to
be further explored. In this sense, Moreno et al. [82] has recently evaluated the commercial bacterial
laccase MetZyme® for enhancing saccharification and ethanol fermentation of steam-exploded wheat
straw. When the pretreated material was subjected to laccase action, a modest increase of about
5% in the sugar recovery yield was observed. In contrast, when performing an alkaline extraction
prior to laccase treatment, the glucose and xylose recovery increased by 15% and 23%, respectively,
compared to alkaline treatment alone. A modest phenols removal could be also observed during
treatment of steam-exploded wheat straw with Metzyme® laccase. The lower phenolic content allowed
to improve the fermentation performance of the thermotolerant yeast K. marxianus CECT 10875
during SSF processes, shortening its adaptation phase and reducing fermentation times. Similarly,
De La Torre et al. [95] compared the use of both bacterial Streptomyces ipomoeae and fungal T. villosa
laccases for delignification and detoxification of steam-exploded wheat straw. When using the bacterial
laccase, no significant effects were observed on delignification or saccharification of laccase-treated
biomass. However, the use of fungal laccase resulted in higher lignin content and lower sugar
recoveries. By combining an alkali extraction with S. ipomoeae laccase, a 4% reduction in the lignin
content was observed compared to alkaline treatment alone, increasing the glucose and xylose
concentrations in the resulting hydrolysate by 16% and 6%, respectively. These positive effects were
however not observed when using T. villosa laccase. In addition to delignification, the capacity of these
bacterial and fungal laccases for detoxification of pretreated material was also evaluated. A reduction
in the phenol content of 29% and 90% were achieved with the bacterial and fungal laccases, respectively.
This reduction resulted in an improved fermentation performance of S. cerevisiae during SSF processes.
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Cost-effectiveness in future biorefineries goes through valorization of all components of
lignocellulosic biomass. In this context, biorefineries have to deal with producing not only high-volume
and low-cost fuels but also low-volume and high-value compounds, minimizing downstream wastes.
With this purpose, in addition to carbohydrate fermentation processes such as ethanol and/or organic
acids production, alternative value-added products and chemicals can be also obtained from lignin.
Laccases can also contribute to such an aim, assisting in certain processes during the manufacture
of new value-added products. For instance, laccases have been typically applied in the pulp and
paper industry (1) for pulp bleaching, removing the residual lignin responsible of pulp color [71],
(2) for controlling pitch deposits that reduce pulp quality [75], or (3) for detoxification of bleaching
effluents rich in phenolic compounds [139]. Laccases have been also evaluated for the synthesis of new
materials and products from lignocellulosic feedstocks. Laccases can limit and/or avoid the use of toxic
synthetic adhesives (such as formaldehyde-based resins) during production of fiberboards and other
materials, by catalyzing the cross-linking reactions of phenolic residues in lignin based-materials [140].
Tailoring of lignocellulosic materials by laccase-assisted biografting of phenols and other compounds is
another emerging area. Also, laccase-assisted functionalization of wood and non-wood fibers to modify
different properties has been achieved, obtaining new physico-mechanical, optical and antimicrobial
properties [141–143]. Finally, laccases are also a promising approach to decompose the lignin polymer
into several phenolic and aromatic compounds that are currently produced from fossil fuels [144].

8. Conclusions

In the current biorefinery concept, laccases constitute a powerful biotechnological tool for the
complete utilization of lignocellulosic biomass to new added-value products and fuels, with lower
energy demand, better economy and less environmental impact. Laccases act selectively to remove
lignin-derived phenolic compounds released from biomass pretreatment, diminishing the impact of
these inhibitors on the subsequent saccharification and ethanol fermentation stages. Then, a reduction
of phenols by laccase-aided polymerization promotes microbial growth, glucose consumption and
increase notably the ethanol production. Laccases and laccase-mediator systems can also be effective
in oxidative modification and/or partially depolymerization of lignin, increasing the final hydrolysis
yields of different pretreated materials. Nevertheless, the costs for enzyme production and the use of
expensive synthetic mediators are current challenges to overcome for the successful implementation of
laccases in these lignocellulose-based industries. Screening of microorganism cultures and genomes for
novel laccases or engineering of existing ones by direct evolution and related approaches are solutions
to consider. Moreover, the search of new, cheap and environmentally friendly mediators can also push
these biocatalysts toward their application on an industrial level.
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Abstract: While chiral 2,3-Butanediol (2,3-BD) is currently receiving remarkable attention because of its
numerous industrial applications in the synthetic rubber, bioplastics, cosmetics, and flavor industries,
2,3-BD-mediated feedback inhibition of Paenibacillus polymyxa DSM 365 limits the accumulation of
higher concentrations of 2,3-BD in the bioreactor during fermentation. The Box-Behnken design,
Plackett-Burman design (PBD), and response surface methodology were employed to evaluate the
impacts of seven factors including tryptone, yeast extract, ammonium acetate, ammonium sulfate,
glycerol concentrations, temperature, and inoculum size on 2,3-butanediol (2,3-BD) production
by Paenibacillus polymyxa DSM 365. Results showed that three factors; tryptone, temperature,
and inoculum size significantly influence 2,3-BD production (p < 0.05) by P. polymyxa. The optimal
levels of tryptone, inoculum size, and temperature as determined by the Box-Behnken design and
response surface methodology were 3.5 g/L, 9.5%, and 35 ◦C, respectively. The optimized process
was validated in batch and fed-batch fermentations in a 5-L Bioflo 3000 Bioreactor, and 51.10 and
68.54 g/L 2,3-BD were obtained, respectively. Interestingly, the production of exopolysaccharides
(EPS), an undesirable co-product, was reduced by 19% when compared to the control. These results
underscore an interplay between medium components and fermentation conditions, leading to
increased 2,3-BD production and decreased EPS production by P. polymyxa. Collectively, our findings
demonstrate both increased 2,3-BD titer, a fundamental prerequisite to the potential commercialization
of fermentative 2,3-BD production using renewable feedstocks, and reduced flux of carbons towards
undesirable EPS production.

Keywords: Paenibacillus polymyxa; butanediol; acetoin; glycerol; optimization

1. Introduction

The compound 2,3-Butanediol (2,3-BD) is an industrial platform chemical with vast industrial
applications, particularly for its potential use in the synthesis of 1,3-butadiene (1,3-BD), a monomer of
synthetic rubber. Other applications of 2,3-BD include the synthesis of methyl ethyl ketone (MEK),
a fuel additive with a higher heat of combustion than ethanol, and as solvents for lacquers and
resins [1]. Furthermore, 2,3-BD finds applications as an antifreeze due to its low freezing temperature
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of −60 ◦C [2], an ink additive, as a chemical feedstock for the production of acetoin and diacetyl,
vital flavor enhancers in the food industry [3], and as an additive in aviation fuel. Due to the finite
nature of petroleum and the need to reduce society’s dependence on petroleum-derived feedstocks for
industrial processes, it has become imperative to develop sustainable feedstocks such as 2,3-BD from
renewable resources. At present, 2,3-BD is produced from hydrocarbons by the cracking of butane
and 2-butene in which the resulting product is further hydrolyzed to 2,3-BD [4,5]. Recently, the often
encountered instabilities in crude oil price have re-ignited interest in fermentative 2,3-BD production
from cheap renewable feedstocks. To reach this goal, multifarious research efforts are currently
underway to increase the yield, titer, and productivity of microbe-derived 2,3-BD. These include
metabolic engineering of producer organisms to produce and tolerate higher 2,3-BD concentrations, and
the optimization of fermentation media components and conditions for maximal 2,3-BD accumulation
in the broth. In this study, we sought to optimize 2,3-BD production by Paenibacillus polymyxa DSM
365 (hereafter referred to as P. polymyxa) by assessing the impacts of both medium components and
fermentation conditions on 2,3-BD accumulation.

P. polymyxa was chosen for this study due to its non-pathogenicity and capacity to produce 98%
levo 2,3-BD; the industrially preferred 2,3-BD isomer due to its properties, which make it amenable to
important chemical reactions that generate key industrially applicable products, such as dehydration
to 1,3-BD (for synthetic rubber production), dehydrogenation to acetoin or diacetyl (flavor enhancers
and essential components in fragrances), ketalization to Methyl tert-butyl ether (fuel additive),
and esterification to 2,3-BD diester (used as a precursor in the synthesis and compounding of cosmetics,
drugs, and thermoplastic polymers [1,6].

To assess the 2,3-BD production capacity of P. polymyxa, we first conducted batch fermentations
in 100 mL Pyrex bottles, which resulted in a maximum 2,3-BD concentration of 24 g/L [7].
Batch fermentation in the bioreactor (6-L) produced 27 g/L 2,3-BD, whereas fed-batch fermentation
(in the bioreactor) resulted in 47 g/L, despite excess glucose supply [7]. Therefore, we rationalized that
in addition to other factors, 2,3-BD-mediated feedback inhibition might pose a significant roadblock
to the accumulation of 2,3-BD during fermentation, and this assumption was confirmed by assaying
2,3-BD toxicity against P. polymyxa in fermentation cultures [7]. We observed that 2,3-BD exerts a
concentration-dependent toxicity on P. polymyxa with ~50 g/L 2,3-BD as the toxic threshold above
which cell growth stalls considerably and the accumulated 2,3-BD is converted backwards to acetoin, the
precursor of 2,3-BD; most plausibly to alleviate 2,3-BD-mediated toxicity [7]. In addition, a significant
portion of sugar substrates are diverted to exopolysaccharides (EPS) production during 2,3-BD
fermentation, thereby lowering 2,3-BD yield and complicating its recovery from the fermentation
broth [7,8]. Therefore, if P. polymyxa 2,3-BD fermentation is to reach an industrial-scale, it is critical to
determine the optimal conditions and medium components necessary for marked 2,3-BD accumulation
and tolerance during fermentation. Further, cheaply available substrates such as glycerol, which is
currently accumulated in excess as a by-product of biodiesel production [9,10], holds significant
promise towards improving the economics of 2,3-BD fermentation, either as a sole carbon source or as a
supplement to glucose or other sugars. In fact, glycerol has been shown to support 2,3-BD production
by Klebsiella pneumoniae as a sole carbon source [11,12]. Thus, we investigated the optimal conditions
and medium components for high 2,3-BD production by P. polymyxa using a glycerol-supplemented
medium. In addition to lowering the overall substrate cost, glycerol catabolism furnishes the cell with
additional NADH [13,14], which supplies extra reducing power for 2,3-BD dehydrogenase, the final
enzyme of the 2,3-BD pathway, which consumes NADH during the conversion of acetoin to 2,3-BD [15].

Previous optimization studies focused largely on enhancing 2,3-BD production. These studies
either targeted medium components only, or fermentation conditions without a holistic evaluation of
both parameters (medium components and fermentation conditions; [8,16]). Medium components and
fermentation conditions such as temperature, inoculum size, pH, and aeration rate most reasonably
interact during fermentation to engender 2,3-BD production. Therefore, in this study, select medium
components and fermentation conditions were assessed collectively for their capacity to enhance 2,3-BD
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production by employing various optimization strategies. Plackett-Burman experimental design, path
of steepest ascent method, Box-Behnken experimental design, and response surface methodology
strategies were employed to optimize 2,3-BD production by P. polymyxa. The medium components
tested in this study include yeast extract, tryptone, ammonium acetate, ammonium sulfate, and crude
glycerol; whereas the fermentation conditions that were extensively investigated include temperature
and inoculum size. These factors were shown to influence 2,3-BD production by P. polymyxa from our
one-factor-at-a-time experiments.

2. Methodology

2.1. Experimental Methods

2.1.1. Microorganism and Culture Preparation

P. polymyxa was obtained from the German Collection of Microorganisms and Cell Culture,
Braunschweig, Germany (DSMZ—Deutsche Sammlung von Mikroorganismen und Zellkulturen).
Lyophilized cells were reactivated by inoculating into Luria bertani (LB) broth, grown overnight (12 h),
and then stored as glycerol (50% sterile glycerol) stock at –80 ◦C until further use. Glucose, yeast extract,
and tryptone were prepared and sterilized separately at 121 ◦C for 15 min followed by cooling to 50 ◦C
prior to mixing with filter-sterilized components (buffer and trace element solution), and this mixture
forms the final pre-culture medium. For inoculum preparation, 1 mL of P. polymyxa glycerol stock was
inoculated into 30 mL of pre-culture medium. The pre-culture medium contained (g/L); 20.0 glucose,
5.0 yeast extract (YE; Sigma-Aldrich, St. Louis, MO, USA), 5.0 tryptone (Sigma-Aldrich, St. Louis, MO,
USA), 0.2 MgSO4, and 3.0 (NH4)2SO4. The pre-culture was supplemented with 0.9 mL of phosphate
buffer (pH 6.5) and 0.09 mL of trace element solution. The phosphate buffer (pH 6.5) contained (g/L);
3.5 KH2PO4, 2.75 K2HPO4, while the trace element solution was prepared by dissolving 0.4 g FeSO4

in 3 mL 25% HCl, followed by the addition of 500 mL double-distilled H2O and (g); 0.8 H3BO3,
0.04 CuSO4·5H2O, 0.04 NaMoO4·2H2O, 5.0 MnCl2·4H2O, 0.1 ZnSO4·7H2O, 0.08 Co (NO3)2·6H2O,
1.0 CaCl2·2H2O, and 0.01 biotin. The trace element solution was made up to 1 L with double-distilled
H2O. The pre-culture was incubated aerobically at 37 ◦C and 200 rpm for 10–12 h in an incubator shaker
(New Brunswick Scientific, Edison, NJ, USA). When the optical density (OD600nm) of the pre-culture
reached 1.0–1.2, 30 mL (10 mL each) of actively growing cells were distributed in three 250 mL flasks
containing 90 mL sterile pre-culture medium each and incubated for another 2–3 h until the OD600nm

reached 1.0–1.2, and then the pre-culture was transferred to production medium. Phosphate buffer
and trace element solution were prepared separately and filter-sterilized using a 0.22 μm PES filter
(Corning Incorporated, Corning, NY, USA).

2.1.2. Batch and Fed-Batch Fermentations

Batch and fed-batch fermentations were conducted in a 5 L Bioflo 3000 Bioreactor (New Brunswick
Scientific, Edison, NJ, USA) with a 2 L starting volume. The bioreactor was equipped with sensors
for measuring pH and temperature and stirrers for medium agitation. The medium was continuously
stirred by means of 2 Rushton impellers (3-plate). Fermentations were conducted aerobically by
sparging sterile air into the medium at a flow rate of 150 mL/min through a 0.2 μm PTFE Acro®50 sterile
filter (Pall Corporation, Ann Arbor, MI, USA) using a Masterflex L/S® Pump (Cole-Parmer Instrument
Company, Vernon Hills, IL, USA) through the top of the bioreactor into the fermentation medium.
In addition to the concentrations of the medium components studied, the production medium
contained (g/L): 120 glucose, 3.5 KH2PO4, 2.75 K2HPO4, 0.2 MgSO4, 0.05 CoCl2, 10.0 3-(N-morpholino)
propanesulfonic acid (MOPS), and 6 mL of trace element solution (described above: microorganism
and culture preparation). All medium components were prepared separately and then mixed under
aseptic conditions. Fermentation was started at an initial pH of 6.5 ± 0.1 and the pH was externally
controlled with 12.5% NH4OH or 6.5 normal H3PO4 when the pH dropped below 6.0 ± 0.1 or increased
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above 6.5 ± 0.1. The fermentation medium was stirred at 300 rpm and the culture was fed when the
broth glucose concentration fell below 15 g/L for fed-batch fermentations. Each round of sugar feeding
was accompanied by the addition of half-strength of the other medium components (buffer and trace
element solutions).

2.1.3. Analytical Methods

Cell growth was determined by measuring optical density (OD600) in a DU® Spectrophotometer
(Beckman Coulter Inc., Brea, CA, USA). Changes in pH were measured using an Acumen® Basic pH
meter (Fischer Scientific, Pittsburgh, PA, USA). The concentrations of 2,3-BD, acetoin, ethanol, and
acetic acid were determined using a 7890A Agilent gas chromatograph (Agilent Technologies Inc.,
Wilmington, DE, USA) equipped with a flame ionization detector (FID) and a J × W 19091 N-213
capillary column [30 m (length) × 320 μm (internal diameter) × 0.5 μm (HP-Innowax film thickness)].
The carrier gas was nitrogen, and the inlet and detector temperatures were maintained at 250 and
300 ◦C, respectively. The oven temperature was programmed to span from 60 to 200 ◦C with
20 ◦C min−1 increments, and a 5 min hold at 200 ◦C. Samples (1 μL) were injected with a split
ratio of 10:1.

Glucose concentration was determined by HPLC using a Waters 2796 Bioseparations Module
equipped with an Evaporative Light Scattering Detector (ELSD; Waters, Milford, MA, USA) and a
9 μm Aminex HPX-87P column; 300 mm (length) × 7.8 mm (internal diameter) connected in series
to a 4.6 mm (internal diameter) × 3 cm (length) Aminex deashing guard column (Bio-Rad, Hercules,
CA, USA). The column temperature was maintained at 65 ◦C. The mobile phase was HPLC-grade
water maintained at a flow rate of 0.6 mL/min. The amounts of EPS produced were measured using a
previously described method [7].

2.2. Experimental Design and Data Analysis

Other authors have previously reported that yeast extract, ammonium acetate, ammonium
sulfate, glycerol, and tryptone, as well as temperature and inoculum size influence microbial 2,3-BD
production [16–20]. Some of these studies concluded that using high concentrations of expensive
yeast extract (up 60 g/L) was crucial for optimal 2,3-BD production. Therefore, we first conducted
one-factor-at-a-time experiments to evaluate the degrees of effect exerted by these factors on the
2,3-BD production capacity of P. polymyxa. The one-factor-at-a-time experiments underlined the
effects of yeast extract, ammonium acetate, ammonium sulfate, glycerol, and tryptone, as well
as temperature and inoculum size on 2,3-BD production by P. polymyxa; hence, we employed the
Plackett-Burman design, path of steepest ascent, Box-Behnken, and response surface methodology for
further optimization studies.

2.2.1. Plackett-Burman Design

Placket-Burman design allowed for the evaluation of important factors that influence 2,3-BD
production based on the assumption that the selected factors do not interact. In this design, each factor
was defined at two levels; a high (+1) and a low (−1), which represent two different concentrations or
condition set points. The actual experimental values were defined according to the equation;

Xi = xi − x0/Δxi (I = 1, 2, 3, . . . , k) (1)

From the equation above, Xi is the defined value of an independent factor such as inoculum size,
temperature, glycerol, tryptone, yeast extract, ammonium acetate, and ammonium sulfate, xi is the real
value of an independent factor, and x0 represents the real value of an independent factor at a center
point value. Furthermore, Δxi is the difference between the real value at the center point (x0) and the
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real values at the lower or upper point of an independent factor. The data obtained from the design
were fitted to a first-order model for 2,3-BD production as shown in the equation below;

Y = β0 + ∑βi Xi (2)

Y is the concentration of 2,3-BD obtained from each experimental run, while β0 is the intercept,
and Xi represents the ith factor (X1–X7; see Table 1) and βi is the regression coefficient of each factor
(X1–X7; see Table 1) [21]. The resulting data were then analyzed and fitted to a linear regression using
the Design Expert software package (version 10.0, Stat-Ease, Inc. Minneapolis, MN, USA). Analysis of
variance (ANOVA) at 95% confidence interval (p < 0.05) was used to determine the significant factors.
The significant factors were chosen for the path of steepest ascent experiment.

Table 1. Statistical analysis of Plackett-Burman design results showing the effect of medium components
and fermentation conditions on 2,3-BD production by P. polymyxa.

Factor Low Level
(−1)

High Level
(+1) % Contribution t Value p Value

X1: Inoculum size (%) 6 10 39.56 10.29 0.0260 *
X2: Temperature (◦C) 35 37 23.23 −7.88 0.0348 *

X3: CH3COONH4 (g/L) 3 5 4.87 3.61 0.0753
X4: (NH4)2SO4 (g/L) 2 4 9.30 4.99 0.0595

X5: Glycerol (g/L) 5 10 0.29 0.89 0.2112
X6: Yeast extract (g/L) 5 7 4.51 3.47 0.1174

X7: Tryptone (g/L) 5 7 18.23 −6.99 0.0377 *

R2 = 0.9993, Adj R2 = 0.9951 * Statistical significance.

2.2.2. Path of Steepest Ascent

The path of steepest ascent method enables the determination of three optimal levels at which
to further optimize each of the significant factors obtained from the Plackett-Burman design. This is
carried out by moving the center point value of each factor sequentially along the path of steepest
ascent until no further increase in 2,3-BD is obtained; i.e., the center point value of each selected factor
is either increased or decreased until the maximum 2,3-BD achieved begins to decline [22,23].

2.2.3. Box-Behnken Design and Response Surface Methodology

The optimal nutrient concentrations and fermentation conditions for maximum 2,3-BD production
were determined by employing the Box-Behnken design and response surface methodology. The three
significant factors—tryptone, temperature, and inoculum size—selected from the Plackett-Burman
design were varied at three levels. These factors were shown to exert the most significant effects
on 2,3-BD production. The Box-Behnken design, when integrated with response surface methodology
quantifies the relationship between the independent input factors and the obtained response
surfaces [24]. In this study, the association between the responses and the three important factors were
determined according to the second order polynomial function:

Y = β0 + ∑βi Xi + ∑βii Xi
2 + ∑βij Xi Xj (i,j = 1,2 . . . ,k) (3)

In the equation above, Y is the calculated 2,3-BD response function and β0 is the estimated regression
coefficient of the fitted response at the center point of the design, while Xi represents the corresponding
actual value factors for inoculum size, temperature, and tryptone. The regression coefficient for the linear
terms is represented by βi, whereas βij is the interaction effects and βii is the quadratic effect. The Design
Expert software package (Version 10.0, Stat-Ease Inc., Minneapolis, MN, USA) was used to calculate and
analyze the second-order polynomial coefficients. Analysis of variance (ANOVA) was used to test the
significance of independent factors (tryptone, inoculum size, temperature) and their interactions at an
alpha (α) level of 0.05.
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3. Results and Discussion

3.1. Plackett-Burman Design

To obtain an optimized medium and fermentation conditions for improved 2,3-BD production by
P. polymyxa, medium components and fermentation conditions were evaluated. Nutrient components
including tryptone, glycerol, ammonium sulfate, and other fermentation parameters (temperature and
inoculum size) were studied to determine the extent to which these factors impact 2,3-BD production
by P. polymyxa. All media contained crude glycerol. Crude glycerol served a dual purpose in the
medium—a source of carbon and an additional source of NADH, as glycerol catabolism generates two
additional molecules of NADH, relative to glucose on a molar basis [13,14]. The reducing equivalent
furnished by NADH is critical for 2,3-BD biosynthesis, as NADH is required for the reduction of
acetoin to 2,3-BD [25,26].

Tryptone was used as an organic nitrogen source in addition to yeast extract, whereas ammonium
acetate and ammonium sulfate served as inorganic sources of nitrogen. For fermentation conditions,
temperature and inoculum size were selected for investigation. Like most microbial processes, 2,3-BD
biosynthesis is enzyme-controlled, therefore, fermentation temperature impacts substrate consumption
and 2,3-BD production, because enzyme activity is temperature-dependent [19,20]. Inoculum size has
been reported to increase substrate utilization with improved 2,3-BD production and yield [19,27].
To our knowledge, this is the first report of combined optimization of fermentation nutrients and
conditions for enhanced 2,3-BD production by P. polymyxa. To determine the factors with significant
influence on 2,3-BD production, the Plackett-Burman design was employed to test each of the factors
at two levels. Our preliminary experiments involving each factor (one-factor-at-a-time experiment)
showed that the concentrations of yeast extract, tryptone, ammonium acetate, ammonium sulfate,
and glycerol that had significant influence on 2,3-BD production were approximately 5.0, 5.0, 4.0, 3.0,
and 7.0 g/L, respectively (Figures S1–S5). Furthermore, the approximate temperature and inoculum
size that exerted marked effects on 2,3-BD accumulation from the one-factor-at-a-time experiments
were 36 ◦C and 8%, respectively (Figures S6 and S7).

The results obtained from our one-factor-at-a-time experiments informed the selection of two
levels for each factor, which were then tested using the Plackett-Burman design. The two levels for
each of the factors were determined by employing Equation (1) above; designated as the low and high
levels, respectively, as shown in Table 1. The ANOVA generated from the experimental runs using
the Plackett-Burman design is shown in Table 1. The linear regression coefficient of the model, R2,
was 0.9993 and the adjusted determination coefficient, Adj R2, was 0.9951, which are both significantly
close to unity, indicating the robustness of the model for further studies. R2 measures variations in
2,3-BD response that are explained by the tested factors for a linear regression model, whereas Adj
R2 is the measure of goodness-of-fit for the model. As shown in Table 1, the p-values for tryptone,
temperature, and inoculum size were 0.0377, 0.0348, and 0.0260, respectively, indicating that tryptone,
temperature, and inoculum size were the most important factors that influenced 2,3-BD production by
P. polymyxa among the factors studied, at a 95% confidence interval.

Among the medium components tested, tryptone exerted the most significant effect on 2,3-BD
production by P. polymyxa. However, it was observed that further increase in the concentration
of tryptone in the fermentation medium increased biomass formation without increasing 2,3-BD
production as shown by the t-value of tryptone (Table 1). The pattern observed with tryptone was not
unusual considering that tryptone supplies amino acids for protein (including enzymes) biosynthesis,
as well as serves as a source of nitrogen for the biosynthesis of nucleic acids. In light of this, we
speculated that a concentration threshold may exist for tryptone, within which both biomass and 2,3-BD
accumulations by P. polymyxa occur optimally. On the other hand, increasing the temperature of the
fermentation medium negatively impacted 2,3-BD production by P. polymxa, as revealed by the t-value
of temperature in Table 1. Temperature regulation is essential for cells to function optimally, and
when temperature falls below, or exceeds the optimum range for an organism, cellular metabolism
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is impeded, which in this case, adversely affects 2,3-BD production [6]. Increasing inoculum size
in the fermentation medium was found to positively influence 2,3-BD production by P. polymyxa
as shown by the t-value of inoculum (Table 1). Inoculum size determines the population of viable
cells in the fermentation medium at time zero, and the greater the number of cells in the medium
at time zero, the shorter the lag phase of growth, which ultimately translates to a faster conversion
of substrates to 2,3-BD. For instance, the use of high inoculum size has been shown to decrease the
duration of bacterial acclimation to culture medium with increased productivity as opposed to when
a low inoculum volume is used [28]. A study conducted using Bacillus licheniformis showed that
increasing inoculum size from 0.5 to 10 g/L increased volumetric 2,3-BD productivity and 2,3-BD
yield from ~0.04 to 0.35 g/L/h and 0.11 to 0.35 g/g, respectively [19]. Furthermore, Jyothi et al. [29]
obtained higher glutamic acid concentrations when the inoculum size of Brevibacterium divaricatum
was increased from 3% to 7% with concomitant higher glutamic acid yields.

3.2. Path of Steepest Ascent Design

The path of steepest ascent method was used to determine the optimum levels for each of the three
significant factors obtained by the Plackett-Burman design. The optimum level for each of the factors
is critical for the Box-Behnken design and response surface methodology. For the path of steepest
ascent study, the center point (value) between the low and high levels in the Plackett-Burman design
was employed. The center point value for each factor was moved along a path that ensures an increase
in 2,3-BD production. The direction for which the center point of each factor is moved was informed by
the t-values shown in Table 1. The effects of tryptone and temperature were negative (−6.99 and −7.88,
respectively), whereas that of inoculum size was positive (+10.29). These imply that to increase 2,3-BD
production by P. polymyxa, the center point of each factor with a positive effect needs to be increased
sequentially while that with a negative effect is to be decreased until no further increase in 2,3-BD
production is observed. The center points for tryptone, temperature, and inoculum size were 5 g/L,
36 ◦C and 8%, respectively. Consequently, tryptone and temperature were decreased sequentially from
5 g/L and 36 ◦C to 2.5 g/L and 32 ◦C, respectively, while inoculum size was sequentially increased
from 8% to 10.5% until no further increase in 2,3-BD production was observed (Table 2). From Table 2,
the best three experiments in terms of 2,3-BD concentration were experiments 2, 3, and 4. The levels
of each factor corresponding to experiments 2, 3, and 4 in the path of steepest ascent were selected
for further optimization using the Box-Behnken design and response surface methodology. Based on
these, the low, center, and high values, respectively, selected for temperature were 33, 34, and 35 ◦C,
and those of inoculum size were 8.5%, 9.0%, and 9.5%, whereas the selected concentrations for tryptone
were 3.5, 4.0, and 4.5 g/L.

Table 2. The path of steepest ascent experimental design and 2,3-BD production by P. polymyxa.

Run
Factors 2,3-BD (g/L)

Inoculum Size (%) Temperature (◦C) Tryptone (g/L)

1 8.0 36 5.0 46.56
2 8.5 35 4.5 47.87
3 9.0 34 4.0 51.96
4 9.5 33 3.5 48.26
5 10 32 3.0 45.50

3.3. Box-Behnken Design and Response Surface Methodology

Based on the results obtained from the Plackett-Burman design and the path of steepest ascent
method, the Box-Behnken design was used to conduct 15 experimental runs to further optimize the
levels of temperature, tryptone, and inoculum size as shown in Table 3. Data obtained from the design
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matrix were analyzed using multiple regression and a second order polynomial equation model was
obtained as shown below:

Y = 51.97 + 0.64X1 − 0.16X2 + 1.17X7 + 2.36X1X2 − 0.79X1X7 +0.64X2X7 − 2.31X1
2 − 0.71X2

2 − 0.059X7
2 (4)

where Y was the predicted response, and X1, X2, and X7 were the defined values of inoculum size,
temperature, and tryptone, respectively.

Table 3. Box-Behnken design and response results for 2,3-BD production.

Run
Coded Values Actual Values 2,3-BD (g/L)

X1 X2 X7 X1 (%) X2 (◦C) X7 (g/L)

1 −1 0 +1 8.5 34 4.5 50.65
2 +1 0 +1 9.5 34 4.5 50.99
3 −1 +1 0 8.5 35 4.0 46.20
4 0 0 0 9.0 34 4.0 52.56
5 0 −1 −1 9.0 33 3.5 50.98
6 −1 −1 0 8.5 33 4.0 51.04
7 0 0 0 9.0 34 4.0 51.98
8 +1 −1 0 9.5 33 4.0 46.99
9 0 +1 +1 9.0 35 4.5 52.70
10 +1 0 −1 9.5 34 3.5 50.13
11 +1 +1 0 9.5 35 4.0 51.58
12 0 +1 −1 9.0 35 3.5 49.18
13 0 0 0 9.0 34 4.0 51.37
14 0 −1 +1 9.0 33 4.5 51.94
15 −1 0 −1 8.5 34 3.5 46.65

X1, inoculum size; X2, temperature; X7, tryptone. Error bars show standard deviations of the means (n = 3).

Analysis of variance (ANOVA) was used to test the statistical significance of the model as shown
in Table 4. The model had a p-value of 0.0017 which is far less than 0.05 (indicative of significance).
The regression coefficient, R2, of the model was 0.9750 and the adjusted determination coefficient,
Adj R2, of the model was 0.9300, implying that 93% of variation in the response can be explained by
the model. The lack of fit p-value was 0.5904, which indicates that the lack of fit was not significant,
which confirms that the model was adequate for predicting 2,3-BD production. The lack of fit test is
used to compare residual errors to the pure errors and gives an F-value for the model [30]. The F-value
of the model was 21.65, which is low, thereby confirming that the model is significantly robust.

Table 4. ANOVA for 2,3-BD production by P. polymyxa according to the response surface quadratic
model (lack of fit is not significant).

Factors Sum of Squares Degree of Freedom Mean of Squares F-Value p-Value

Model 61.55 9 6.84 21.65 0.0017 *
X1 3.32 1 3.32 10.50 0.0230 *
X2 0.21 1 0.21 0.66 0.4539
X7 10.90 1 10.90 34.52 0.0020 *

X1 X2 22.23 1 22.23 70.38 0.0004 *
X1 X7 2.46 1 2.46 7.80 0.0383 *
X2 X7 1.64 1 1.64 5.19 0.0718
X1

2 19.64 1 19.64 62.18 0.0005 *
X2

2 1.87 1 1.87 5.91 0.0592
X7

2 0.013 1 0.013 0.040 0.8487
Residual 1.58 5 0.32
Lack of fit 0.87 3 0.29 0.82 0.5904
Pure error 0.71 2 0.35
Cor. Total 63.13 14

R2 = 0.9750, Adj R2 = 0.9300; Cor. = Corrected; * Statistical significance.
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To further evaluate the optimal levels of the individual factors, the significance of each factor
and their interaction terms were tested using F-test, and the corresponding p-values for each of
the model terms are shown in Table 4. Model terms with a p-value less than 0.05 shows that the
terms are significant. The model terms for inoculum size, tryptone, inoculum size and temperature
(inoculum size x temperature), inoculum size and tryptone (inoculum size x tryptone), and the
quadratic term, inoculum size and inoculum size (inoculum size)2 were all found to be significant.
As shown in Table 4, tryptone was found to exert the largest effect on 2,3-BD production by P. polymyxa
amongst the individual terms studied, whereas inoculum size and temperature (inoculum size x
temperature) exhibited the largest effect when the individual and interaction terms were compared.

The interaction effects of factors were also evaluated by response surface methodology.
The response surface is a three-dimensional plot that graphically represents the regression equation
and shows relationship between the response and the independent factors [31,32]. Concave or convex
response surfaces show that the maximum or minimum response is located within the experimental
region, whereas a saddled surface shows a relative maximum and a relative minimum response,
respectively [16,33]. Furthermore, the contour plots are two-dimensional representations of the
response surface, which enhance the visual interpretation of the response surface [32,33]. Plots showing
elliptical contours indicate significant interactions between the independent factors and the center of
the smallest ellipse refers to a point of maximum or minimum response [31]. Also, plots with circular
contours show that the interactions between the independent factors are negligible [32].

In the present study, the interaction between temperature and inoculum size when tryptone
is maintained at the center value (4.0 g/L) shows a concave surface (Figure 1a), suggesting the
presence of an apparent optimum condition. The corresponding elliptical contour plot shows that the
interaction between temperature and inoculum size has significant effect on 2,3-BD production by
P. polymyxa (Figure 1b). Additionally, the interaction between inoculum size and tryptone when the
temperature is kept at the center point value also shows a concave surface (Figure 1c) with an elliptical
contour (Figure 1d), thereby indicating a significant interaction. Conversely, the interaction between
temperature and tryptone shows a contour that is not elliptical, therefore, not significant (Figure 2b).
The optimum levels for the factors where maximum 2,3-BD production by P. polymyxa is predicted
was obtained from the elliptical contour plot of Figure 1b, where strong interactions was observed.
The maximum levels of inoculum size and temperature were indicated at the point of intersection
between the major and minor axes confined by the smallest ellipse in Figure 1b [16,34,35]. The optimum
conditions for maximum predicted 2,3-BD production was calculated when the coordinates of the
important points (from Figure 1b) were inserted into Equation (3), and the partial derivatives were
set to zero. The maximum predicted 2,3-BD was 51.52 g/L, which corresponds to a temperature of
34.98 ◦C and an inoculum size of 9.45%. The concentration of tryptone at this maximum predicted
2,3-BD was 3.5 g/L. The contour plots showing interactions between inoculum size and tryptone
and between temperature and tryptone were not fully elliptical. The lack of a perfect elliptical
contour is an indication that little or minimal interaction exists between the factors under evaluation.
Thus, the optimized fermentation medium and conditions obtained in this study were 9.5% inoculum
size, 120 g/L glucose, 3.5 g/L tryptone, and a temperature of 35 ◦C with the addition of yeast extract,
5 g/L; ammonium acetate, 4 g/L; NH4SO4, 3 g/L, crude glycerol, 7 g/L; KH2PO4, 3.5 g/L; K2HPO4,
2.75 g/L; CoCl2, 0.05 g/L, MgSO4, 0.2 g/L; MOPS, 10 g/L; and trace element solution.
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Figure 1. Contour and response surface plots. (a) The response surface plot; (b) the resultant contour
plot showing the effects of temperature and inoculum size on 2,3-BD production by P. polymyxa with
tryptone fixed at 4 g/L; (c) response surface plot and (d) the resultant contour plot depicting the effects
of tryptone and inoculum size on 2,3-BD production by P. polymyxa with the temperature fixed at 34 ◦C.

Figure 2. Contour and response surface plots. (a) The response surface plot and (b) the resultant
contour plot (b) showing the effects of tryptone and temperature on 2,3-BD production by P. polymyxa
with the inoculum size fixed at 9%.
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3.4. Experimental Validation of the Optimized Medium and Conditions in Batch and Fed-Batch Fermentations

The optimized fermentation medium and conditions obtained from the analyses above were then
used to conduct batch and fed-batch fermentations in a 5 L bioreactor to validate the fermentation
medium and conditions. In each case, fermentation was conducted with a starting volume of 2 L.
As shown above, apart from inoculum size, temperature, and tryptone, all the other factors that were
tested by the Plackett-Burman experimental design were kept at their center point values. Batch and
fed-batch fermentations were conducted in triplicate. The concentration of 2,3-BD obtained from
the mean of three biological replicates using the optimized medium and conditions was 51.10 g/L,
which was 99% of the predicted maximum 2,3-BD concentration of 51.52 g/L by response surface
methodology. The yield and productivity of 2,3-BD obtained in the batch fermentation were 0.42
and 1.70, respectively (Table 5). The batch fermentation profile in Figure 3a shows complete glucose
utilization, which is an indication of efficient glucose conversion to 2,3-BD with minimal formation of
competing products. Thus, in addition to increased 2,3-BD production, the concentrations of ethanol,
acetic acid, EPS, and acetoin were considerably diminished (Table 5 and Figure S8), when compared
to non-optimized fermentations [7]. Due to reduced diversion of carbon to the EPS and ethanol
biosynthesis pathways, and most likely, increased carbon flux from acetoin and acetic acid to 2,3-BD
production during batch fermentation by P. polymyxa, the 2,3-BD yield increased from 0.32 g/g glucose
under non-optimized fermentation conditions [7] to 0.42 g/g glucose under optimized conditions,
accounting for a 31% increase in 2,3-BD yield.

To further determine the maximum 2,3-BD that P. polymyxa can accumulate using the optimized
fermentation medium and conditions, a fed-batch fermentation was conducted. During the fed-batch
process, glucose was intermittently replenished in the culture, accompanied by the addition of
half-strength of the other nutrient components until no further increase in 2,3-BD production
or glucose consumption was observed. The maximum 2,3-BD obtained from the mean of three
independent fed-batch fermentations was 68.54 g/L with a yield and productivity of 0.34 and 0.70,
respectively (Table 5; Figure 3b). Similarly, the concentrations of competing products, namely acetoin,
ethanol, and acetic acid were considerably reduced, indicating that the optimized process enabled
the efficient conversion of substrate carbon to the desired product, 2,3-BD. Nonetheless, acetoin was
observed to increase towards the end of the fermentation, at which point, a corresponding decline in
2,3-BD was observed; a mechanism that P. polymyxa is thought to adopt for reducing the toxicity of
2,3-BD at an elevated concentration [7]. Notably, the yield and productivity of 2,3-BD reduced as the
fermentation mode was switched from batch to fed-batch (Table 5). This is not unusual considering that
greater amounts of glucose are consumed in the fed-batch cultures, some of which is funneled to cell
maintenance and growth. In fact, the cell dilution effect resulting from intermittent feeding of glucose
and other nutrients into the broth engenders a lag phase; albeit transient, thereby triggering transient
cell growth following glucose supplementation, which diverts glucose away from 2,3-BD biosynthesis,
momentarily. On the other hand, the concentration of acetoin in the fed-batch fermentation increased
3-fold whereas those of ethanol and acetic acid exhibited 1.2-fold increases, when compared to the
batch fermentation (Table 5). A portion of the additional glucose fed into the fed-batch cultures
were further converted to ethanol and acetic acid, which were observed to increase relative to the
batch cultures that were not fed additional glucose. Interestingly, the optimized culture medium and
conditions resulted in a 19% reduction in EPS production in both the batch and fed-batch fermentations
(Table 5; Figure S8).
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Figure 3. The fermentation profiles of P. polymyxa using optimized culture medium and conditions.
(a) Batch and fed-batch (b) fermentations.

Table 5. The product profiles of P. polymyxa grown in batch and fed-batch fermentations under
optimized conditions.

Product Profile

Batch Fermentation Fed-Batch Fermentation

Max. conc. (g/L) Yield (g/g) Productivity
(g/L/h) Max. conc. (g/L) Yield (g/g) Productivity

(g/L/h)

2,3-BD 51.10 ± 0.61 0.42 ± 0.01 1.70 ± 0.02 68.54 ± 4.25 0.34 ± 0.03 0.70 ± 0.04
Ethanol 6.64 ± 0.19 0.06 ± 0.00 0.22 ± 0.01 8.15 ± 0.51 0.06 ± 0.00 0.17 ± 0.01
Acetoin 3.96 ± 0.08 0.03 ± 0.00 0.08 ± 0.00 12.01 ± 2.43 0.05 ± 0.01 0.10 ± 0.02

Acetic acid 1.51 ± 0.07 0.01 ± 0.00 0.03 ± 0.00 1.82 ± 0.71 0.01 ± 0.00 0.03 ± 0.01
EPS 4.97 ± 0.15 0.04 ± 0.00 0.41 ± 0.01 4.69 ± 0.02 0.02 ± 0.00 0.39 ± 0.00

Glucose
consumed 120.54 ± 1.55 N/A N/A 199.97 ± 8.53 N/A N/A

N/A: Not applicable. Error bars show standard deviations of the means (n = 3).

A comparison of the 2,3-BD concentration obtained in this study to those from other studies is
summarized in Table 6. Different strains of P. polymyxa have been shown to possess the enzymatic
repertoire for metabolizing several carbon sources to 2,3-BD, with yields ranging from 0.33 to 0.51 g/g
glucose (Table 6). Notably, Häßler et al. [8] reported the production of 111 g/L 2,3-BD using a complex
fermentation medium containing 60 g/L yeast extract. The use of 60 g/L yeast extract in large-scale
2,3-BD fermentation would increase the cost of production astronomically. Hence, an important
achievement of this study is the development of an inexpensive fermentation medium for 2,3-BD
fermentation. To assess the degree of impact exerted on 2,3-BD production by tryptone and yeast extract
in this study, each of the nitrogen sources (yeast extract and tryptone) were incorporated in the growth
medium up to 7 g/L (0, 3, 5, 7 g/L) prior to optimization studies (one-factor-at-a-time experiments).
As depicted in Figures S4 and S5, the addition of yeast extract and tryptone in the fermentation
medium resulted in increased 2,3-BD production in a concentration dependent manner. However, the
increase in 2,3-BD accumulation in the fermentation broth diminished at tryptone and yeast extract
concentrations above 5 g/L (that is, at 7 g/L), suggesting that increasing tryptone and yeast extract
concentrations above 5 g/L may not engender a further increase in 2,3-BD production. In light of
this, we rationalized that lower tryptone and yeast extract concentrations may be ideal for 2,3-BD
production by P. polymyxa; an economic benefit for large-scale fermentation. Indeed, optimization
studies demonstrated that 5 and 3.5 g/L yeast extract and tryptone, respectively, resulted in increased
2,3-BD production from ~27 and ~47 (in un-optimized) to 51 and 68.5 g/L 2,3-BD (in optimized) batch
and fed-batch fermentations, respectively.
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It is worth mentioning that Häßler et al. [8] used varying fermentation parameters,
namely 500 rpm, 0.2 vvm, 37 ◦C, and sucrose as a carbon source whereas 300 rpm, 0.075 vvm,
35 ◦C, and glucose (a more readily available sugar from different biomass materials) were used in the
present study. However, it is unlikely that interactions between medium components and fermentation
conditions contributed to such high levels of 2,3-BD production (111 g/L). Indeed, Okonkwo et al. [7]
demonstrated recently that 2,3-BD-mediated toxicity on P. polymyxa increased remarkably when the
total 2,3-BD concentration in the fermentation broth exceeded the toxic threshold (48 g/L), thereby
necessitating backward conversion to acetoin (acetoin ↔ 2,3-butanediol), possibly to alleviate 2,3-BD
toxicity. Overall, the 2,3-BD yield of 0.42 and productivity of 1.70 obtained in the batch fermentation in
this study compares favorably to those reported by other authors. It is worth noting that the yield and
productivity obtained in this study were achieved using lower amounts of organic nitrogen sources
in the forms of tryptone and yeast extract when compared to the other studies; a critical economic
consideration for large-scale operations.

Table 6. Comparison of 2,3-BD concentrations obtained in this study to those of other studies using
P. polymyxa.

Carbon Source 2,3-BD (g/L) 2,3-BD Yield
(g/g)

2,3-BD Prod.
(g/L/h) GO ONS (g/L) PP FM Ref.

Glucose 51.10 ± 0.61 0.42 ± 0.01 1.70 ± 0.02 11.27 ± 0.06 YE, 5;
tryp., 3.5 PP DSM 365 B This

work

Glucose 68.54 ± 4.25 0.34 ± 0.03 0.70 ± 0.04 11.92 ± 0.11 YE, 5;
tryp., 3.5 PP DSM 365 FB This

work

Raw inulin
extract from
Jerusalem

artichoke tubers

37.57 ± 0.32 0.51 0.89 26.79 ± 0.35 * YE, 3; pep, 2 PP ZJ-9 B [16]

Glucose 71.71 ND 1.33 13 YE, 10 PP CJX518 FB [36]

Sucrose 111 ND 2.06 23 † YE, 60 PP DSM 365 FB [8]

Glucose 16.50 0.33 2.01 9.5 YE, 15 PP ICGEB2008 B [37]

Inulin 51.3 ND ND NS YE, 6; Pep., 3 PP ZJ-9 (XG-1) FB [38]

Inulin 36.8 ND ND 11 † YE, 6; Pep., 3 PP ZJ-9 (XG-1) B [38]

* Unit in g/L; † Determined at OD660nm; NS—Not shown; ND—not detected; GO—Growth (OD600nm);
ONS—Organic nitrogen source; PP—Paenibacillus polymyxa; FM—Fermentation mode; B—batch; FB—Fed-batch;
YE—yeast extract; Pep.—peptone; tryp.—tryptone; Ref.—references. The data shown are maximum product
concentrations and cell growth achieved during fermentation.

4. Conclusions

Based on the results from the Box-Behnken design and response surface methodology,
an optimized medium (7 g/L crude glycerol included) and culture conditions for enhanced 2,3-BD
production by P. polymyxa were developed. The optimized conditions were validated in batch and
fed-batch fermentations, leading to the production of 51.10 and 68.54 g/L, respectively, of 2,3-BD.
These account for 47% and 31% increases in 2,3-BD production in batch and fed-batch cultures,
respectively, with attendant diminished generation of competing co-products, especially EPS, relative to
the non-optimized fermentations. The results presented here underline the interplay between medium
components, culture conditions, and product-mediated toxicity (feedback inhibition), as the earlier
determined toxic threshold of 2,3-BD (50 g/L) on P. polymyxa in a non-optimized medium [7] was
significantly exceeded in this work (68.54 g/L). However, it is worth mentioning that glycerol
was incorporated in the fermentation medium used in this study, which may contribute to 2,3-BD
biosynthesis via improved NADH regeneration, especially in the optimized medium, relative to the
un-optimized control medium. Collectively, we demonstrate that lower amounts of the expensive
organic nitrogen sources, tryptone and yeast extract, can be used for optimal 2,3-BD production.
This represents a significant reduction in operating costs in the efforts to commercialize biological
production of 2,3-BD.
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Abstract: Kinetic models for bioethanol production from waste sorghum leaves by Saccharomyces cerevisiae
BY4743 are presented. Fermentation processes were carried out at varied initial glucose concentrations
(12.5–30.0 g/L). Experimental data on cell growth and substrate utilisation fit the Monod kinetic
model with a coefficient of determination (R2) of 0.95. A maximum specific growth rate (μmax)
and Monod constant (KS) of 0.176 h−1 and 10.11 g/L, respectively, were obtained. The bioethanol
production data fit the modified Gompertz model with an R2 value of 0.98. A maximum bioethanol
production rate (rp,m) of 0.52 g/L/h, maximum potential bioethanol concentration (Pm) of 17.15 g/L,
and a bioethanol production lag time (tL) of 6.31 h were observed. The obtained Monod and modified
Gompertz coefficients indicated that waste sorghum leaves can serve as an efficient substrate for
bioethanol production. These models with high accuracy are suitable for the scale-up development
of bioethanol production from lignocellulosic feedstocks such as sorghum leaves.

Keywords: Monod equation; modified Gompertz equation; bioethanol; sorghum leaves

1. Introduction

Ideal crops for commercial bioethanol production in South Africa include maize, grain sorghum,
and sugar cane [1]; however, in order to completely utilise these materials, post-harvest field waste
should be employed for biofuel production. Sweet sorghum (Sorghum bicolor (L.) Moench), in particular,
yields significant amounts of biomass (leaves and pressed stalks) and sugar (found in stalks) [2].
Bioconversion of lignocellulosic material to renewable fuels is currently receiving great interest since it
does not impact food security [2]. Several studies on the enhancement of fermentable sugar release from
lignocellulosic substrates have been reported [3–5]. Microwave-assisted pre-treatment has received
increased attention due to its lower energy demand and shorter process times [6]. Microwave radiation
alters the structure of lignocellulose by emitting electromagnetic radiation, which results in the
formation of thermal pockets. These pockets ultimately explode due to an increase in heat, leading to
the relocation of crystalline structures within the lignocellulosic material [6]. Gabhane et al. [7] studied
the individual and interactive effects of acid and alkali pre-treatments using an autoclave, microwave,
and ultrasonicator, and obtained a maximal reducing sugar yield of 36.84% from acid pre-treated
banana waste by using microwave radiation. Despite the vast information available on lignocellulosic
pre-treatment, a significant knowledge gap exists between this and the kinetic assessment of the
fermentation efficiency of pre-treated lignocellulosic substrates for biofuel production.

Bioethanol is one such fuel which exhibits several advantages over conventional fossil fuels.
This includes its renewable nature, ease of storage, higher oxygen content, higher octane number, the fact
that it is free of sulfur, and contributes less to global warming and air pollution [8,9]. In recent times,
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the application of bioethanol as a fuel replacement has become more appealing [9]. Subsequent to
lignocellulosic pre-treatment, the fermentable sugars released are converted to bioethanol by the
exploitation of microbial metabolism, with the simultaneous release of carbon dioxide. Numerous studies
have focused on the production of bioethanol from sorghum [10–12]. Suryaningsih and Irhas [10] obtained
an optimal ethanol concentration of 40 g/L after 48 h of fermentation using sorghum grain, while an
ethanol content of 12.4 g/L was obtained by Massoud et al. [11] by using the lignocellulosic hydrolysate
of pressed sorghum stalks. However, very few have determined the efficiency of bioethanol production
from sorghum leaves alone. Globally, efforts are being made to further expedite the use of renewable
fuel sources as an alternative. These efforts are being challenged by a significant increase in the cost
of production [13]. This suggests that further modelling and optimisation studies are required for the
development of biofuel from lignocellulosic substrates.

Kinetic modelling refers to a mathematical description of the changes in the properties of
a system in which biochemical reactions take place [14]. These models assist in the design of a
production process by representing the complex biochemistry of cells. Kinetic models can be used to
understand, predict, and evaluate the effects of altering the components of a fermentation process [15].
Most commonly, these models are used to increase yield and productivity as well as minimise the
formation of undesired by-products, ensuring that the product is of high quality [15]. Models capable
of describing the kinetics of microbial growth, substrate utilisation, and product formation play a
fundamental role in process optimisation and control [16] by providing a basis for process design,
control, and scale-up [17].

Monod kinetics models are commonly used to describe biomass growth and product formation
with respect to the limiting substrate [18], while the modified Gompertz models are used to determine
production lag time, maximum production rate, and maximum product concentration on a given
substrate [8,19]. The original Gompertz function has been applied in a wide range of research areas,
such as ecology, marketing, actuarial sciences, medicine, and biology [20]. Although the modified
Gompertz equation has been used in many studies for ethanol and hydrogen production [19,21,22],
very few studies have reported on bioethanol fermentation kinetics using lignocellulosic biomass as
a feedstock [2,17,18]. These studies include feedstocks such as populus hydrolysate [17], sweet sorghum
stalks [2], and rice hulls [18]. Despite this, there is a scarcity of information regarding the fermentation
kinetics of this fuel using waste sorghum leaves.

Knowledge from fermentation kinetic studies on waste sorghum leaves will provide fundamental
information on process characteristics and behaviour. Furthermore, decisions involving process control
and improvement can be made with relative ease when a bioprocess is fully understood, advancing
its commercial application. In this study, the Monod and modified Gompertz models were used to
assess the kinetic behaviour of a bioethanol fermentation process (in a batch system) using waste
sorghum leaves.

2. Materials and Methods

2.1. Feedstock Preparation and Pre-Treatment

Sorghum leaves used in this study were harvested from Ukulinga Research Farm, Pietermaritzburg,
South Africa (29◦67′ E, 30◦40′ S). Approximately five to eight sorghum leaves were cut off at the
leaf collar of mature (approximately 100–120 days) plants. They were immediately oven-dried at
70 ◦C for 48 h and milled to particle sizes of 1–2 mm using a centrifugal miller (Retsch ZM-1,
Durban, South Africa). Milled leaves were treated under previously optimised conditions [23]; i.e., a 3.83%
(v/v) HCl (Merck, Durban, South Africa) solution at a solid-to-liquid (S:L) ratio of 16.66% for 2 min at
600 W in a 1000 W capacity microwave oven (Samsung, Model: ME9114S1, Durban, South Africa).
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2.2. Enzymatic Hydrolysis

Pre-treated biomass was rinsed with distilled water until a pH of 4.0 was achieved. The biomass
was then oven-dried at 60 ◦C overnight and enzymatically hydrolysed using powdered cellulase
enzyme, Onozuka R-10 (Merck, Durban, South Africa) in 500 mL Erlenmeyer flasks. A solid loading
rate of 20 g dry biomass in 200 mL 0.05 M citrate buffer, with an enzyme loading rate of 50 mg/g of
dry biomass was employed. The pH during enzymatic hydrolysis was 4.8, and the temperature was
maintained at 50 ◦C using a water bath at 120 rpm for 72 h. The hydrolysate was filtered, and the
filtrate was analysed for glucose concentration.

2.3. Fermentation Medium Formulation

A mineral salt solution (pH 4.5) containing (in g/L); yeast extract, 1.0; (NH4)2SO4,
2.0 and MgSO4, 1.0 was autoclaved at 121 ◦C for 15 min. All reagents purchased from Merck
(Durban, South Africa). Filter-sterilised enzymatic hydrolysate was then added to the mineral salts.
Initial glucose concentrations within a range of 12.5–30.0 g/L were obtained by diluting or—where
needed—supplementing with pure glucose.

2.4. Microorganism and Inoculum Preparation

The S. cerevisiae BY4743 used in this study was obtained from the Department of Genetics,
University of KwaZulu-Natal, Pietermaritzburg, South Africa. A single flask containing 100 mL
Yeast-Peptone-Dextrose (YPD) medium was inoculated with a single colony and grown at 150 rpm,
30 ◦C overnight, until the exponential growth phase was reached. This culture was inoculated (10%)
into the prepared fermentation medium (working volume of 100 mL) containing an initial glucose
concentration of 12.5 g/L. The culture was then grown under the same conditions as previously
described and then used as a starter culture for subsequent fermentation processes.

2.5. Fermentation Process and Analytical Methods

Fermentation processes were carried out in sterilised 250 mL flasks with a working volume of
100 mL. Aliquots of 10 mL (10% inoculation) S. cerevisiae were aseptically added to the fermentation
flasks, and the cultures were incubated at 30 ◦C at 120 rpm for 24 h, or until glucose concentrations were
depleted. Fermentations were aseptically sampled every two h and assessed for biomass concentration,
sugar content, and bioethanol content.

The sugar content of filtered enzymatic hydrolysate and fermentation media was determined
using a YSI 2700 Model Biochemical Analyser (YSI, Yellow Springs, OH, USA). Ethanol content
was determined in the gas phase of the fermentation process, using an ethanol vapour sensor
(ETH-BTA, Vernier Software and Technology, Beaverton, OR, USA). The absorbance of the culture
broth was measured using a spectrophotometer (UV-Vis Spectrophotometer, UVmini-1240, Shimadzu,
Kyoto, Japan) at 650 nm. Cell biomass quantification was achieved by using absorbance as a function
of the concentration of yeast cells. A standard curve was prepared by determining the dry weights
and corresponding absorbance values of yeast biomass at varied dilutions of a 24 h S. cerevisiae
culture, grown in fermentation media containing 12.5 g/L glucose. Dry weights were determined by
centrifuging 5 mL of each dilution (1, 1/2, 1/4, 1/8, and 1/10) for 10 min at 5000 rpm. The supernatant
was removed, and the remaining biomass was dried at 60 ◦C until a constant mass was obtained.

2.6. Calculations of Kinetic Model Constants

The average specific growth rates (μ) of fermentation processes carried out in duplicate were
calculated using Equation (1). The specific growth rate values (μ) and the substrate concentration data
were subsequently used to estimate the maximum specific growth rate (μmax) and Monod constant
(KS) by the double reciprocal Lineweaver–Burk plot. The Lineweaver–Burk plot has the possibility of
distorting the error structure of the data, but it is still used for representation of kinetic data because
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the double reciprocal plot usually automatically and conveniently provides a considerably improved
weighting for linear graphs of most kinetic parameters as a function of substrate concentration [24].

μ =
lnX2 − lnX1

t2 − t1
(1)

where X2 and X1 are biomass concentrations (g/L) at time instants t2 and t1, respectively.
The linear form of this equation is as follows:

1
μ
=

1
μmax

+
Ks

μmax

(
1
S

)
(2)

where S represents substrate concentration. In addition, experimental data on bioethanol production
over time were used to fit the modified Gompertz model (Equation (3)) using the least squares method,
(CurveExpert V1.5.5), which showed the lag time, maximum bioethanol production rate, and the
potential maximum product concentration.

P = Pm · exp
{
−exp

[
rp,m· exp(1)

Pm

]
· (tL − t) + 1

}
. (3)

where P is bioethanol concentration (g/L), Pm is potential maximum bioethanol concentration (g/L),
rp,m is maximum bioethanol production rate (g/L/h), and tL is the time from the beginning of
fermentation to exponential bioethanol production (h).

Sugar utilisation, ethanol yield, ethanol productivity, and fermentation efficiency were calculated
using the following Equations (4)–(7) respectively [25]:

Sugar utilisation (%) =
Original sugar content − Residual sugar content

Original sugar content
× 100 (4)

Ethanol yield
[

g(ethanol)
g(glucose)

]
=

Maximum ethanol concentration (g/L)
Utilised glucose (g/L)

(5)

Ethanol productivity (g/L/h) =
Maximum ethanol concentration (g/L)

Fermentation time (h)
(6)

Fermentation e f f iciency (%) =
Actual ethanol yield (g/L)

Theoretical ethanol yield (g/L)
× 100 (7)

3. Results and Discussion

3.1. Monod Kinetic Model of S. cerevisiae on Waste Sorghum Leaves

The microwave-assisted acid pre-treatment and subsequent enzymatic hydrolysis of the
biomass of sorghum leaves resulted in a glucose yield of 0.153 g/g sorghum leaves. Cell biomass,
bioethanol production, and glucose consumption were monitored throughout the fermentation process.
The correlation between absorbance and dry weight of yeast biomass was determined by linear
regression, which gave a correlation coefficient (r) of 0.96. The specific growth rate (μ) values were
calculated using the exponential (log) phase of microbial growth. The values obtained were 0.096,
0.104, 0.114, 0.122, and 0.123 h−1 at initial substrate concentrations of 12.5, 13.3, 19.4, 21.8, and 23.1 g/L,
respectively (Figure 1). In comparison, Echegaray et al. [26] obtained a range of specific growth
rates between 0.019 and 0.240 h−1 using diluted sugarcane molasses as a substrate (170–270 g/L
total reducing sugar range) under anaerobic cultivation of S. cerevisiae. In addition, an increase in μ

values from 0.096 to 0.123 h−1 was observed when the initial glucose concentration increased from
12.5 to 23.0 g/L. A similar trend was reported by Laopaiboon et al. [27], whereby an increase in glucose
concentration from 10 to 150 g/L resulted in an increase of μ value from 0.43 to 0.49 h−1. These findings
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suggest that the specific growth rate of a culture increases with increasing substrate concentration,
until substrate saturation is reached [28].

Figure 1. Specific growth rates (μ) of S. cerevisiae BY4743 at varied initial glucose concentrations.

Data on the specific growth rate (μ) values and initial substrate concentrations were used to
estimate KS and μmax (Figure 2). A maximum specific growth rate (μmax) value of 0.176 h−1 was
obtained, which was close to the value of 0.169 h−1 previously reported by Dodić et al. [19] using
S. cerevisiae cells grown on raw sugar beet juice. As cell growth rate is largely dependent on substrate
concentration, it is expected that a higher initial sugar concentration will result in higher Monod
coefficients [28]. The KS value obtained (10.11 g/L) was in line with values previously reported from
several studies on lignocellulosic substrates (Table 1). Using citrus pulp waste as a substrate, a KS value
of 10.690 g/L was reported by Raposo et al. [29], while Srimachai et al. [16] obtained a KS value of
10.210 g/L using oil palm frond juice. These observations imply that S. cerevisiae has a similar affinity
(1/KS) to sorghum leaves as oil palm frond juice, glucose, and citrus waste pulp. In contrast to this,
Ariyajaroenwong et al. [2] reported a Monod constant (KS) of 47.510 g/L when using sweet sorghum
juice as a substrate. This decreased affinity may be due to the presence of more than one type of
sugar in sweet sorghum juice [2]. Singh and Sharma [30] reported a KS value of 3.700 g/L using
glucose, which is much lower than the range observed in previous studies; however, this corresponds
to a higher affinity constant, which is expected as glucose is metabolised with ease.

Figure 2. Lineweaver–Burk plot used to estimate Monod constants for batch ethanol production from
waste sorghum leaves (SL).
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Variations in KS values (from 3.7 to 213.6 g/L) can be attributed to substrate type and concentration,
strains of yeast employed, or the fermentation process itself [2]. These data demonstrate that the
suitability of waste sorghum leaves as a substrate for S. cerevisiae growth is similar to that of raw
sugar beet juice and oil palm frond juice. Furthermore, the fermentation volume size may impact
the KS value. This is illustrated by the vast differences in substrate affinity for glucose obtained by
Shafaghat et al. [22] using a working volume of less than 250 mL and Ahmad et al. [9] with a working
volume of 8 L. The differences observed between the aforementioned studies may be attributed to
additional process challenges encountered in large volume, such as poor agitation, low mass transfer,
and inhomogeneity.

Table 1. Comparison of the obtained Monod model coefficients with previous studies.

Substrate μmax (h−1) KS (g/L) Reference

Sorghum leaves 0.176 10.110 This study
Oil palm frond juice (10–20 years) 0.150 10.210 Srimachai et al. [25]

Sugar beet raw juice 0.169 ND Dodić et al. [19]
Sweet sorghum juice 0.313 47.510 Ariyajaroenwong et al. [2]

Glucose 0.291 ND Govindaswamy et al. [31]
Banana peels 1.500 25.000 Manikandan et al. [32]

Glucose 0.084 213.60 Ahmad et al. [9]
Glucose 0.650 11.390 Shafaghat et al. [22]

Citrus waste pulp 0.350 10.690 Raposo et al. [29]
Glucose 0.133 3.700 Singh and Sharma [30]

ND: Not determined.

3.2. Bioethanol Production

The bioethanol production trend of S. cerevisiae cultivated on fermentation medium prepared
from sorghum leaves is shown in Figure 3. A rapid depletion of glucose was observed from 0 to 32 h.
A lag phase in bioethanol production of 6 h was obtained. This corresponds to cell adaptation and
synthesis of key nutrients required for biomass or product (bioethanol) formation [14]. Ardestani and
Shafiei [33] reported exponential growth of S. cerevisiae after 7 h of incubation. A rapid increase in
ethanol concentration was observed from 6 to 28 h, corresponding to the exponential stage (Figure 4).
This is expected, as ethanol is a primary metabolite and is therefore produced during the exponential
phase of cell growth. A similar observation was reported by Lin et al. [34], where a steady increase
in ethanol was observed over a duration of 48 h at 30 and 40 ◦C. An average ethanol yield of
0.49 g-ethanol/g-glucose was obtained, corresponding to a 96% fermentation efficiency during this
period. Fermentation efficiencies between 72.78% and 78.43% have been reported by Srimachai et
al. [25] using oil palm frond juice as a substrate, whilst ethanol yields between 0.40 and 0.49 g/g
have been obtained from raw sugar beet juice [19]. Waste sorghum leaves show excellent potential
for lignocellulosic bioethanol production. A productivity of 0.345 g/L/h was observed in this study.
Ethanol productivities on other lignocellulosic substrates in the range of 0.25 to 1.01 g/L/h have
been reported [35–38], further pointing to the relative higher potential of waste sorghum leaves for
bioethanol production.

The modified Gompertz model was fitted to the experimental data, and kinetic coefficients were
determined (Equation (8)).

P = 17.15exp
{
−exp

[
0.52 exp(1)

17.15

]
· (6.31 − t) + 1

}
(8)

The fitted regression curve exhibited an R2 value of 0.98 and a correlation coefficient (r) of 0.99,
suggesting that this model is able to efficiently describe bioethanol production during the fermentation
of sorghum leaf wastes. The Gompertz coefficients for maximum potential bioethanol concentration
(Pm), maximum bioethanol production rate (rp,m), and lag time were 17.15 g/L, 0.52 g/L/h, and 6.31 h,
respectively, from waste sorghum leaves. Very few studies have reported a lag time of longer than
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one hour [19]. This suggests that a duration of at least 6 h was required for yeast cells to adapt to
fermentation medium derived from waste sorghum leaves. Additionally, the maximum potential
bioethanol concentration of 17.15 g/L—which corresponds to 2.17% (v/v)—illustrates that the impact
of ethanol concentration within the medium may have a slight effect on the specific growth rate of
S. cerevisiae. This is supported by an earlier study by Dinh et al. [39], which showed that a higher
initial ethanol concentration within fermentation media resulted in an increase in the time required
for cells to reach the optimal bioethanol production rate as well as a reduction in the maximum
ethanol concentration.

Figure 3. Average glucose utilisation and ethanol formation during batch fermentation by S. cerevisiae BY4743.

Figure 4. Plot illustrating the fitted modified Gompertz curve.

Table 2 shows a comparison of the Gompertz coefficients obtained from this study using sorghum
leaves and those reported from oil palm frond juice and sugar beet raw juice. From sorghum leaves,
a higher maximum potential bioethanol concentration was achieved. In addition to this, an observed
bioethanol production rate of 0.52 g/L/h was two times that achieved by Srimachai et al. [25] from
oil palm frond juice. This illustrates the higher potential of waste sorghum leaves to accommodate
a higher production rate.
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Table 2. Comparison of modified Gompertz model parameters with previous studies.

Substrate Pm (g/L) rp,m (g/L/h) tL (h) Reference

Sorghum leaves 17.15 0.52 6.31 This study
Oil palm frond juice (10–20 years) 3.79 0.08 0.77 Srimachai et al. [25]
Oil palm frond juice (3–4 years) 11.50 0.24 0.12 Srimachai et al. [25]

Sugar beet raw juice 73.31 4.39 1.04 Dodić et al. [19]

4. Conclusions

This study developed two kinetic models to describe the growth of S. cerevisiae BY4743 on
pre-treated waste sorghum leaves for bioethanol production. Experimental data fitted the Monod
and modified Gompertz model with high accuracy giving R2 values of 0.95 and 0.98, respectively.
From the Monod model, a maximum specific growth rate and Monod constant of 0.176 h−1 and
10.11 g/L were obtained, respectively. These findings show that waste sorghum leaves have a greater
potential for bioethanol production with a higher production rate and productivity than several
lignocellulosic substrates. Furthermore, a maximum yield of 0.49 g-ethanol/g-glucose was achieved
after 32 h of fermentation. The generated kinetic knowledge of S. cerevisiae growth on sorghum leaves
and bioethanol formation in this study is of high importance for process optimisation and scale-up
towards commercialisation of this fuel.
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Abstract: A trickle-bed reactor (TBR) when operated in a trickle flow regime reduces liquid resistance
to mass transfer because a very thin liquid film is in contact with the gas phase and results in
improved gas–liquid mass transfer compared to continuous stirred tank reactors (CSTRs). In the
present study, continuous syngas fermentation was performed in a 1-L TBR for ethanol production
by Clostridium ragsdalei. The effects of dilution and gas flow rates on product formation, productivity,
gas uptakes and conversion efficiencies were examined. Results showed that CO and H2 conversion
efficiencies reached over 90% when the gas flow rate was maintained between 1.5 and 2.8 standard
cubic centimeters per minute (sccm) at a dilution rate of 0.009 h−1. A 4:1 molar ratio of ethanol to
acetic acid was achieved in co-current continuous mode with both gas and liquid entered the TBR at
the top and exited from the bottom at dilution rates of 0.009 and 0.012 h−1, and gas flow rates from
10.1 to 12.2 sccm and 15.9 to 18.9 sccm, respectively.

Keywords: continuous syngas fermentation; Clostridium ragsdalei; ethanol; trickle bed reactor

1. Introduction

Syngas fermentation is part of the hybrid conversion technology for the conversion of
renewable feedstocks or gas waste streams containing CO, CO2 and H2 to biofuels and chemicals.
Clostridium ljungdahlii, Clostridium carboxidivorans, Clostridium ragsdalei, and Alkalibaculum bacchi are
among the microorganisms that metabolize CO, CO2 and H2 via the reductive acetyl-CoA pathway
to produce ethanol, acetic acid and cell carbon [1–4]. One major advantage of the hybrid conversion
process is the ability to utilize feedstocks such as municipal solid wastes, industrial fuel gases and
biomass [5]. However, challenges for this technology include mass transfer limitations, enzyme
inhibition, low cell concentration and low ethanol productivity.

Ethanol has been reported to be a non-growth associated product of gas fermentation by certain
Clostridium species [5,6]. Many researchers focused on improving ethanol productivity by optimizing
media components, adding reducing agents, adjusting pH, adding nanoparticles and optimizing
the bioreactor design to improve the mass transfer of CO and H2 in fermentation medium [7–13].
C. ljungdahlii is one of the most extensively studied microorganisms for ethanol production using
syngas fermentation. Tenfold (from 5 to 48 g/L) and over threefold (from 0.4 to 1.5 g/L) increases
in ethanol and cell mass concentrations, respectively, were achieved in a continuous stirred tank
reactor (CSTR) with cells recycled using C. ljungdahlii by designing a defined production medium and
controlling pH at 4.5 [14].

Syngas fermentation bioreactors must maximize gas–liquid mass transfer, while achieving
high cell densities to promote fast reaction [10]. Bioreactors such as air-lift reactors, continuous
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stirred tank reactors (CSTRs), trickle-bed reactors (TBRs) and hollow fiber membrane (HFM)
reactors have been characterized for their capabilities for CO mass transfer into fermentation
medium [12,15–19]. Further, improved ethanol production over batch bottle fermentations was
reported when fermentations were performed in various bioreactors that provided larger working
volume, greater cell recycling, continuous addition of nutrients and syngas, and better control of
operating parameters [1,16,20–23]. For example, C. carboxidivorans produced only 0.9 g/L ethanol
in batch bottles [24] compared to 1.6 g/L ethanol in bubble column [21]. About 19 g/L ethanol was
produced by C. ljungdahlii in a two stage CSTRs with cell recycle [22] compared to about 1 g/L ethanol
in batch bottles [25]. C. ragsdalei produced about 1.5 g/L ethanol in bottles [8] compared to 2 g/L in
two stage CSTRs with partial cell recycle [20]. However, 1.7 g/L ethanol was produced by A. bacchi in
bottles compared 6 g/L ethanol in a CSTR with cell recycling.

In our previous study [19], the TBR was reported to provide greater mass transfer capabilities
compared to a CSTR. Further, in semi-continuous fermentation, formation of a biofilm in the TBR
improved the H2 uptake by decreasing the CO inhibition on hydrogenase because CO is consumed
by cells as it flows through the TBR [18]. However, higher acetic acid production was observed in
the semi-continuous fermentations due to repetitive medium replacement that provided a growth
supporting environment. During batch and semi-continuous fermentations, cells undergo lysis as
the nutrient levels depleted, causing the fermentation to cease. Production of ethanol in a batch
process is time- and labor-intensive due to the long doubling times of syngas-fermenting microbes [22].
During continuous fermentation, high cell concentrations and productivity can be maintained for a
longer period. Further, a continuous supply of fresh medium would maintain the cell’s activity
and adapt cells in the biofilm to produce more solvent by controlling fermentation parameters
such as dilution rate, pH and gas flow rate. The focus of the present study is to improve ethanol
production in a TBR during continuous fermentation. Supply of nutrients to a TBR was controlled by
altering the dilution rate. The effect of dilution rate and gas flow rate on gas conversion, gas uptake,
product concentrations, yields and productivities in both counter-current and co-current modes of
operation were studied.

2. Materials and Methods

2.1. Microorganism and Medium Preparation

Clostridium ragsdalei (ATCC-PTA-7826) was maintained and grown on standard yeast extract
medium. The medium contained 0.5 g/L yeast extract (YE), 10 g/L 2-(N-morpholino)ethanesulfonic
acid (MES) as the buffer, 25 mL/L mineral solution without NaCl, 10 mL/L vitamin solution, 10 mL/L
metal solution and 10 mL/L of 4% (w/v) cysteine sulfide. The detailed medium composition was
previously reported [4]. C. ragsdalei stock culture was passaged three times (i.e., inoculum was
transferred to fresh medium three times for cells’ adaptation) prior to inoculating the TBR to reduce
the lag phase. Detailed inoculum preparation was reported previously [18].

2.2. Fermentation Experimental Setup

A schematic of the continuous syngas fermentation setup is shown in Figure 1. The TBR designed
in house was made of a borosilicate glass column of 5.1 cm diameter and 61 cm long. The detailed
reactor design was reported earlier [18]. The packing material was 6-mm soda lime glass beads. The TBR
liquid outlet was connected to a 500 mL Pyrex glass bottle, which was used as a sump to hold 500 mL of
medium. It was operated both in counter-current and co-current modes. A peristaltic pump circulated
the liquid at a desired flow rate. The pH and ORP probes (Cole-Parmer, Vernon, IL, USA) were placed
in line in the recirculation loop. A liquid sample port was placed in the recirculation loop. Fresh medium
from the feed tank was pumped to the reactor through a 6.4 mm T-connector placed in the recirculation
loop before the medium enters the top of the TBR using a Bioflo pump and controller (New Brunswick
Scientific Co., Edison, NJ, USA). The product stream was connected to another Bioflo pump that pumped
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out the product to a tank to maintain a constant amount of liquid in the reactor and recirculation loop.
A port for acid and base addition was placed in the recirculation loop after the sampling port and was
connected to the Bioflo controller for pH control. N2 was purged continuously through the feed and
product tanks at 20 standard cubic centimeters per minute (sccm) to maintain anaerobic conditions.
A one-way valve was connected at the gas outlet of both tanks to make sure the gas flowed out and air
did not flow back into the tanks. In counter-current mode of operation, the gas entered at the bottom of
the TBR. The exhaust gas from the TBR was fed into the sump headspace and then out to the sump gas
exit line. In co-current operation, both gas and liquid entered the TBR at the top and exited through
the same exit line to the sump. The sump acted as a gas–liquid separator. Further, a back pressure
regulator was connected to the sump gas exit line to ensure that a 115 kPa pressure was maintained in
the TBR. A pressure gauge was connected at the TBR gas exit line to measure the pressure in the TBR.
An additional gas exit line was connected to the sump as a safety exhaust line with a pressure switch
and a solenoid valve to vent the excess pressure in the TBR. A bubbler was placed after the pressure
regulator to minimize losses of products exiting with the gas.

Figure 1. Continuous syngas fermentation in trickle bed reactor (TBR) setup for counter-current
flow. (1) Nitrogen cylinder; (2) Syngas cylinder; (3) Rotameter; (4) mass flow controller; (5) TBR;
(6) Sump to hold medium; (7) ORP probe; (8) pH probe; (9) Masterflex pump; (10) Liquid sample port;
(11) Acid/base addition port in liquid circulation loop; (12) TBR gas sample port; (13) Pressure gauge;
(14) Back pressure regulator; (15) By pass safety line with solenoid valve and pressure switch;
(16) Gas bubbler; (17) Ball valve to exhaust line. Dashed lines indicate gas lines and solid lines indicate
liquid lines. For co-current flow, gas was fed with the liquid medium from the top of the TBR and
exited to the sump. Dashed lines with arrows point in feed and product tanks contain N2 to ensure
anaerobic conditions.

2.3. Continuous Fermentation Procedure

The TBR column, sump, tubing and liquid medium were sterilized in an autoclave
(Primus Sterilizer Co., Inc., Omaha, NE, USA) at 121 ◦C for 20 min. After sterilization, the TBR
was setup and purged with N2 for 5 h. Then, 200 mL of fresh sterile medium was added into the TBR
and purged with N2 for 8 h. Next, the gas was switched to syngas with 38% CO, 5% N2, 28.5% CO2

and 28.5% H2 (by volume) (Stillwater Steel and Supply Company, Stillwater, OK, USA), which is
similar to the composition of coal derived syngas [26]. A 60% (v/v) inoculum was aseptically added
into the TBR through the liquid sample port. The temperature of the TBR was maintained at 37 ◦C.
The liquid recirculation rate was set at 200 mL/min. At the beginning of the fermentation, the gas
flow rate was set at 1.5 sccm. Initially, the TBR was operated in semi-continuous mode. After the
CO and H2 conversion efficiencies reached about 90%, the TBR was switched to continuous mode
by turning on the fresh medium and product pumps at a desired flow rate. Effects of three dilution
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rates of 0.006, 0.009 and 0.012 h−1 on product formation and gas conversion efficiency were examined.
The conversion efficiency of each gas during fermentation was estimated based on the amount of
gas converted by C. ragsdalei relative to the amount of gas fed to the TBR. Dilution rate equals to the
feed rate divided by the medium volume in TBR, sump and recirculation loop. At each dilution rate,
the effect of gas flow rate on cell growth, gas conversion, product formation and yields was examined.
The gas flow rate in the TBR was gradually increased until CO conversion efficiency dropped below
40%. Then, the gas flow rate was decreased and a new dilution rate was applied. Gas and liquid
samples were aseptically withdrawn from the TBR periodically. To avoid flooding of the TBR by cell
debris, the recirculation rate was increased from 200 to 500 mL/min for about 10 min at every sampling
time to remove cell cells debris between the packing materials.

2.4. Sample Analysis

The cell optical density of the fermentation medium from the liquid sample port in the circulation
loop was measured at 660 nm (OD660) with a UV spectrophotometer (Cole Parmer, Vernon, Hills, IL, USA).
The total cell optical density of the attached cells was measured at the end of the fermentation as
described previously [18]. The pH measurements were logged into a computer using Biocommand
software (New Brunswick Scientific Co.). Fermentation samples were analyzed for ethanol and acetic
acid using a DB-FFAP capillary column gas chromatography with flame ionization detector (GC-FID).
Gas samples were analyzed in a 6890N gas chromatography with thermal conductivity detector (TCD)
(Agilent Technologies, Wilmington, DE, USA). More details of the methods used to analyze gas and
liquid samples were described previously [18].

3. Results

3.1. Cell Growth and pH

C. ragsdalei cell OD660 and pH profiles in the TBR when continuously operated for 3200 h in
counter-current and co-current modes are shown in Figure 2. C. ragsdalei started to grow after 174 h of
lag phase. The cell OD660 was 0.35 at 197 h when the TBR was switched to continuous operation with
a dilution rate of 0.012 h−1 and a gas flow rate of 1.9 sccm. Cell OD660 further increased to 0.53 at 207 h
and remained constant until 224 h. However, the cell OD660 started decreasing slowly to 0.20 at 305 h,
most likely due to cell washout. At this point, the dilution rate was decreased by 50% (D = 0.006 h−1)
which resulted in an increase in the cell OD660 to 0.30 by 357 h.

Figure 2. pH and cell mass optical density (OD660) profiles during continuous syngas fermentation in
(A) Counter-current and (B) Co-current flow modes at various dilution rates (D1, D2 and D3 of 0.006,
0.009 and 0.012 h−1, respectively); (�) pH (�) OD660 (—) Gas flow rate (Open symbols indicate flooded
TBR; 0 to 174 h: lag phase resulted in no data).
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A brief power interruption between 329 and 351 h resulted in no gas flow to the TBR. This caused
a decrease in cell activity (i.e., decrease in CO and H2 gas uptake rates) up to 398 h. The fermentation
slowly recovered when the gas flow and dilution rates were reset to 1.5 sccm and 0.006 h−1, respectively.
The cell OD660 increased from 0.10 at 398 h to 0.29 at 461 h. The cell OD660 in the liquid medium dropped
to approximately zero around 700 h. However, the gas uptake rates were maintained indicating
continued cell activity due to a biofilm in TBR rather than suspended cells. This was also confirmed by
measuring the total cell mass concentration at the end of the TBR run, which showed a much higher
cell mass concentration attached to the TBR than was suspended in the liquid medium as discussed
below. Formation of biofilm refers to all cell mass excluding suspended cells. During counter-current
flow mode, cells from the biofilm were resuspended into the medium when the pressure was released
to clear the medium between the beads in the flooded TBR at 627, 901 and 909 h. This resulted in
a sudden increase in the measured cell OD660. To avoid flooding issues in counter-current mode,
the liquid recirculation rate was intermittently increased from 200 to 500 mL/min for 10 min at various
sampling times of 1197, 1371, 1498, 1628, 1643 and 1652 h. Unlike in counter-current mode, cell OD660

was between 0.05 and 0.3 during co-current mode from 1700 to 3200 h (Figure 2B).
The TBR and glass beads were washed with DI water to calculate the total amount of cells attached

to the beads in the TBR after 3200 h of continuous fermentation. The beads were collected in a tub and
washed three times with 1 L DI water. The column was also washed with 1 L of DI water to account
of cells attached to the column walls. The cell OD660 in the beads from wash-1, wash-2, wash-3 and
column-wash were 8.86, 0.41, 0.13 and 1.97, respectively. Based on this analysis, the estimated overall
dry cell weight in the TBR at the end of the fermentation was 4.24 g.

During cell growth, the medium pH decreased from 5.7 at 174 h to 4.7 at 207 h. The pH of the
medium was then maintained at 4.6 by addition of about 0.5 to 1 mL of 2 N KOH after every sampling
time. After the power interruption between 329 and 351 h, the pH was increased to 5.2 to maintain
a pH slightly favorable to cell growth conditions to recover fermentation activity. The pH dropped
from 5.2 to 4.7 as cell OD660 increased between 422 to 461 h. After 461 h, the pH was maintained
between 4.5 and 4.6.

3.2. Gas Conversion

The CO and H2 conversion efficiencies in the TBR are estimated as the amount utilized divided
by the amount flowing into the TBR. The CO and H2 conversion efficiencies by C. ragsdalei were 92%
and 72%, respectively, when the fermentation was switched from semi-continuous to continuous mode
at 197 h (Figure 3A).

Figure 3. Gas conversion efficiencies during continuous syngas fermentation in TBR
(A) Counter-current and (B) Co-current flow modes at various dilution rates (D1, D2 and D3 are
0.006, 0.009 and 0.012 h−1, respectively); (�) CO (�) H2 (—) Gas flow rate (Open symbols indicate
flooded TBR; 0 h to 174 h: lag phase resulted in no data; 1700 to 2042 h: gas leak resulted in no data).
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In counter-current mode, the TBR was operated at dilution rates of 0.012 h−1 (D3), 0.006 h−1 (D1)
and 0.009 h−1 (D2) from 197 to 305 h, 305 to 989 h and 989 to 1700 h, respectively. The CO and H2

conversion efficiencies were 93% and 74%, respectively, at 0.012 h−1 and gas flow rate of 1.9 sccm.
However, when the gas flow rate was increased to 2.3 sccm at the same dilution rate, the CO and H2

conversion efficiencies dropped slightly to 88% and 71%, respectively.
CO and H2 conversions efficiencies continued to decrease to 81% and 60%, respectively, when the

gas flow rate and dilution rate were 2.3 sscm and 0.006 h−1, respectively, at 305 h. However, the CO
and H2 conversion efficiencies increased to 88% and 74%, respectively, when gas flow rate was reduced
to 1.9 sccm at 319 h. The conversion efficiencies of CO and H2 decreased to 40% and 31%, respectively,
due to power shutdown from 329 to 351 h that hindered the fermentation. The fermentation recovered
slowly after 398 h with CO and H2 conversion efficiencies reached to 92% and 86%, respectively at
620 h. As the gas flow rate was increased from 1.5 to 1.9 sccm, the liquid medium flooded the TBR
(at 627, 901 and 909 h), which decreased the CO and H2 conversion efficiencies to about 65% at 909 h
(Figure 3A). The TBR flooding caused gas bypass from the bottom of the TBR to the headspace sump
and decreased the availability of syngas to cells in the TBR. The gas flow rate was decreased from
1.9 to 1.5 sccm at 909 h to avoid further flooding. CO and H2 conversion efficiencies recovered to 85%
and 81%, respectively, at 981 h before increasing the dilution rate to 0.009 h−1.

Gas conversion efficiencies of 91% CO and 90% H2 were achieved between 989 and 1115 h
at 0.009 h−1. While the CO conversion efficiency was about the same at both 0.006 and 0.009 h−1,
the H2 conversion efficiency was 5% higher at 0.009 h−1 than at 0.006 h−1 at the same gas flow rate.
The increase in gas uptake is due to higher cells’ activity due to availability of more nutrients at higher
dilution rate. A decrease in CO and H2 conversion efficiencies was observed at various sample points
(1197, 1371, 1498 and 1628 h) when the liquid recirculation rate was increased for 10 min to clear the
cell debris in the TBR. During the period between 1197 and 1628 h, the gas flow rate was increased
from 1.7 sccm to 2.6 sccm. The combination of the increase in gas supply and possible removal of
active cells with removal of cell debris likely contributed to the decrease in gas conversion. The TBR
operation at 0.009 h−1 from 989 to 1700 h with an increase in gas flow rate from 1.5 sccm to 2.8 sccm
resulted in CO and H2 conversion efficiencies of about 91% and 89%, respectively.

The TBR was operated in co-current mode at dilution rates of 0.009 h−1 (D2) and 0.012 h−1 (D3)
from 1700 to 2672 h and from 2672 to 3200 h, respectively, with a gradual increase in gas flow rate
from 2.8 sccm to 18.9 sccm (Figure 3B). The TBR gas inlet leaked from 1700 to 2042 h, which resulted in
inaccurate gas flow rate measurements. No gas data was obtained during this time period. During the
TBR operation at 0.009 h−1, the increase in gas flow rate from 2.8 sccm at 2042 h to 12.2 sccm at 2607
h resulted in a decrease in CO and H2 conversion efficiencies from 95% and 88% to 43% and 19%,
respectively. A decrease in conversion is expected since the length of time the gas is in the reactor
decreases with increasing flow rate. The gas flow rate was reduced to 7.6 sccm at 2607 h to increase CO
and H2 conversion before a new dilution rate of 0.012 h−1 was used. CO and H2 conversion efficiencies
increased to 71% and 42%, respectively. The gas conversion efficiencies at 2660 h were slightly higher
than those obtained at 2375 h and the same operating conditions.

The dilution rate was increased to 0.012 h−1 (D3) at 2672 h with a gas flow rate of 7.6 sccm
(Figure 3B). CO and H2 conversion efficiencies reached 77% and 53%, respectively, at 2725 h. These gas
conversion efficiencies at 0.012 h−1 and the same gas flow were 8% higher for CO and 21% higher for
H2 than at 0.009 h−1. This is due to the increase in cells’ activity with additional nutrients at the higher
dilution rate. Further, when the gas flow rate was increased from 8.4 sccm at 2732 h to 18.9 sccm at
3200 h, the CO and H2 conversion efficiencies slowly dropped to 50% CO and 30% H2, respectively.
The differences between CO and H2 conversion efficiencies at dilution rate of 0.012 h−1 was lower
than at 0.009 h−1 indicating an increase in gas uptake at higher dilution rates (Figure 4B). It can also
be observed from Figure 3B that the decrease in CO and H2 gas conversion efficiencies were lower at
0.012 h−1 than at 0.009 h−1 indicating higher cells’ activity at 0.012 h−1. In two stages of continuous
syngas fermentation with C. ljungdahlii in a CSTR followed by a bubble column with gas and cells
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recycling, the increase in dilution rate from 0.01 to 0.016 h−1 was reported to increase the cell OD600

from 9.9 to 17.8 due to supply of more nutrients [22]. The same study reported CO and H2 conversion
efficiencies in the CSTR were 46% and 49%, respectively, at 23 sccm compared to CO and H2 conversion
efficiencies of 86% and 82% in the bubble column at 121 sccm. The high gas conversion efficiency in
the second stage is attributed to the high cell OD600 of 17.8 that was achieved with cell recycling.

Figure 4. Gas uptake rates during continuous syngas fermentation in TBR (A) Counter-current and
(B) Co-current flow modes at various dilution rates (D1, D2 and D3 are 0.006, 0.009 and 0.012 h−1,
respectively); (�) CO (�) H2 ( ) CO+H2 (—) Gas flow rate (Open symbols indicate flooded TBR; 0 h to
174 h: lag phase resulted in no data; 1700 to 2042 h: gas leak resulted in no data).

3.3. Gas Uptake Profiles

The gas uptake profiles during continuous syngas fermentation by C. ragsdalei in the TBR are
shown in Figure 4. The specific gas uptake rates in mmol/gcell·h were not calculated because the
cell mass concentration in the biofilm during operation was not known and difficult to quantify.
Hence, the gas uptakes are described only in terms of mmol/h. CO and H2 uptake rates at the start of
the continuous fermentation at 197 h, 0.012 h−1 and 1.9 sccm were 2.0 and 1.2 mmol/h, respectively.
When the gas flow rate was increased to 2.3 sccm at 261 h, CO and H2 uptake rates slightly increased.
However, cell OD660 decreased to 0.20 at 305 h due to cell washout (Figure 2A). Therefore, the dilution
rate was decreased to 0.006 h−1 at 305 h. CO and H2 uptake rates at 319 h decreased to 1.8 and
1.0 mmol/h, respectively.

To increase gas consumption, the gas flow rate was reduced to 1.9 sccm at 319 h. CO and H2

uptake rates at 329 h recovered back to 2.0 and 1.2 mmol/h, respectively. However, the cell activity
decreased when a power failure occurred between 329 and 351 h. The fermentation slowly recovered
with CO and H2 uptake rates of 1.7 and 1.1 mmol/h between 375 and 620 h.

The gas flow rate was increased from 1.5 to 1.9 sccm between 620 and 787 h, which resulted in
a slight increase in CO and H2 uptake rates to 2.0 and 1.4 mmol/h at 787 h, respectively. These gas
uptakes were maintained up to 900 h. However, flooding at 901 h and 909 h resulted in a decline in CO
and H2 uptake rates to 1.5 and 1.0 mmol/h, respectively. Hence, the gas flow rate was decreased to
1.5 sccm at 909 h and was maintained at this flow rate until 981 h. At 981 h, the CO and H2 uptake rates
were essentially still the same as at 909 h. However, since the same gas uptake rates were achieved at
a lower gas flow rate, CO and H2 conversion efficiencies increased (Figure 3). The dilution rate was
maintained at 0.009 h−1 during counter-current operation between 989 and 1700 h. A step increment
increase in gas flow rate by 5–10% from 1.5 sccm at 989 h to 2.8 sccm at 1700 h resulted in an increase
of gas uptake rate to 3.1 mmol/h of CO and 2.1 mmol/h of H2.

The TBR was switched at 1700 h to co-current mode due to frequent flooding issues.
However, there was gas leak in the inlet to the TBR from 1700 to 2042 h, which resulted in inaccurate
gas flow rate measurements and no gas uptake data. The gas flow rate was gradually increased from
2.8 to 6.3 sccm in between 2042 and 2313 h, which increased the gas uptake rates to 5.9 mmol/h CO
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and 3.3 mmol/h H2 at 2313 h (Figure 4B). A further increase in the gas flow rate from 6.3 to 12.2 sccm
from 2313 to 2672 h resulted in a decrease of H2 uptake rate to between 2.4 and 3.0 mmol/h, while the
CO uptake rate increased between 6.0 and 6.7 mmol/h.

The average total CO and H2 gas uptake rate between 2313 and 2672 h was 8.5 mmol/h. It can
be observed that the increase in the dilution rate from 0.009 to 0.012 h−1 and gas flow rate from
2.8 to 18.9 sccm increased the overall CO and H2 uptake rates. In co-current flow, it was also observed
that the increase in dilution rate by 36% (0.009 h−1 to 0.012 h−1) resulted in an increase in total CO
and H2 uptake rate by 47%. The gas uptake rates in co-current mode were 2.5 fold higher than in
counter-current mode. This was attributed to the ability to operate the TBR in co-current mode at
higher gas flow rates.

In the previous study with semi-continuous fermentation in co-current mode TBR, the maximum
CO and H2 conversion efficiencies at 4.6 sccm were 80% (CO uptake rate of 4.4 mmol/h) and 55%
(H2 uptake rate of 2.2 mmol/h), respectively [18]. In the present study during co-current continuous
fermentation at 4.6 sccm and 0.009 h−1, gas conversion efficiencies of 82% CO (CO uptake rate of
4.4 mmol/h) and 72% H2 (H2 uptake rate of 2.74 mmol/h) were achieved. The high gas conversion
efficiency and uptake rates are due to high cells’ activity with continuous addition of nutrients during
the fermentation.

3.4. Product Profiles

At the beginning of continuous fermentation (197 h), ethanol and acetic acid concentrations were
0.8 g/L and 2.4 g/L, respectively (Figure 5A). Ethanol and acetic acid concentrations increased to
2.0 g/L and 5.0 g/L, respectively between 197 and 305 h at a dilution rate of 0.0012 h−1. A slight
increase in ethanol and acetic acid concentrations was observed when dilution rate was decreased
to 0.006 h−1. However, ethanol and acetic acid concentrations decreased between 329 h and 398 h.
This decrease was associated with the power shutdown and washout cells and products.

Figure 5. Product concentrations during continuous syngas fermentation in TBR. (A) Counter-current
and (B) Co-current flow modes at various dilution rates (D1, D2 and D3 are 0.006 h−1, 0.009 h−1 and
0.012 h−1, respectively); (�) Ethanol (�) Acetic acid (—) Gas flow rate (Open symbols indicate flooded
TBR; 0 h to 174 h: lag phase resulted in no data).

The fermentation slowly recovered and product concentrations were observed to be stable from
398 to 454 h after which ethanol and acetic acid concentrations at 627 h reached 3.2 and 6.2 g/L,
respectively, when the gas flow rate was increased by 20% from 1.5 sccm between 627 and 787 h,
ethanol concentration increased by 20% while the acetic acid concentration decreased by 20%. Ethanol
concentration slowly increased to 4.3 g/L while acetic acid concentration remained at 5.0 g/L between
787 and 909 h. Due to flooding at 901 and 909 h, the gas flow rate was reduced from 1.9 to 1.5 sccm to
recover the fermentation in the TBR.
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The dilution rate was increased from 0.006 to 0.009 h−1 between 989 and 1700 h. This increased
the product removal rate from the TBR, which decreased the ethanol concentration by about 40% to
2.5 g/L at 1115 h. However, the acetic acid concentration increased by 15% to around 5.9 g/L at 1115 h.
The increase in acetic acid concentration was due to increase in cells’ activity and concentration in the
biofilm. The increase in cell concentration is associated with acetic acid production and ATP generation
as a high amount of energy is required for cell maintenance [1].

The gas flow rate was increased from 1.5 to 2.8 sccm in a step increment of 5–10% every 24 to 36 h
between 1115 and 1700 h (Figure 5A). Ethanol and acetic acid concentrations were stable at 2.5 and
6.2 g/L, respectively, when the gas flow rate was increased from 1.5 to 1.7 sccm from 1115 to 1197 h.
The liquid recirculation rate was increased from 200 to 500 mL/min for 10 min to clear the cell debris
at 1197 h. This resulted in a slow increase in the ethanol concentration to 3.2 g/L and a decrease in the
acetic acid concentration to 4.7 g/L at 1245 h. This intermittent increase in liquid recirculation rate
could have cleared the cell debris from the packing and caused better gas uptake resulting in a positive
effect on ethanol production.

To test the positive effect of the intermittent increase of liquid recirculation rate on ethanol
production, the liquid flow rate was again increased to 500 mL/min for 10 min at 1371 h.
Ethanol concentration slowly increased to 3.7 g/L while acetic acid remained at 4.7 g/L at 1474 h.
Since increasing the liquid recirculation rate intermittently had a positive effect on ethanol production, it
was performed when the cell OD660 in the medium decreased to zero. The intermittent increase in liquid
recirculation rate and gradual increase in gas flow rate to 2.4 sscm resulted in production of 5.0 g/L
ethanol and 6.1 g/L acetic acid at 1532 h. The gas flow rate was further increased to 2.8 sccm between
1532 and 1700 h. Ethanol and acetic acid concentrations were 4.4 and 5.8 g/L, respectively at 1700 h.

In co-current mode, the gas flow rate was gradually increased from 2.8 to 18.9 sccm (Figure 5B).
Similar to the counter-current mode, the gradual increase in gas flow rate with an increase in liquid
recirculation rate from 200 to 500 mL/min for 10 min at every sampling time increased ethanol
production. Ethanol and acetic acid concentrations were 2.7 and 6.7 g/L, respectively, at 2052 h and
3.1 sccm. An increasing trend in ethanol production and a decreasing trend in acetic acid production
were observed as the gas flow rate was increased from 3.1 to 9.2 sccm between 2052 and 2493 h.
Ethanol and acetic acid concentrations at 2493 h were 11.9 and 4.6 g/L, respectively. A further
increase in the gas flow rate from 9.2 to 11.1 sccm at 2542 h did not increase ethanol production.
Additionally, the increase in gas flow rate from 11.1 to 12.2 sccm at 2566 h slightly decreased ethanol
and acetic acid concentrations to 10.5 and 4.1 g/L, respectively. This indicates that beyond a gas flow
rate of 9.2 sccm, cells reached a kinetic limitation and were not able to process more gas even when
more gas was provided (Figure 4B).

Further, when the gas flow rate was decreased from 12.2 to 7.6 sccm at 2607 h, ethanol and acetic
acid concentrations were stable at 10.8 and 3.8 g/L, respectively, until 2672 h. When the dilution
rate was increased from 0.009 to 0.012 h−1 at 2510 h, the ethanol concentration dropped slowly to
9.9 g/L. However, the acetic acid concentration slightly increased to 5.0 g/L at 2551 h and 7.6 sccm.
Further increase in the gas flow rate from 7.6 to 18.9 sccm resulted in 13.2 g/L ethanol and 4.3 g/L
acetic acid at 3200 h. The gas uptake rate at 0.012 h−1 was higher than at 0.009 h−1 due to higher cells’
activity, which resulted in more ethanol production at 0.012 h−1.

3.5. Productivity and Yields

Ethanol and acetic acid productivities were estimated by multiplying the dilution rate by the
product concentration. Ethanol and acetic acid yields were estimated based on CO consumed as
previously reported [27]. One mole of ethanol is formed from six moles of CO and one mole of acetic
acid is produced from four moles of CO.

During counter-current operation, the highest ethanol productivity of 45 mg/L·h was obtained
during operation at 0.009 h−1 and 1556 h. However, the highest acetic acid productivity was 63 mg/L·h
at 0.009 h−1 and 1611 h. During counter-current mode, acetic acid productivity was always higher
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than ethanol productivity. However, ethanol productivity was higher during co-current mode.
The maximum ethanol productivity during co-current operation was 158 mg/L·h at 0.012 h−1 and
3200 h, while a maximum acetic acid productivity of 68 mg/L·h was obtained at 0.009 h−1 at 2083 h.
The ethanol productivity achieved in the present study with continuous syngas fermentation in the
TBR was over four times higher than reported during semi-continuous fermentation (37 mg/L·h) in
the TBR [18].

Moreover, the molar ratio of ethanol to acetic acid produced in the present study during
continuous fermentation at 0.012 h−1 and 18.9 sccm in the TBR was 4:1, which was higher than in
semi-continuous TBR fermentation (1:2). In semi-continuous fermentation, as nutrients were depleted
from the medium, the gas conversion efficiencies and uptake rates decreased. Replacement of the
medium in semi-continuous fermentations resulted in a nutrient-rich environment at pH 5.8 that
promoted cell growth and thus more acetic acid production. However, during continuous fermentation
the nutrients levels were maintained by altering the dilution rate and the pH was maintained at
4.5 that favored ethanol production. This clearly shows the advantages of the continuous syngas
fermentation process.

During counter-current mode, ethanol yield was 22% while acetic acid yield was 42% at 197 h and
1.9 sccm (Figure 6). However, acetic acid yield slowly dropped to 15% while ethanol yield increased to
58% at 294 h. At dilution rate of 0.006 h−1 from 305 h to 989 h, the ethanol yield increased from 28% at
461 h to 85% at 850 h, while acetic acid yield decreased from 38% at 461 h to 13% at 850 h. At a dilution
rate of 0.009 h−1 between 989 and 1700 h, the average ethanol yield was about 85%, while the average
acetic acid yield was about 20%. As the gas flow rate was increased and the pH was maintained at 4.5,
ethanol yields increased due to the availability of more reductants (CO and H2) and pH values that
favored solvent production conditions.

Figure 6. Product yields based on CO consumed during continuous syngas fermentation in TBR.
(A) Counter-current and (B) Co-current flow modes at various dilution rates (D1, D2 and D3 are 0.006,
0.009 and 0.012 h−1, respectively); (�) Ethanol (�) Acetic acid (—) Gas flow rate. (0 to 174 h: lag phase
resulted in no data. 1700 to 2042 h: gas leak resulted in no data.

In co-current operation at 0.009 h−1, ethanol yield increased from 46% at 2042 h to 100% at 2232 h.
Ethanol yield remained close to 100% during fermentation from 2232 to 2607 h. However, the acetic
acid yield decreased from 34% at 2042 h to 16% at 2232 h. It remained close to about 13% from 2232 to
2607 h. Ethanol and acetic acid yields were about 100% and 20%, respectively, during operation at
0.012 h−1. The higher ethanol yield in co-current mode was due to higher cell activity that processed
more gas.
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4. Discussion

As discussed in Section 3.2, high dilution rates provided more nutrients to cells, which increased
the cells’ activity. The increase in the gas flow rate increased CO and H2 transfer rates into the medium,
which supported ethanol production. Ethanol produced in the present study (13.2 g/L) was higher
than that reported in a CSTR with cell recycle using A. bacchi (6 g/L), a bubble column reactor (1.6 g/L)
and a monolithic biofilm reactor (4.9 g/L) using C. carboxidivorans [1,5,28]. However, 19 g/L ethanol
was reported in a two-stage continuous syngas fermentation in a CSTR followed by a bubble column
with gas and cell recycling [23] and 48 g/L ethanol was reported in a CSTR with cell recycle using
C. ljungdahlii [14]. Up to 24 g/L ethanol production was reported with hollow fiber membrane biofilm
reactor (HFM-BR) using C. carboxidivorans [29]. However in addition to syngas, the presence of 10 g/L
of fructose in ATCC 1745 PETC medium as previously reported [29] could have contributed to more
ethanol production.

Compared to other microorganisms and reactor designs, the maximum ethanol productivity
of 158 mg/L·h achieved by C. ragsdalei in the TBR in the present study was higher than ethanol
productivity of 140 mg/L·h reported for C. carboxidivorans in HFM-BR, 110 mg/L·h reported
for C. ljungdahlii in CSTR without cell recycle or for A. bacchi in a CSTR (70 mg/L·h) [1,29,30].
However, ethanol productivity in the present study was lower than the 301 mg/L·h ethanol
productivity reported for C. ljungdahlii in a two stage CSTR and bubble column with gas and cell
recycling [23].

The results also showed the many advantages of using continuous syngas fermentation in a TBR
compared to other reactors. The cells’ activity in the TBR was recovered after power shutdown
and multiple flooding issues occurred during counter-current flow. Intermittent increase in liquid
recirculation rate cleared cell debris in the TBR and improved gas uptake and ethanol production.
However, further improvements in TBR performance are expected by utilizing better packing material
for immobilization of cells and increasing the H2:CO ratio in the syngas. Glass beads used in this
study have a void fraction of 0.38, which is lower than the void fraction provided by other packing
materials such as intalox saddles (0.6 to 0.9) and pall rings (0.9) [31]. Low void fraction reduces
the availability of free space for gas-liquid mass transfer and decreases the reactive holdup volume.
Further, use of cell immobilization techniques [32,33] such as covalent coupling using cross linking
agents, entrapment, and adsorption on packing with rough surfaces can reduce the time of the biofilm
formation and improve the TBR performance. Additionally, there is a need to grow more cells in the
TBR, recycle unused gas, perform two-stage reactors using TBRs or in combination with other reactors
to increase syngas utilization and productivity, which warrant further investigation.

5. Conclusions

To our knowledge, this is the first study on continuous operation of syngas fermentations in
TBR for ethanol and acetic acid production, and this report highlighted the operational constraints
and challenges of continuous syngas fermentation in TBR, and how the bioreactor operation can
be restarted after major accidents such as flooding and power shutdown. The highest ethanol
concentration, productivity and ethanol to acetic acid molar ratio of 13.2 g/L, 158 mg/L·h and
4:1, respectively, were obtained during co-current continuous syngas fermentation at a dilution rate of
0.012 h−1. In co-current mode, the total gas uptake rates more than doubled and ethanol productivity
increased over fivefold with the increase in the gas flow rate from 2.8 to 18.9 sccm and dilution rate
from 0.009 to 0.012 h−1. Operating TBR in co-current mode avoided flooding issues that occurred
during counter-current mode and allowed production of over twofold more ethanol than in counter
current mode.
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Abstract: Alcoholic fermentations were performed, adapting the technology to exploit the residual
thermal energy (hot water at 83–85 ◦C) of a cogeneration plant and to valorize agricultural
wastes. Substrates were apple, kiwifruit, and peaches wastes; and corn threshing residue (CTR).
Saccharomyces bayanus was chosen as starter yeast. The fruits, fresh or blanched, were mashed; CTR
was gelatinized and liquefied by adding Liquozyme® SC DS (Novozymes, Dittingen, Switzerland);
saccharification simultaneous to fermentation was carried out using the enzyme Spirizyme® Ultra
(Novozymes, Dittingen, Switzerland). Lab-scale static fermentations were carried out at 28 ◦C and
35 ◦C, using raw fruits, blanched fruits and CTR, monitoring the ethanol production. The highest
ethanol production was reached with CTR (10.22% (v/v) and among fruits with apple (8.71% (v/v)).
Distillations at low temperatures and under vacuum, to exploit warm water from a cogeneration
plant, were tested. Vacuum simple batch distillation by rotary evaporation at lab scale at 80 ◦C
(heating bath) and 200 mbar or 400 mbar allowed to recover 93.35% (v/v) and 89.59% (v/v) of ethanol,
respectively. These results support a fermentation process coupled to a cogeneration plant, fed with
apple wastes and with CTR when apple wastes are not available, where hot water from cogeneration
plant is used in blanching and distillation phases. The scale up in a pilot plant was also carried out.

Keywords: bioethanol; fruits; corn threshing residue; fermentation; distillation

1. Introduction

The rising demand for renewable energy sources induced the development of new technologies
to produce biofuels [1,2]. Among them, microbial biotechnologies have been largely developed,
allowing the development and production of several different biofuels, also using effluents and
wastes as substrates: by this way, the costs of the processes are reduced, improving their economical
competitiveness and simultaneously reducing the environmental load for wastes disposal [3,4].

Bioethanol can be used as a fuel, either pure or blended with gasoline (gasohol). In the
United States, it is used as 10% solution in gasoline (E-10) while in Brazil it is used both blended
(24% ethanol, 76% gasoline) and hydrated in flexible-fuel vehicles [5]. Others mixtures are E-15
(15% ethanol, 85% gasoline) and E-85 (85% ethanol e 15% gasoline). Bioethanol can also replace other
additives, as octane boosters, in gasoline fuel, and ethanol–gasoline blend provides the highest brake
power [6]. Other benefits come from using bioethanol as biofuel: it is totally biodegradable and sulphur
free, and the products from its incomplete oxidation (acetic acid and acetaldehyde) are less toxic in
comparison to other alcohols [7].
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The raw materials that can be used for alcoholic fermentations are sugar crops (sugar cane, sugar beet
and sorghum, fruits), starchy crops (corn, wheat and barley), and cellulosic crops (stems, leaves, trunks,
branches, husks), the latter needing a pre-treatment to make fermentation possible. They vary in relation
to geographic areas: corn is generally used in USA and China, while in tropical areas (India, Brazil,
Colombia) sugar cane is more diffused [8]. Nowadays, the use of ligno-cellulosic biomasses, as forest
management residues, food industry wastes, or specific plants, is expanding [9].

Among fruits, grape fermentation is well known worldwide; other fruit fermentation is typical
of peculiar areas. Apple (Malus domestica) fermentation product is called cider and it is typical of
the United Kingdom, France, Spain, Germany, Ireland, The Netherlands, Finland, and Switzerland.
The alcoholic fermentation of peach (Prunus persica) and kiwifruit (Actinidia chinensis) is extremely
rare [10,11], but possible due to the sugar content of these fruits. Until now, the fermentation of these
fruits has mainly been addressed for nutritional uses; bioethanol destination is less diffused, due to
ethical and economical considerations; however, much of fruit residue that is disposed as waste could
become low cost substrates for bio ethanol production.

Starch from starchy crops, such as cereals, to become fermentable needs a pre-treatment
composed of three steps: gelatinization, to allow the starch to lose its crystallinity and become
an amorphous gel; liquefaction, where starch is hydrolyzed to dextrins by an alfa-amylase and viscosity
is reduced; and saccharification, where a gluco-amylase is added to convert dextrins to glucose [12–14].
Saccharification can be managed to be simultaneous to fermentation: this makes the glucose gradually
available to microorganisms and reduces contamination risks, process duration, and costs [15,16].

The microorganisms chosen for alcoholic fermentation are usually yeasts, mainly belonging
to Saccharomyces genus. The preferred characteristics for industrial bioethanol production are:
high ethanol yield; high ethanol tolerance; high ethanol productivity (>5.0 g/L/h); aptitude to
grow in simple, inexpensive, and undiluted media; aptitude to grow in presence of inhibitors, at low
pH, or high temperature [17]. S. cerevisiae is usually considered the typical yeast of wine and cider
fermentations; among other species of the genus Saccharomyces, S. bayanus—characterized by high
ethanol tolerance—is used for the production of wine, sparkling wines, and cider, and it can also be
used in industrial applications for bioethanol production [18].

The temperature is a fundamental parameter of the fermentation process. According to some
authors, the ethanol production increases with increasing temperature [14], under a limit above
which the production rate decreases, because high temperatures can become a stress factor for
micro-organisms. The temperatures that allow a good microbial growth and a good ethanol yield
generally range between 20 and 35 ◦C. As fermentation is an exergonic process, particular attention is
required for fermentation temperature control [5]. Then, to maximize the ethanol yield, yeast strains
resistant to high temperatures should be chosen [19]; this is the best choice for bioethanol production,
allowing high yields and low costs, while it could be unsuitable for fermentations aimed to reach
alcoholic beverages, because sensory properties could be compromised [20,21].

The fermentation duration must also be chosen to obtain an adequate microbial growth and
ethanol yield, taking into account that the shorter the duration is, the lower the costs are. The study
of the microbial growth and ethanol production kinetics in relation to the substrate allows the
identification of the correct duration of the fermentation process, also in consideration of volumetric
productivity (g/L/h), both in batch and in continuous fermentations.

The distillation of ethanol formed during fermentation from ethanol-water solution will lead
finally to production of hydrous (azeotropic) ethanol (theoretical maximum achievable 95.5% wt.
ethanol and 4.5% water). To remove the remaining water, special processes are required to reach
anhydrous ethanol, that include: chemical dehydration process, dehydration by vacuum distillation
process, azeotropic distillation process, extractive distillation processes, membrane processes,
adsorption processes, and diffusion distillation process [22]. The evaluation of the energy balance of
bioethanol production reveals that most of the energy is required for the distillation, also because of the
low concentration of ethanol in the fermented broth [5]. Energy consumption can be reduced during
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distillation if lower heating is necessary; this can be reached using residual thermal energy from other
processes to warm the fermented broth. Moreover, distillations carried out under vacuum enable good
ethanol yields even at lower temperatures. The aim of this study was to evaluate the exploitation of
the residual thermal energy of a cogeneration plant, producing residual hot water from plant chilling
systems, in downstream phases of the fermentation process, by warming the fermented broth with
the hot water of the cogeneration plant; vacuum distillation was also tested at temperatures lower
than that usually employed in traditional simple batch distillation plants. The possible role of fruit
blanching pretreatment, carried out with the hot water from the cogeneration plant—mainly aimed
at facilitating the grinding phase and reducing contaminations during alcoholic fermentation—was
also tested. Moreover, to further reduce the costs of the process, agricultural wastes were checked as
feedstock for fermentations: unmarketable residues of apple, kiwifruit, peaches, and corn threshing
residue (CTR). Saccharomyces bayanus, characterized by high ethanol tolerance and largely used in cider
fermentation, has been chosen as starter. The results obtained support the feasibility of a fermentation
process, coupled to a cogeneration plant, fed throughout the year with apple wastes, when available,
and with CTR when apple wastes are unavailable, where residual thermal energy from a cogeneration
plant is used in fruit blanching and in distillation phases.

2. Materials and Methods

2.1. Strain and Culture Media

Fermentation medium was inoculated with a Saccharomyces bayanus commercial strain
(Zymoferm Bayanus, Chimica FRANKE, Susa, Torino, Italy). The starter cultures were prepared
by inoculating the yeast in 100 mL of YEPD (yeast extract 1%, bacto-peptone 2%, glucose 2%) and
incubating it at 25 ◦C under static conditions in an incubation chamber for 24 h.

The unmarketable residues of apples, kiwifruits, and peaches were cut and ground separately for
2 min (Tables S1 and S2: raw material characterization). The mash obtained from each fruit was stored
at −20 ◦C. Samples of the same fruits were blanched in boiling water: the apples and the peaches
for 15 min, the kiwi for 5 min, then the fruits were cut and ground for 2 min and the mash obtained
from each fruit stored at −20 ◦C. The concentrations of sugars (glucose and fructose) were determined
in raw materials to check the homogeneity of starting conditions, and throughout the fermentations,
to check the trend of fermentation and sugar consumption (Table S2), by D-Fructose/D-Glucose Assay
Kit and Ethanol Assay Kit (Megazyme, Bray, Co., Wicklow, Ireland).

The CTR was milled and water was added to the flour in order to obtain a mash 30% w/v
powder/water ratio. The gelatinization was conducted for 4 h at 85 ◦C until the complete water
absorption. For the liquefaction the Liquozyme® SC DS (Novozymes, Dittingen, Switzerland) was
added (0.020% weight of enzyme/dried weight of CTR). The saccharification was carried out at the
same time as the fermentation by adding Spirizyme® Ultra (Novozymes, Dittingen, Switzerland)
(0.030% weight of enzyme/dried weight of RTC). Starch concentration was analyzed by Kit Total
Starch (Megazyme, Bray, Co., Wicklow, Ireland) (Table S3: CTR characterization).

2.2. Fermentations

Lab-scale batch fermentations were carried out on 600 g mash of each kind of fruit and of liquefied
CTR, that were inoculated with the starter yeast culture (1 × 106 cell/g of substrate), in 1 liter flask,
under static conditions, at 28 and 35 ◦C. Samples were taken at 24, 48, 72, 96, and 168 h to quantify
ethanol production.

Batch and semi-continuous fermentations were also carried out with liquefied CTR and with
an apple:kiwifruit 1:1 mix, the latter in a 2 L flask filled with 1200 g mashed fruits, inoculated
with the starter yeast culture (1 × 106 cell/g of substrate) and incubated under static conditions
at 35 ◦C. In semi-continuous fermentations, at 120 h, 400 g fermented substrate was withdrawn
and substituted with fresh substrate; the same procedure was repeated every 48 h. Samples were
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withdrawn once a week after one, two, three, and four weeks to determine ethanol and residual
sugars concentrations. The concentrations of ethanol were determined by Ethanol Assay Kit
(Megazyme, Bray, Co., Wicklow, Ireland). All the assays were carried out in triplicate.

2.3. Downstream

In order to evaluate the amount of ethanol that can be recovered by evaporation/distillation
under vacuum at low temperatures from the fermented fruit biomasses heated with the residual
hot water from the plant chilling systems of a cogeneration plant, samples of fermented broth were
distilled combining different temperatures to different vacuum levels. Temperatures were chosen
lower than the temperature of the chilling water of cogeneration plant (83–85 ◦C). Different water
bath temperatures and vacuum levels were obtained in a rotary evaporation system (Laborota 4000,
Heidolph Instruments GmbH & Co, Schwabach, Germany). The combinations of temperature and
pressure tested are shown in Table 1.

Table 1. Assays of simple batch distillation of fermented broth in a rotary evaporation system: different
temperatures and vacuum levels combinations and % ethanol recovered.

Temperature ◦C Pressure Mbar Ethanol % (vol.)

80 1013.25 43.40
80 400 89.59
80 200 93.35
60 175 45.06

2.4. Scale-Up

Scale-up was done for apple and kiwi fruits, fresh or blanched, in a 1000 L thermostated fermenter,
loaded with about 600 kg mashed fruits each time. Batch fermentations were carried out for five
days under controlled temperature, lower than 35 ◦C. Exterior air-lock of the bioreactor was loaded
with cold water during the fermentation, to avoid excessive warming, and with hot water (83–85 ◦C),
coming from the cooling of the cogeneration plant, during the distillation phase. The same hot water
from cogeneration plant was also used to blanch fruits during pretreatment, blanching at 80 ◦C for
5 min.

3. Results and Discussion

Lab scale fermentations were carried out in order to check the best conditions to reach high
ethanol yields; as fruit wastes are available only seasonally, CTR was also evaluated. CTR is an
agricultural residue that is easy to store and available throughout the whole year, then usable to supply
the fermentation plant when fruit wastes are unavailable.

The ethanol concentrations checked throughout batch fermentations are reported in Figure 1.
Among fruits, the highest ethanol concentrations were reached with blanched fruits, at 35 ◦C for

apple and peach, at 28 ◦C for kiwifruit and fruit mix. The apple showed, among fruits, the maximum
ethanol concentration: 8.71 ± 0.83% (v/v). The kiwifruits produced 7.97 ± 0.39% (v/v) and peaches
produced 4.26 ± 0.27% (v/v). The ethanol concentration produced from CTR was 10.22 ± 0.70% (v/v).
Apples were shown to give the best ethanol production among the tested fruits, but kiwifruit also
gave good results, while the amount of ethanol obtained from peach was low. CTR showed to be very
suitable as substrate of fermentation for bioethanol production.

The ethanol productivity, expressed as g/L/h, is reported in Table 2.
The optimal duration of fermentation was three days for fruits, two days for CTR. A summary

of the best selected batch fermentation conditions are reported in Table 3. The short fermentation
duration contributes to the economical sustainability of the process.

Semi-continuous fermentations can be sometimes preferred in industrial fermentations, due to
several advantages, such as shorter induction times due to the suppression of the lag phase, better control
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of contaminations and higher yields; however, in our assays, semi-continuous fermentations gave lower
productions of ethanol than batch fermentations (Table 4). Then, due to short duration and high yield,
batch fermentations should be preferred to semi-continuous fermentations; batch fermentations are also
suitable, taking into account that the fermentation plant should be fed with seasonally different substrates.

Scale-up fermentations were carried out with the best conditions selected from the lab-scale
fermentations, with blanched apple and kiwifruit. As fruits were ground after blanching at 80 ◦C,
it was necessary to cool down the temperature at the start and throughout the whole fermentation to
maintain it lower than 35 ◦C. An average ethanol concentration of 6.58% and an ethanol productivity
of 0.30 g/L/h were obtained with apple (three replications), while with kiwifruit no ethanol
production was detected, even if sugars (glucose and fructose) were completely exhausted at the
end of the fermentation; a possible explanation could be that an aerobic respiratory catabolism from
contaminating microorganisms predominated, preventing yeast growth.

Figure 1. Lab-scale batch fermentation trends. FA: fresh apple; BA: blanched apple; FK: fresh kiwifruit;
BK: blanched kiwifruit; FP: fresh peach; BP: blanched peach; FF: fresh fruit mix; BF: blanched fruit mix;
CTR: corn threshing residue.

The product of a batch apple fermentation (626 kg, 6.44% ethanol concentration at the end
of fermentation) was used to test the ethanol yield that can be reached with distillations at
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low temperatures. The results of the distillation tests carried out under controlled conditions,
at atmospheric pressure and under vacuum, are reported in Table 1. Temperatures of heating water
bath ≤80 ◦C were tested to reproduce the conditions of warming obtained with the hot water coming
from the chilling system of a cogeneration plant. The ethanol yielded at 80 ◦C at atmospheric pressure
was only 43.4%, while the yield augmented to 89.59% under vacuum at 400 mbar; a further increase to
93.35% was obtained, raising the vacuum until 200 mbar. A strong pressure decrease (175 mbar) was
not sufficient to produce an improvement of ethanol recovery at 60 ◦C.

Table 2. Ethanol productivity (g/L/h) in batch fermentations. FA: fresh apple; BA: blanched apple;
FK: fresh kiwifruit; BK: blanched kiwifruit; FP: fresh peach; BP: blanched peach; FF: fresh fruit mix;
BF: blanched fruit mix; CTR: corn threshing residue.

Time (h) FA 28 ◦C BA 28 ◦C FA 35 ◦C BA 35 ◦C FK 28 ◦C BK 28 ◦C FK 35 ◦C BK 35 ◦C FP 28 ◦C

24 0.41 0.47 0.30 0.26 0.79 0.41 0.49 0.99 0.37
48 0.56 0.98 0.71 0.93 0.73 0.46 0.81 0.74 0.53
72 0.57 0.51 0.95 0.95 0.38 0.74 0.58 0.71 0.43
96 0.38 0.39 0.62 0.68 0.27 0.66 0.42 0.40 ND
168 0.28 0.23 0.29 0.34 0.17 0.30 0.21 0.18 0.11

Time (h) BP 28 ◦C FP 35 ◦C BP 35 ◦C FF 28 ◦C BF 28 ◦C FF 35 ◦C BF 35 ◦C RTC 28 ◦C RTC 35 ◦C

24 0.86 0.59 0.91
48 0.60 0.59 0.58 0.83 0.81 0.51 1.10 2.09 1.27
72 0.42 0.46 0.47 0.75 0.82 0.69 0.59 1.68 1.65
96 ND ND ND 0.60 0.58 0.56 0.49 0.98 1.12
168 0.12 0.11 0.12 0.31 0.29 0.26 0.21 0.48 0.47

Table 3. Selection of best results from batch fermentations.

Raw Materials Temperature (◦C) Time (h) Ethanol Concentration
(% vol.)

Productivity
(g/L/h)

Fresh/blanched apple 35 72 8.71 ±0.83 0..5
Blanched kiwifruit 28 96 7.97 ±0.39 0.66

Blanched peach 35 72 4.26 ± 0.27 0.47
CTR 28 48 10.22 ±0.70 1.68

Table 4. Ethanol concentration (% v/v) and productivity (g/L/h) in semi-continuous fermentations
carried out at 35 ◦C. BF: blanched fruit mix (apple:kiwifruit 1:1); CTR: residue of threshing of corn.

Sampling BF CTR

Time (Weeks) Ethanol
Concentration (% v/v)

Etanol Productivity
(g/L/h)

Ethanol Concentration
(% vol.)

Etanol Productivity
(g/L/h)

1 5.23 0.25 6.91 0.32
2 4.67 0.11 7.30 0.17
3 5.58 0.09 7.45 0.12
4 4.55 0.05 7.76 0.09

In scale-up assay, 47.53% of the produced ethanol was recovered (19.16 L distilled from 40.31 L
produced) with distillation at air pressure, warming the whole tank at the end of fermentation with
85 ◦C hot water. The use of residual hot water from the cogeneration plant allows an energy saving,
in each batch fermentation, of 28,000 kcal for warming 500 kg fermented biomass from 35 to 85 ◦C,
and of 6000 kcal to maintain the same biomass at 85 ◦C during a 12 h distillation; this corresponds to
1775 kcal saved per liter of ethanol produced. If distillation is applied under vacuum, distilled ethanol
recovered would rise to 37.49 L; energy consumption for vacuum production would be 2438 kcal per
fermentation, then the global energy saving would decrease from 34,000 to 31,562 kcal, but considering
the higher distilled ethanol recovery, the energy saved per liter of ethanol would be 842 kcal.
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4. Conclusions

Several aspects of the production of bioethanol from fruit wastes using the residual heat from
chilling water of a cogeneration plant make this process highly suitable for its environmental
sustainability. In fact, an alternative to disposal of residual biomasses with high carbon load valorizes
them, transforming agricultural wastes in co-products; the use of hot chilling water of a cogeneration
plant allows to reduce the energy consumption needed for distillation, contemporarily reducing the
environmental impact due to heat dispersal from the cogeneration plant; bioethanol, that can be used
as a biofuel, is a renewable energy source.

Among the tested fruits, apple showed the best performances. The possibility to feed the
fermentation plant with CTR when fruit wastes are unavailable guarantees functionality throughout
the whole year and the economical sustainability of the plant.

Supplementary Materials: The following are available online at www.mdpi.com/2311-5637/3/2/24/s1.
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Abstract: Biomass and other carbonaceous materials can be gasified to produce syngas with
high concentrations of CO and H2. Feedstock materials include wood, dedicated energy crops,
grain wastes, manufacturing or municipal wastes, natural gas, petroleum and chemical wastes,
lignin, coal and tires. Syngas fermentation converts CO and H2 to alcohols and organic acids and
uses concepts applicable in fermentation of gas phase substrates. The growth of chemoautotrophic
microbes produces a wide range of chemicals from the enzyme platform of native organisms. In this
review paper, the Wood–Ljungdahl biochemical pathway used by chemoautotrophs is described
including balanced reactions, reaction sites physically located within the cell and cell mechanisms for
energy conservation that govern production. Important concepts discussed include gas solubility,
mass transfer, thermodynamics of enzyme-catalyzed reactions, electrochemistry and cellular electron
carriers and fermentation kinetics. Potential applications of these concepts include acid and alcohol
production, hydrogen generation and conversion of methane to liquids or hydrogen.

Keywords: syngas fermentation; acetyl-CoA pathway; acetogen; biofuel; gasification

1. Introduction to Syngas Fermentation

Syngas fermentation is a hybrid thermochemical/biochemical platform that takes advantage of
the simplicity of the gasification process and the specificity of the fermentation process to deliver
ethanol and potentially other chemicals. Biomass is converted to ethanol through the thermochemical
platform, i.e., gasification and the biological platform, i.e., fermentation in syngas fermentation [1].
Energy-rich biomass and waste materials are converted by gasification to syngas, which consists
of CO, H2 and CO2. These gases are then converted to ethanol and other chemicals by acetogenic
autotrophic microbes [2]. These microorganisms, “possess a very valuable (trait)” have “the ability
to grow in strict autotrophy” and “to produce added-value compounds” [3]. After twenty five
years of syngas fermentation research for the production of ethanol, this application is now being
deployed at a near commercial scale. However, “these studies have yet to define a methodology for
generating high ethanol production levels with stable culture.” [4]. In this paper, we present a review of
feedstocks, syngas production, metabolic pathway, bioreactor design, mass transfer, thermodynamics,
electrochemistry and microbial kinetics of the syngas fermentation process and propose a conceptual
model to describe the syngas fermentation.

A process flow diagram for the conversion of switchgrass, a dedicated perennial energy crop, to
ethanol is shown in Figure 1. Switchgrass is first converted to syngas in gasification with O2 and/or
steam. CO and H2 from the cooled syngas is utilized by the bacterial culture in fermentation for
cell growth and product synthesis. Beer from the fermentation is then distilled to recover ethanol,
and the bottom stream from distillation is returned to the fermentation. Recovered ethanol, taken
from overhead of the distillation column, is processed using a molecular sieve to achieve the final
product specification.

Fermentation 2017, 3, 28 152 www.mdpi.com/journal/fermentation
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Figure 1. Process flow diagram for the gasification of switchgrass followed by syngas fermentation
to produce fuel ethanol; BFW: boiler feedwater system; STM: steam; Syngas: synthesis gas;
CWS: circulating water system; wb: wet basis.

A key consideration in any fuel process is preserving the energy content of the feedstock in the
final product. Energy is expended in each production step; after solid biomass is heated to a high
temperature for the gasification step, energy is recovered from the syngas as steam, and heat is lost to
the environment. Energy diverted to cell growth, heat lost from the fermenter, unconverted syngas
and unrecovered acetic acid represent energy diverted from the ethanol product. The economy of
the fermentation process is enhanced through improvements in efficiency that conserve energy and
increase product yield. Energy efficiency represented by retaining the higher heating value from the
products, through gasification [5] and as increased product yield from fermentation [6], and the use of
energy efficient separation technologies, such as membrane separation, are very important to achieve
a profitable commercial process for fuels or chemicals.

1.1. Energy Demand

World energy demand is expected to grow from 553 exajoules (1 EJ = 1018 J = 0.948 quadrillion
BTU = 0.948 Quad) in 2012 to 865 EJ in 2040 per the U.S. Energy Information Administration’s
International Energy Outlook for 2013 [7,8]. The world demand for transportation fuels is also
projected to rise from 182 EJ in 2010 to 249 EJ in 2040 (from 182 to 229 trillion liters of petroleum).
Consumption of liquid biofuels will increase from 2.78 EJ in 2010 (77.2 trillion liters of gasoline
equivalent) to 6.21 EJ projected in 2040 (172.4 trillion liters gasoline equivalent).

1.2. Potential Resources

Balan [9] compiled an extensive list of projects for the development of lignocellulosic biofuels
supported by the governments of the U.S. and the EU that have achieved a range of success.
Syngas fermentation projects have advanced to commercial scale [10,11]. The accounting of biofuels by
the EIA includes biomass-to-liquids (BTL) and biodiesel; while ethanol remains the most prominent
liquid fuel from biomass. BTL also includes pyrolysis oil and Fischer–Tropsch liquids that share similar
thermochemical processes with gasification. Additional sources of syngas include gasification of coal
and steam reforming of natural gas.
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1.2.1. Biomass

The major portion of projected U.S. biofuels consumption of 1.84 EJ in 2012, rising to 2.34 EJ in
2040 [12], is from ethanol with consumption of 1.71 EJ in 2012 almost exclusively supplied from corn,
rising to 1.99 EJ in 2040 with less than 1% projected to derive from cellulosic feedstock. These projections
reflect lowered expectations due to slow progress in the technical and economic competence of
cellulosic fuel production, coupled with the increased reserves for U.S. oil and gas production.
However, global capacity to produce biomass for energy production is projected as 11 to 28 billion
tonnes by 2050 [13], which represents 200 to 500 EJ annually.

1.2.2. Wastes

In addition to forest and agriculture wastes, municipal solids wastes (MSW) can be an energy
resource. Combustible material discarded in the U.S. municipal waste stream is estimated at about
117 million tonnes [14] representing about 2 EJ potential for energy production with only small
increase expected through 2030. Use of MSW combined with chemical and petroleum wastes in syngas
production may be important as an environmentally-sound management practice. Paper mill wood
wastes and black liquor can supply syngas for energy production [15]. These materials are a gathered
resource with a negative value, incurring cost for disposal, and represent an opportunity for energy
production with environmental benefit.

1.3. Syngas Production

Gasification of biomass to produce syngas provides the simple precursors CO and H2 for
fermentation. Atsonios et al. [15] published a process flow diagram for similar production of syngas
(followed by catalytic mixed alcohol synthesis). When gasification is coupled with fermentation of
the syngas, the robustness and adaptability of the acetogenic bacteria reduce the requirements for gas
cleaning and adjustment by the water gas shift reaction required for catalytic conversion of syngas.

Liew et al. [11] discussed a fixed-bed, a circulating fluidized bed (CFB) and entrained flow
gasifiers, with preference for CFB for biomass and entrained flow for liquids and solids that are easily
pulverized. For syngas fermentation, low pressure and high temperature in the gasification chamber
promote CO and H2 formation and reduce higher molecular weight hydrocarbons or “tar” in the
syngas produced, and an atmospheric indirect heated CFB is preferred [5].

Biomass and waste materials contain nitrogen, sulfur, chlorine and other constituent elements, in
addition to complex hydrocarbon structures, such as aromatics that decompose slowly in gasification.
These compounds remain in the syngas product as N2 and other minor components, such as ammonia
(NH3), hydrogen sulfide (H2S) and tars [16,17]. Residual hydrocarbon tars can foul equipment surfaces
and orifices and can be inhibitory in fermentation along with chemical species produced in combustion
like hydrogen cyanide (HCN). Woolcock and Brown [18] presented an extensive review of syngas
contaminants, gas specifications for particular applications and technologies used for gas cleanup.
Some chemical species that poison chemical catalysts such as NH3, carbonyl sulfide (COS) and H2S can
be used as nutrient components for the growth of the acetogenic bacteria when present at low levels.
Fermentation uses syngas with a composition dependent on the type of gasifier used and its operating
conditions. Fermentation can simplify the process flow diagram for syngas cleaning and emissions
treatment, lowering capital requirements compared to catalytic processes, such as Fischer–Tropsch.

1.4. Microbial Conversion of CO and H2

Acetogenic bacteria convert CO, H2 and CO2 derived from biomass or waste materials into acetic
acid [2]. It is theorized that the acetogenic pathway is as old as life on the Earth [19] and has been
optimized by evolution to ensure the survival of species that produce acetyl coenzyme A (acetyl-CoA)
from small molecules in natural environments. Acetyl-CoA is an intermediate metabolite that is
converted to synthesize cell mass and complex chemicals and yields organic acids and alcohols, most
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easily acetic acid and ethanol. Production of acetic acid supplies energy for synthesis of cell mass,
including lipids, proteins and other complex cell components from the simple inorganic gas substrates
(CO, H2 and CO2). The ability of some acetogens to reduce organic acids to alcohols, particularly acetic
acid to ethanol, is the basis for biofuel production. Knowledge of the acetogenic mechanisms supports
successful process design for energy conservation in biofuels’ production.

The use of dedicated biomass energy crops, waste biomass and municipal and industrial wastes as
feedstock for energy and chemical synthesis promotes reuse and recycling of materials consumed in our
society. This can establish a true cycle of renewable, carbon-neutral, energy and chemical production.

2. Chemoautotrophic Microbes

The bacteria used in syngas fermentation belong to a group of prokaryotic single cell organisms
termed “acetogens”, which are defined by the use of the acetyl-CoA pathway for reductive synthesis
of acetyl-CoA from CO2, energy conservation for growth and assimilation of carbon from CO and CO2

into biomass [2]. The cellular mechanisms of acetogenesis are present and used by bacteria, archaea
and eukaryotes alike. Acetogens inhabit a wide range of ecosystems and have diverse capacities for
substrate utilization and product formation, dependent on the growth environment.

Acetogenesis was recognized in 1932 when the production of acetic acid from H2 and CO2 by
sewage sludge was reported [20]. Subsequently, Klass Wieringa [21] isolated Clostridium aceticum,
demonstrating synthesis of acetic acid from H2/CO2 by this pure culture. The type culture for
acetogenesis, Clostridium thermoaceticum, reclassified as Moorella thermoacetica [22], was isolated
by Francis Fontaine [23]. Harland Wood and Lars Ljungdahl studied the acetyl-CoA pathway,
providing the definition of the incorporation of CO and of the tetrahydrofolate (THF)-dependent
reduction of CO2 to a methyl group, in the formation of acetyl-CoA. The acetyl-CoA pathway is also
referred to as the Wood–Ljungdahl pathway of autotrophic growth. A detailed description of the
history of the discovery of acetogenesis is given in a review [2], and the enzymology is reviewed by
Ragsdale [24].

2.1. Species and Habitat

Drake et al. [2] cited 100 species of acetogens, from 22 genera in his review. These acetogens were
of various morphologies (rods, cocci and spirochetes) with a wide range of temperature optima from
5 to 62 ◦C. Acetogens were isolated from a wide variety of habitats including soil, sewage sludge,
feces, rumen fluid, sediments and industrial wastes. The pH conditions ranged from alkaline to acidic,
and most habitats were not strictly anoxic.

The first acetogen reported to produce ethanol from syngas was Clostridium ljungdahlii [25,26]. Shortly
thereafter, Butyribacterium methylotrophicum was reported to produce butanol and ethanol from CO [27].
Other prominent species of acetogenic alcohol producers are C. autoethanogenum [28], C. carboxidivorans,
which has also been shown to synthesize butanol and hexanol [29,30], and C. ragsdalei [31]. New species
continue to be discovered, including moderately alkaliphilic acetogens that produce ethanol; for example,
Alkalibaculum bacchi represents yet another new genus and species [32,33].

Mixed culture syngas fermentations for the production of ethanol and acetic acid and conversion
of organic acids to their respective alcohols were also reported [34,35]. Enrichment of acetogens in
chicken manure in India [4] and cow manure in China [36] shows the potential of natural inocula.
However, Clostridium difficile and C. sordellii, acetogenic human pathogens, were detected in the
enriched fermentation [36], which suggests that extreme caution should be exercised in the selection
and use of syngas fermenting microorganisms.

The diversity and habitat of acetogens show the potential for additional species to be discovered.
A range of fermentative capabilities may be expected from this diverse population, promising new
products from syngas fermentation. Successful production using acetogens will likely use the
conditions to which the strain has adapted through evolution. The natural environment has a limited
source of CO, and acetogens have developed mechanisms that scavenge H2 to fix CO2 very effectively
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via the autotrophic pathways. Nutrients essential to the growth of functional cell mass are the object
of competition between a consortium of bacteria and other organisms. Efficient mechanisms for
nutrient uptake are required for the bacteria to thrive especially in the environment with very low
nutrient concentrations. Isolation of acetogens typically uses a medium enriched with yeast extract
with pH stabilized using a Good’s buffer, like 2-(N-morpholino)ethanesulfonic Acid (MES) [37].
Several studies have substituted other complex medium components for yeast extract; for example,
corn steep liquor [38,39] or cotton seed extract [40]. A defined medium without complex nutrients was
used with C. ljungdahlii to achieve 48 g/L of ethanol [41].

Culture methods were modified to control mass transfer for successful growth of C. carboxidivorans
in defined medium and produce butanol and hexanol [30].

2.2. Structure

Acetogens are found as rods, cocci and spirochetes and can be either Gram-positive or
Gram-negative [2]. The typical ethanol producing acetogen is a rod-shaped Gram-positive motile
bacterium that can form spores. C. carboxidivorans, also known as strain P7, is described as
“Gram-positive, motile rods (0.5 × 3 μm) occurring singly and in pairs. Cells rarely sporulate, but
spores are subterminal to terminal with slight cell swelling. Obligate anaerobe with an optimum growth
temperature of 38 ◦C and an optimum pH of 6.2. Grows autotrophically with H2/CO2 or CO and
chemoorganotrophically” [29].

The cell membrane is a phospholipid bilayer embedded with proteins, which divides the
cytoplasm from the external environment and mediates cell function [42]. Fifteen enzymes closely
associated with the acetyl-CoA pathway [24] are listed in Table 1.

Table 1. Enzymes of the acetyl-CoA (Wood–Ljungdahl) pathway.

Enzyme Reaction Reference

Carbon Monoxide dehydrogenase CO + H2O → CO2 + 2 H+ + 2 e− [43]
Hydrogenase H2 → 2 H+ + 2 e− [44]

Ferredoxin oxidoreductase FdRd → FdOx + 2 e− [45]
Formate dehydrogenase CO2 + NADPH → HCOO− + NADP+ [46]

Formate kinase HCOO− + ATP4− + H+ → HCOOPO3
− + ADP3− [47]

Formyl THF synthetase 1 HCOOPO3
− + THF → HCOTHF + HPO4

2− + H+ [48]
Methenyl THF cyclohydrolase HCOTHF + H+ → HC+THF + H2O [44]

Methylene THF dehydrogenase HC+THF + NADPH → H2CTHF + NADP+ [49]
Methylene THF reductase H2CTHF + 2H+ + 2e− → H3CTHF [50]

Methyl transferase H3CTHF + H+ +
[
Co+

]
E2+ → THF + H3C

[
Co3+

]
E+ [44]

Corrinoid-Iron-Sulfur protein
[
Co+

]
E2+ [51]

Acetyl-CoA synthase H3C[Co3+]E+ + CO + CoASH → CH3COSCoA +
[
Co+

]
E2+ + H+ [24]

Phosphotransacetylase CH3COSCoA + HPO4
2− + H+ → CH3COOHPO−

3 + CoASH [52]
Acetate kinase CH3COOHPO−

3 + ADP3− → CH3COO− + ATP4− + H+ [52]
Aldehyde dehydrogenase CH3COO− + NADPH + 2H+ → CH3CHO + NADP+ + H2O [53]
Alcohol dehydrogenase CH3CHO + NADPH + H+ → CH3CH2OH + NADP+ [54]

1 THF–tetrahydrofolate.

2.3. Pathway

The production of acetic acid and ethanol from syngas, CO, H2 and CO2, follows a sequenced
set of elementary chemical reactions as seen in Figure 2 [11,55,56]. Each reaction proceeds with an
associated enzyme in a specific location within a cell, either free in the cytoplasm, tethered to the
surface of the cell membrane or embedded in the membrane. Each cell acts independently, but the
combined action of all cells sets conditions in the fermentation bulk liquid. Reactions inside cells are
mediated by enzymes (Table 1); each binds specific reactants and converts them to specific products,
and these enzymatic reactions are typically reversible. The reactions occur at local conditions of pH
and chemical concentrations inside the cell, conditions that determine the activity of the enzymes and
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the form and availability of reactants. The simple inorganic chemical substrates, CO, H2 and CO2,
are transformed, step by step, first to acetyl-CoA and then to organic products, such as acetic acid
and ethanol. Some acetyl-CoA is diverted to form complex organic cell components, carbohydrates,
proteins and lipids. However, the majority of gas consumed provides energy for cell function, resulting
in the accumulation of acetic acid and ethanol.

Figure 2. The Wood–Ljungdahl pathway for the production of ethanol and acetic acid;
THF: tetrahydrofolate; ACS: acetyl CoA synthase; CODH: carbon monoxide dehydrogenase;
H2ase: hydrogenase; NADPH: reduced nicotinamide adenine dinucleotide phosphate; adapted from [1,57].

2.3.1. Stoichiometry

The production of acetic acid and ethanol from syngas is represented in the literature by the
stoichiometry for a single reductant, production from either CO or H2 with CO2 [2,25,55,58–60].
The pure component stoichiometry and associated Gibbs free energy, ΔG◦, are given in Table 2,
Equations (1) and (5) for the production of acetic acid and Equations (6) and (12) for the production of
ethanol. The similar stoichiometry from CO and H2 to form products, 4 moles per mole of acetic acid and
6 moles per mole of ethanol, reinforce that CO and H2 both act as reductants, providing indistinguishable
electrons for the subsequent production reactions. ΔG◦ provides an insight into the direction of a
reaction and whether or not it is a spontaneous or not. A negative ΔG◦ for a reaction means it is
spontaneous in the forward direction to make products. A positive ΔG◦ for a reaction means it is
nonspontaneous in the forward direction. When ΔG◦ equals zero, a reaction is at equilibrium. ΔG◦ is
not correlated with the speed of reaction. Kinetics governs the speed of reactions and how fast a
product is formed. The ΔG◦ values for all reactions in Table 2 are negative and favorable in the
formation of acetic acid and ethanol. A more negative ΔG◦ for a reaction makes that reaction more
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favorable thermodynamically. For example, ethanol production in Equation (6) from only CO is
thermodynamically more favorable than in Equations (7) to (12) from both CO and H2 or from both H2

and CO2. In addition, the higher the molar ratios of H2:CO, the greater the efficiency of incorporating
carbon from CO into acetic acid or ethanol.

Table 2. Stoichiometry of acetic acid and ethanol production from syngas and change in Gibbs free
energy at 298 ◦K and 100 kPa.

Products Reaction ΔG◦ kJ/mol

Acetic Acid 4 CO + 2 H2O → CH3COOH + 2 CO2 (1) −154.6
3 CO + H2 + H2O → CH3COOH + CO2 (2) −134.5

2 CO + 2 H2 → CH3COOH (3) −114.5
CO + 3 H2 + CO2 → CH3COOH + H2O (4) −94.4

4 H2 + 2 CO2 → CH3COOH + 2 H2O (5) −74.3

Ethanol 6 CO + 3 H2O → CH3CH2OH + 4 CO2 (6) −217.4
5 CO + H2 + 2 H2O → CH3CH2OH + 3 CO2 (7) −197.3
4 CO + 2 H2 + H2O → CH3CH2OH + 2 CO2 (8) −177.3

3 CO + 3 H2 → CH3CH2OH + CO2 (9) −157.2
2 CO + 4 H2 → CH3CH2OH + H2O (10) −137.1

CO + 5 H2 + CO2 → CH3CH2OH + 2 H2O (11) −117.1
6 H2 + 2 CO2 → CH3CH2OH + 3 H2O (12) −97.0

Acetic Acid CO + CO2 + 6H+ + 6e− → CH3COOH + H2O (13) −94.4
Ethanol CO + CO2 + 10H+ + 10 e− → CH3CH2OH + 2H2O (14) −117.1

Production can proceed using either CO or H2 [55], but fermentation with syngas,
containing CO, CO2 and H2, typically shows simultaneous uptake of both CO and H2 [38,41].
Intermediate stoichiometry can be written beginning with production from pure CO and substituting
one H2 for one CO and reducing consumption of H2O and production of CO2 by one for each step.
In this way, five balanced equations are obtained showing the “quantum” or molecular production
of acetic acid from any combination of four, CO plus H2, with two carbons fixed in acetic acid.
Similarly, seven balanced equations are obtained showing the “quantum” production of ethanol from a
combination of six, CO plus H2, with two carbons fixed in ethanol. The overall stoichiometry observed
in fermentation will be the average of the “quantum” stoichiometry; for example, 4.3 moles CO plus
1.7 moles H2 can produce 1 mole of ethanol.

The substitution of H2 for CO as reductant in fixing two carbons in the product, either acetic acid
or ethanol, suggests a general stoichiometry independent of the origin of electrons, whether from CO
or H2. Reducing equivalents of H2 (2 H+ + 2 e−) are provided by either CO or H2, while carbon comes
from CO and CO2. The methyl group of acetic acid is formed from CO2, and the carbonyl is formed
from CO. The general stoichiometry of acetic acid formation is given in Equation (13) and the general
stoichiometry of ethanol formation in Equation (14). Consumption of four reductants (including CO
and H2) and two carbons (CO or CO2 including the CO used as reductant) will produce acetic acid.
Consuming six reductants per two carbons will produce ethanol. The energy, H+ and e− are supplied
by oxidation of CO or H2, and Equations (15) and (16) describe acetic acid and ethanol production.

CO + CO2 + (n CO + (3 − n)H2) → CH3COOH + n CO2 + (1 − n) H2O

3 ≥ n ≥ −1
(15)

CO + CO2 + (n CO + (5 − n)H2) → CH3CH2OH + n CO2 + (2 − n) H2O

5 ≥ n ≥ −1
(16)

A negative coefficient for CO2 or H2O as a product indicates that the species is added as a
reactant. For reactions on a molecular level, n is an integer, and Equations (15) and (16) represent the
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quantum stoichiometry. However, on a molar level of reaction, n is not restricted to integer values,
and Equations (15) and (16) represent the average stoichiometry.

2.3.2. Production Reactions

The acetyl-CoA pathway has been defined over 70 years of research [24,56] and is shown in
Figure 2. Energy and carbon from syngas are used to produce acetyl-CoA. CO2 is converted to a
methyl group in the tetrahydrofolate cycle, through a series of reactions that consume one adenosine
triphosphate (ATP) and three reducing equivalents of hydrogen (2 H+ + 2 e− derived from CO or H2).
Acetic acid can be released from the cell into the bulk liquid (by diffusion or facilitated diffusion) [61]
or reduced through acetaldehyde to ethanol consuming another two reducing equivalents [62].

Carbon

Carbon enters the acetyl-CoA pathway reactions as CO2 or CO. CO2 is required for the formation
of formate [46], which is bound to tetrahydrofolate and reduced to form the methyl group of acetyl-CoA.
A methyl cation is transferred to acetyl-CoA synthase (ACS) via an enzyme that contains cobalt (and is
called the corrinoid iron-sulfur protein or CoFeSP). The carbonyl of acetyl-CoA is derived from CO
bound to carbon monoxide dehydrogenase (CODH), transferred within the bi-functional enzyme to
the acetyl-CoA synthase (ACS) active site [63] and condensed with the methyl group and coenzyme A
to form acetyl-CoA (Figure 2). Acetyl-CoA is either incorporated in cell components or converted to
acetic acid inside the cell, and the conversion of acetyl-CoA to acetic acid via acetyl-phosphate replaces
the ATP used to convert CO2 to the methyl cation.

Acetic acid is released by the acetate kinase enzyme to the cytoplasm (inside the cell) and is
reduced to ethanol by carboxylic acid reductase [53] and alcohol dehydrogenase using reduced
electron carriers like the reduced nicotinamide adenine dinucleotide (NADH) that are not strongly
associated with the membrane. The enzymes acetaldehyde dehydrogenase and alcohol dehydrogenase,
which are required to reduce acetic acid to ethanol, have been isolated from Moorella thermoacetica
(formerly Clostridium thermoaceticum) and Clostridium formicoaceticum [53,54]. Based on commercial
acetone-butanol-ethanol (ABE) fermentation, acyl-CoA (acetyl- or butyryl-CoA) is reduced to aldehyde
and then to alcohol using low potential electron carriers, at the expense of one ATP. This loss of ATP
in equimolar ratio to ethanol production would make ethanol production from syngas impossible.
Fraisse [54] and White [53] found that acetic acid is converted directly to acetaldehyde; acetyl-CoA is
not the direct precursor of acetaldehyde and ethanol; and ATP is not lost when alcohol is produced.
Aldehyde dehydrogenase and alcohol dehydrogenase were also found to be functional for the
reduction of other carboxylic acids to their respective alcohols, including reduction of butyric acid to
butanol [30,53,64]. Ethanol production is affected by the internal electrochemical potential and internal
pH of the cell, which are determined by the concentration of accumulated CO and H2.

Energy

During syngas fermentation, energy flows by the transfer of electrons. One pair of electrons (2 e−)
is supplied for reaction in the cell by each CO oxidized on CODH or H2 oxidized on hydrogenase
(H2ase); a pair of protons (2 H+) is released to the cytoplasm for each oxidized CO [43] or H2 [44].
The electrons are distributed to reaction sites within the cell by electron carriers like ferredoxin and
NAD(P)H. Electrons from CODH and H2ase are first transferred to the membrane-associated clostridial
ferredoxin [65] and then are transferred to other electron carriers like NAD(P)H for use in pathway
reactions and other cell function. Electrons are transferred via enzymes and cofactors coded in the
acetogenic genome in the Rnf (for Rhodobacter nitrogen fixing) operon. The Rnf operon produces a
membrane-bound protein complex that is critical to electron transfer and translocation of protons
across the cell membrane [66–68].

The Rnf complex is proposed to mediate “electron bifurcation”, wherein electrons from H2 are
bound on ferredoxin at very low potential using energy supplied from electrons transferred at higher
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potential to NADH. This “bifurcation” is proposed to translocate protons across the cell membrane
through the Rnf complex proteins. However, electrons from H2 are likely transferred via ferredoxin
to the Rnf complex, then distributed to NAD(P)H and membrane-integral flavins, equalizing the
intracellular potential of all electron carriers. The reduced flavin nucleotides carry protons across
the membrane, and the associated electrons, still near the potential of H2, reduce methylene-THF
to methyl-THF in a critical reaction of the production pathway. To develop the bifurcation concept,
Schuchmann and Muller [69] reported methylene-THF reductase to be neither membrane associated,
nor membrane attached. However, Hugenholtz et al. [70] found this critical enzyme was membrane
bound, but easily displaced by disruption of the cells for isolation of proteins. The cell membrane
serves to insulate the low potential electrons transferred to the flavin and, thus, establish the proton
gradient, membrane potential and the proton-motive force used to produce ATP for cell growth.

A single crossover integration in C. ljungdahlii was reported to block the production of
“a membrane associated polyferredoxin accepting electrons from ferredoxin and transferring them
to membrane domains of the Rnf complex” [68]. Autotrophic growth on H2 and CO2 was blocked
by this mutation, and the “proton gradient, membrane potential and protonmotive force collapsed”.
The reduction of ferredoxin well above its midpoint potential (E◦′= −420 mV) by H2 drives the function
of the Rnf complex, but the imposed mutation blocked the transfer of electrons from H2 into the Rnf
complex circuit, and without a supply of energy, the chemical potential across the membrane was
dissipated. Presumably, autotrophic growth of the C. ljungdahlii mutant on CO would also have been
blocked, although this was not reported by [68]. Insulation of the electron current by the cell membrane
is critical to the function of the Rnf electron transfer chain that transports H+ across the membrane and
terminates in reduction of methylene-THF to methyl-THF.

2.3.3. Key Oxidation/Reduction Reactions in the Acetyl-CoA Pathway

Electrochemical reactions involve the transfer of electrons and protons. Electrons are transferred
from a reduced chemical as it is oxidized to a less reduced (or oxidized) chemical [42,71]. The reduced
and oxidized forms of both the electron donor and electron acceptor are called the redox couple.
The reaction releasing the oxidized form and electrons, from its reduced form, is called a “half-cell
reaction”. Important half-cell reactions of the acetyl-CoA pathway are shown in Table 3. Each half-cell
reaction (and redox couple) has a mid-point potential (expressed in mV) at which the concentrations of
the reduced and oxidized forms are equal. CO2/CO is a redox couple, and the CO2/CO half-cell can be
paired with the H2 half-cell; ferredoxin mediates this electron transfer in acetogens [45]. The combined
half reactions comprise the water-gas shift reaction, Equation (17); CO and H2O are converted to H2

and CO2 in this reversible reaction.

CO + H2O ↔ CO2 + H2 (17)

The elementary reactions of the pathway are balanced for charge and conserve elemental species
when written as in Figure 2. The chemical equations can be analyzed using pH and chemical
concentrations at the enzymes to establish thermodynamic relationships. Several important reactions of
the pathway are characterized by paired electrochemical half-cell reactions. The electrons are supplied
by the hydrogen (H+/H2) and CO2/CO couples. Electrons are distributed to electron carriers such
as ferredoxin (FdOx/FdRd) and nicotinamide adenine dinucleotide (NAD+/NADH). In the terminal
redox couple (CH3COOH/CH3CH2OH), acetic acid is reduced to ethanol.
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Table 3. Selected half-cell reactions of the acetyl-CoA pathway. ΔGr
◦ and E◦ indicate the standard

Gibbs free energy change and midpoint potential of the half-cell reaction at pH = 0, while ΔGr
◦′

and
E◦′

are at pH = 7.0, ne and ΔmH are the numbers of electrons transferred and protons consumed,
respectively, and Πprod/Πreact is the form of the mass action ratio.

Half Cell Reduction ΔGr
◦

(kJ/mol)
E◦

(mV) ne ΔmH
ΔGr

◦′

(kJ/mol)
E◦′

(mV)
Πprod/Πreact

2H+ + 2e− ↔ H2(g) 0 0 2 −2 79.90 −414 pH2
CO2 + 2H+ + 2e− ↔ CO(g) + H2O 20.03 −104 2 −2 99.93 −518 pCO/pCO2

CH3COOH + 2H+ + 2e− ↔ CH3CHO + H2O −7.67 40 2 −2 72.23 −374 CAld/CHA
CH3CHO + 2H+ + 2e− ↔ CH3CH2OH −41.85 217 2 −2 38.05 −197 CEt/CAld

NAD+ + H+ + 2e− ↔ NADH 21.80 −113 2 −1 61.75 −320 CNADH/CNAD+
FdOx + 2e− ↔ FdRd 81.05 −420 2 0 81.05 −420 CFdr/CFdo

2.4. ATP and Cell Growth

Autotrophic growth and production are dependent on the transport of protons and electrons
across the cell membrane to generate the proton-motive force that drives synthesis of ATP [72].
The proton-motive force consists of a pH differential plus a difference in electrochemical potential as
shown in Equation (18) [42].

Δp = Δϕ − 2.3RT
F

ΔpH (18)

where Δp is the proton-motive force (mV) driving transfer of protons across the membrane, Δϕ is the
potential difference across the membrane (mV), ΔpH is the pH differential across the membrane,
R is the gas constant (8.314 J/mol K), T is the temperature (K) and F is the Faraday constant
(96.485 J/mV mol e−).

Protons released into the cytoplasm are consumed in the formation of acetyl-CoA, acetic acid
and ethanol, maintaining the charge balance, while one pair of protons (2 H+) is expelled from the
cell for each acetyl-CoA formed. This proton pair is carried across the membrane by a reduced flavin
electron carrier, while the electrons are used in the reduction of methylene-THF to methyl-THF [49].
The removal of H+ from the interior of the cell develops a differential of pH and electrochemical
potential across the membrane. Protons, as positively-charged particles, are attracted to the more
negatively-charged interior of the cell and driven by the higher concentration of protons outside the
cell [73]. This proton-motive force pulls protons through an ATP synthase, driving rotation in the
ATPase structure that mechanically forms and releases ATP from three binding sites for ATP/ADP + Pi

on the enzyme [74,75]. One ATP is consumed in converting formate to formyl phosphate, and one ATP
is recovered in the conversion of acetyl phosphate to acetate. Product formation via the acetyl-CoA
pathway yields no net ATP; in syngas fermentation, ATP is obtained only from the chemiosmotic
mechanism of the ATP synthase [73,76].

3. Microbial Conversion of Gas Phase Substrates

The conversion of CO, H2 and CO2 by acetogenic bacteria to acetic acid and ethanol via the
acetyl-CoA pathway is affected by the conditions inside and outside the cell, as depicted in Figure 3.
These include pH, temperature and concentrations of nutrients, CO, H2 and CO2, and products like
acetic acid and ethanol. Mass transfer also affects the availability of CO, H2 and CO2 inside the cells,
and each intermediate reaction, in vivo, will depend on the concentration of its particular reactants
and products. The concentrations of intermediate metabolites define the individual reactions and
connect the chain of reactions that constitutes the overall stoichiometry of production. The rate of each
reaction in the acetyl-CoA pathway is determined by the concentrations of the metabolites involved
and the enzyme kinetics supported in the cell.
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Figure 3. Depiction of an acetogenic bacterial cell showing the supply of CO and H2 into the cell
and efflux of CO2 by mass transfer, the reaction on enzymes dependent on nutrients taken from the
medium to support culture kinetics of growth and production and the thermodynamic determination
of products in syngas fermentation.

3.1. Gas Solubility

CO and H2 are sparingly soluble in water, and their solubility depends on the partial pressure of
the individual species according to Henry’s law. As an example, for CO:

CCO = yCO PT/HCO (19)

where CCO is the liquid phase concentration of CO, yCO is the gas phase mol fraction of CO, PT is the
total pressure and HCO is the Henry’s law constant for CO. The Henry’s law constants for CO, H2 and
CO2 at 37 ◦C are given in Table 4. Saturated concentration of either CO or H2 in water under 100 kPa of
pure gas is less than 10−3 mol/L. CO and H2 must be continuously replenished in the liquid medium
to support active fermentation. The lowest concentrations of CO and H2 are inside the cell where the
enzymes that catalyze oxidation reside. In contrast, CO2 is produced in fermentation that consumes
CO, and in that case, CO2 is transferred from inside the cell through the liquid phase to the gas phase.
The concentration of CO2 will be highest inside the cell.

Table 4. Henry’s law constants and diffusivities for gases in water at 37 ◦C a.

Gas H (kPa L/mol) Di,W (m2/s)

CO 121,561 2.50 × 10−9

H2 140,262 6.24 × 10−9

CO2 4240 2.69 × 10−9

O2 101,300 3.25 × 10−9

a Adapted from [77].

3.2. Transport Theory

The low solubility of CO and H2, gases that provide the energy for syngas fermentation and energy
conserved in ethanol product, requires these gases to be continually replenished in the fermentation
broth to sustain production. The rate of mass transfer of substrate gas from the bulk gas through the
gas-liquid interface and the bulk liquid into the cell, depicted in Figure 4, can be described by film
theory [78].
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Figure 4. Schematic of gas to liquid mass transfer in the fermentation broth. Partial pressure in the gas
phase, pCO, pH2, pCO2 and in the equilibrium bulk liquid phase pressure, pCO

*, pH2
*, pCO2

*. The bubble
boundary is indicated by the solid line and the liquid film by the dashed line; a single cell is indicated
inside the small circle; the scale of the bubble is 1 mm in diameter; the size of the cell is 0.5 μm in
diameter by 3 μm long; there are more than 1010 cells per liter of fermentation broth.

Diffusion of gas components within the bulk gas is very fast relative to the consumption rate,
and the concentration of each species is uniform throughout the gas phase. The concentration of each
species in the liquid at the interface is at equilibrium with the bulk gas partial pressure as predicted
by Henry’s law. The liquid at the interface is part of a stagnant film of fluid through which dissolved
gas must transfer by diffusion to the bulk liquid, and since diffusion is driven by the concentration
difference, the transfer rate is dependent on the gas diffusivity through water and the thickness of
the stagnant film. Outside of the stagnant film, the liquid is assumed to be mobile and turbulent [79],
and dissolved gas transfer within the bulk liquid is by bulk flow at rates far exceeding diffusion.
The bulk liquid is assumed to be well mixed and homogeneous.

Gas is transferred into the cell by a diffusion process through the cell membrane, which is 6 to
9 nm thick [80]. C. ragsdalei cells are rod shaped with typical dimension of 0.5 μm by 3 μm, and even
at low cell density (0.02 g cells/L), there are more than 1010 cells/L of bulk liquid. The surface area
of these cells will exceed the area of the gas-liquid interface by up to three orders of magnitude in a
typical fermentation, and resistance to gas transfer across the membrane will be negligible. The gas to
liquid mass transfer rate is controlled by diffusion through the film of stagnant liquid at the gas-liquid
interface, and the rate of molar gas transfer is proportional to the difference in concentration from the
surface of the liquid to the bulk liquid.

The partial pressure of each component in the gas phase is the product of its mole fraction and
the total pressure. The partial pressure for CO is calculated by Equation (20).

pCO = yCO PT (20)

The liquid film mass transfer of CO is represented by Equation (21).

− 1
VL

dnCO
dt

=
kL,COa

VL
(c∗CO − cCO,L) =

(
kL,COa

VL

)
HCO

(pCO − p∗CO) (21)

where c*
CO is the concentration of CO at the gas-liquid interface in equilibrium by Henry’s law; cCO,L

is the concentration of CO in the bulk liquid; pCO
* is the CO partial pressure (kPa) in equilibrium by

Henry’s law with the concentration of CO dissolved in the bulk liquid; pCO is partial pressure in the gas
bubble; HCO is the Henry’s law constant for CO (kPa L/mol); and VL is the volume (L) of liquid into
which gas is transferred. The molar rate of CO transfer is –dnCO/dt (mol CO/h), where the negative
sign denotes consumption from nCO moles of CO in the bulk gas. The constant of proportionality
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is kL,COa/VL, which is the overall liquid film mass transfer coefficient (often denoted simply as kLa
in the literature) for CO with units of reciprocal time (h−1). The area of the gas/liquid interface is a
(m2). The term kL,CO is the liquid film mass transfer coefficient for CO (L/m2 h), which includes the
effects of turbulence in the liquid, hydrodynamic conditions like viscosity that affect film thickness
and gas diffusivity in the aqueous phase. When CO is mass transfer limited, pCO

* is arithmetically
zero, and kL,COa/VL can be calculated from dnCO/dt and pCO using Equation (21).

The volumetric mass transfer coefficients for H2 (kL,H2a/VL) and CO2 (kL,CO2a/VL) differ from
kL,COa/VL, but are proportional. The area of the gas/liquid interface and the liquid volume are the
same for all gases, as is the intensity of turbulence in the liquid. The coefficients for these gases will
differ due to their diffusivity in the fermentation broth (Di,W) through the liquid film, and the measured
kL,COa/VL from Equation (21) is used to predict values of kL,H2a/VL and kL,CO2a/VL based on the
surface renewal theory for film transfer [81].

kL,COa
VL

=

√
DCO,W

DH2,W

(
kL,H2a

VL

)
=

√
DCO,W

DCO2,W

(
kL,CO2a

VL

)
(22)

The actual capacity of the fermenter to transfer H2 and CO2 is represented in kL,H2a/VL and
kL,CO2a/VL determined from Equation (22). This capacity can remain unused, in which case H2 or CO2

will accumulate in the bulk liquid and in the cell up to saturation of the dissolved gas. The fermentation
broth was assumed to be like water, which is 98% of the medium.

The attainment of higher mass transfer represented in the volumetric mass transfer coefficients,
kL,COa/VL and kL,H2a/VL, is of primary concern in most discussion of syngas fermentation [82–84].
A model of syngas fermentation in the continuously-stirred tank reactor (CSTR) was developed to
assess the potential for the production of acetate [85], and mass transfer has been studied in various
configurations of fermenters [82,83,86,87]. Klasson et al. [83], however, notes that the rate of mass
transfer will not exceed the rate of reaction of the slightly soluble substrates and that the applied mass
transfer should balance the supply and consumption of CO and H2.

3.3. Enzyme Catalyzed Reactions

Conversion of CO and H2 to acetic acid, ethanol and cell mass is performed on a platform of
enzymes contained in the cells (Figure 3 and Table 1). The cell membrane separates the cytoplasm
from the bulk liquid fermentation broth, and enzymes are either suspended in the cytoplasm or
associated with or embedded in the membrane. Intracellular conditions of pH, oxidation reduction
potential (ORP) and chemical composition are related to the bulk liquid by diffusion and membrane
transport and can differ in significant ways that are essential to cell function [42,88]. The concentrations
of dissolved CO, H2 and CO2 inside the cells are nearly the same (within 5%) as the bulk liquid,
since the transfer of gas into the cells occurs along a short mass transfer path through a very thin
membrane (6 to 9 nm) with a large total surface area. The observed rates of consumption of gas and
the formation of products in the defined stoichiometry of the production pathway reveal the mass flux
of carbon, protons and electrons through the pathway reactions. However, in analogy to the catalytic
conversion of syngas to ethanol, production is, “impacted by kinetic and thermodynamic constraints.”
as previously reported [15]. The dissolved gas concentrations set the thermodynamics of reactions,
set the concentrations of intermediate metabolites and determine the kinetic rates. Fermentation occurs
in this intracellular environment, and the mass flux through the biological pathways can be quantified
and controlled to achieve targeted results on the macroscopic scale.

3.4. Thermodynamics

Syngas fermentation thermodynamics have been examined [89] using transformed thermodynamics,
and it was concluded that CO was always preferred over H2 as a substrate for fermentation.
CO inhibition of hydrogenase or thermodynamic disfavor was suggested as the reason for low and
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delayed uptake of H2 in syngas fermentation. These thermodynamic calculations assumed bulk liquid
concentration saturated from the gas phase partial pressures of H2, CO and CO2. While acetogenic
fermentation of gas containing both CO and H2 can exhibit periods of exclusive CO uptake, CO and
H2 are typically consumed together [41], and the concentrations of dissolved CO and H2 are changed
significantly to effect mass transfer.

The ordered chemical reactions in the acetyl-CoA pathway occur in sequence to produce
acetyl-CoA, acetic acid and ethanol from CO2, CO and H2. Each reaction is mediated by an enzyme
that catalyzes the reaction, and each reaction proceeds in the direction of favored thermodynamics,
for which ΔGr < 0. The thermodynamics of biological reactions are addressed in biochemistry
texts [88,90] and reviews [66,71]; these treatments discuss the criteria for a reaction to proceed,
ΔGr < 0, and for thermodynamic equilibrium, ΔGr = 0, and the dependence of ΔGr on concentration
of reactants and products through the mass action ratio [88]. The effect of pH on ΔG is not discussed
extensively, although Lehninger (1982) stated, “Biochemical reactions take place near pH 7.0 and
often involve H+” to introduce the standard free energy at pH 7.0, ΔGr

◦′ . The dependence of ΔGr

on pH and the application in redox reactions in the cell are discussed in Cramer and Knaff [42].
Thermodynamic Cramer and Knaff data for reactions and compounds of interest in biological
systems are available in the appendix of Thauer et al. [71], and these data can be used to define
the thermodynamic position of the reactions of the acetyl-CoA pathway. Cramer and Knaff [42]
emphasized the division of the intracellular space, where the enzymes reside, from the bulk liquid
in fermentation. The production reactions occur inside the cell, while measurements like pH and
ORP are taken in the bulk liquid. Fermentation thermodynamics are characterized by parameters that
cannot be measured directly, and such parameters must then be inferred by calculation from available
measurements. These calculations require assumptions informed by the biochemical mechanisms to
build the equations for data analysis and a predictive model of fermentation.

3.5. Electrochemistry

Many reactions in the acetyl-CoA pathway are oxidation-reduction reactions, in which electrons
are transferred from one molecule to another. Electron donors are oxidized, and the electron acceptors
are reduced. In the water-gas shift reaction in Equation (17), CO is oxidized to CO2, and H+ is reduced
to H2. The two half-reactions are shown in Equations (23) and (24).

CO + H2O ↔ CO2 + 2 H+ + 2 e− (23)

2 H+ + 2 e− ↔ H2 (24)

CO donates 2 e− that are used to produce H2. The water-gas shift reaction is reversible, and H2

can be oxidized to produce CO from CO2. Reaction proceeds in the direction for which ΔGr < 0.
The reaction is in equilibrium when ΔGr = 0.

The oxidized and reduced forms of a chemical comprise a redox couple, for example H2/H+ and
CO/CO2. The oxidized form accepts electrons (and sometimes H+) and becomes reduced. When the
half-reaction is set at the standard conditions of 1.0 mol/L reactants and products, the redox couple
exhibits a characteristic tendency or potential to donate electrons. This potential, measured in volts,
with equal concentrations of the oxidized and reduced forms, is the midpoint potential. This is referred
to as E◦ at pH 0. E◦ for a half-cell reaction can be calculated from ΔGr

◦ as in Equation (25) [71,88].

E◦ = −ΔGo
r /neF (25)

where ne is the number of electrons transferred and F is the Faraday constant (0.0965 kJ/mV mol e−).
Note that this potential is a characteristic of the half-cell reaction, not a differential. The Gibbs free
energy change for a half-cell reaction, ΔGr, changes with concentrations of products and reactants;

165



Fermentation 2017, 3, 28

the electrochemical potential of the half-cell changes, as well. The potential (E) is given by the Nernst
equation [80,88].

E = −ΔGr

neF
= Eo − RT

neF
ln
(
∏ C(Products)/ ∏ C(Reactants)

)
+ 2.302

RT
neF

ΔmH pH (26)

The notation (ΠCProducts/ΠCReactants) represents the mass action ratio for the reaction [88],
and ΔmH is the number of protons produced in the reaction. E is the potential of the redox couple
to donate electrons under the actual conditions, and each redox couple exhibits its characteristic
potential under those conditions. A redox couple at lower potential (more negative) donates electrons
(is oxidized) to couples at higher potential. Two half-cell reactions like Equations (23) and (24) are
combined, an oxidation with a reduction, in a balanced reaction, as shown in the water-gas shift
reaction in Equation (17). When the reaction reaches equilibrium, ΔGr = 0, and both redox couples are
at the same potential E. The degree of reduction of each couple is reflected in the mass action ratio that
gives E for the half-cell in Equation (26).

3.6. Electron Carriers

Bar-Even [91] asks, “Does acetogenesis require especially low reduction potential?” and applies
similar thermodynamic analysis under the bifurcation concept. Bar-Even acknowledges lower
concentrations of reactants in syngas fermentation reactions, but does not recognize the very low
dissolved gas concentrations (particularly for CO) that produce mass transfer driving force in syngas
fermentation. When mass transfer is rate limiting, the transfer of gas to the cell is the slowest process
in the fermentation, and all reaction steps in the production pathway are fast relative to the rate
of gas supply. Under mass transfer limitation, the reactions of the production pathway approach
thermodynamic equilibrium, and all electrochemical half-cell reactions inside the cell approach the
same potential, ECell. The assumption of thermodynamic equilibrium at one intracellular potential sets
a boundary condition that defines the thermodynamic state of the pathway reactions. The approach to
this assumed thermodynamic reaction state provides a convenient method to describe the reaction set
for study and modeling of syngas fermentation.

The potential of the oxidation-reduction reactions of the pathway can be estimated by Equation (26)
using E◦ calculated from Equation (25). Then, Equation (26) can be rearranged to calculate the mass
action ratio as in Equation (27).

(
∏ C(Products)/ ∏ C(Reactants)

)
= exp

[
−ΔGo

r
RT

− neFE
RT

+ 2.302ΔmH pH
]

(27)

Mass action ratios for selected half-cell reactions from the Wood–Ljungdahl pathway are presented
in Table 3. Note that the ratios of products to reactants are the ratios of concentrations or partial
pressures, except for the partial pressure of H2. The half-cells are typically two electron reductions,
ne = 2, and that most reductions consume two protons, ΔmH = −2, except NADH/NAD+ and Fdr/Fdo

consume one proton and no protons, respectively. The values of ΔG◦′ and E◦′ given in Table 3 are
calculated at pH 7.0 and match values given by Thauer et al. [71].

The electrochemical couples are defined by the mass action ratio of products to reactants in the
half-cells at a given pH. The CO/CO2 half-cell is defined by pCO

*/pCO2
*, while the H2 half-cell is

defined by pH2
* alone. The calculated pH2

* defines the potential at a given pH and is the best measure
of the internal electrochemical potential, ECell, that sets the ratio of ethanol to acetic acid attained.
Equation (27) correlates the concentrations of chemicals inside the cell to the intracellular pH (pHic)
and ECell.

166



Fermentation 2017, 3, 28

3.7. Kinetics

Thermodynamics control the direction and possible extent of the reactions in the production
pathway, while kinetics describes the rates of reactions and the overall rates of CO and H2 consumption,
acetic acid and ethanol accumulation, as well as cell growth. The overall rates are expected to be
proportional to cell mass (XVL) in the fermenter, with the coefficient of proportionality being the
specific growth rate (μ) for growth and the specific uptake rate (qCO for CO and qH2 for H2). Individual
reaction rates are related to the concentrations of the reactants and products using a kinetic model,
such as Michaelis–Menten for enzyme-mediated reactions [92]. The specific growth and specific uptake
rates are likewise correlated to the concentration of substrates, like CO and H2 inside the cell, in a
kinetic model, such as the Monod equation [92,93]. The concentrations of substrates and products that
are important in syngas fermentation are the CO, H2, CO2, acetic acid and ethanol dissolved in the bulk
liquid. These concentrations are likewise thermodynamic quantities that can be measured or predicted.
The dissolved CO, H2 and CO2 are represented by the dissolved partial pressures, pCO

*, pH2
* and pCO2

*,
and these can be calculated from mass transfer analysis of the experimentally-observed uptake.

Description of fermentation kinetics incorporates time differentials of measured parameters that
describe the cell culture. The specific growth rate is the production of cell mass per unit of cell mass
per time, gx/gxh or in h−1, and calculated as:

μ =
1
X

dX
dt

(28)

where X is the cell mass concentration, in g/L. The specific uptake of CO (qCO) or H2 (qH2) is the
consumption of the gas per unit cell mass per time, mol/gx·h, which is estimated as:

qCO =
1

XVL

dnCO
dt

(29)

qH2 =
1

XVL

dnH2

dt
(30)

qCO+H2 =
1

XVL

dnCO+H2

dt
(31)

Syngas fermentation by autotrophic acetogens produces complex chemicals including proteins,
sugars, nucleic acids and lipids from CO and H2. This progression from small to complex must
occur through a reversal of reactions typical in sugar fermentation; acetyl-CoA to pyruvate to
retrace the glycolytic pathways and branches that produce amino acids [94]. Most reactions of
the autotrophic pathway operate near thermodynamic equilibrium. Reaction rates depend on the
dissolved concentrations of CO, H2 and CO2, and prominent redox reactions used in the pathway
dispose syngas fermentation to inhibitions and competition of substrates for enzyme binding sites.
Moreover, the production reactions are reversible, and the production rate depends on product
concentrations. An effective model of syngas fermentation should include the prediction of reaction
rates using the same intracellular potential, pH and concentrations of CO, H2 and CO2 that define
the thermodynamics.

3.8. Conceptual Model of Fermentation

The initial description of syngas fermentation borrowed from the phenomenological description
of the ABE (acetone-butanol-ethanol) fermentation that was commercially prominent in the last
century [59,95,96]. This concept of alcohol production persists in the basis of ongoing research [3,11]
and is the basis for organism development through genetic modification [97]. Ramió-Pujol et al. [3]
notes, “successful production of alcohols in clostridia relies on the metabolic shift from acido-genesis
(production of acids) to solventogenesis (production of alcohols). The mechanisms governing this
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shift have been extensively investigated, especially in acetone–butanol–ethanol (ABE) fermenting
clostridia.” However, “little is known about the regulatory circuits and molecular mechanisms for the
transition to the solventogenesis”. It is appropriate that the study of syngas fermentation might lend
knowledge to better understand the ABE fermentation.

Syngas fermentation has been modeled by correlating cell growth and productivity with the
partial pressure of CO in the gas phase [58,98]. However, the isolated focus on the CO concentration
in the supply gas ignores both the presence of H2 and CO2 in the fermentation reactions and the
difference in concentration imposed by the transfer of each gas into the liquid phase. Growth of
C. ljungdahlii on H2/CO2 shows H2 to be a competent source of energy for growth and production
in syngas fermentation [55]. The requirement for CO2 as carbon entering the methyl branch of the
acetyl-CoA pathway in Figure 2 shows the importance of the CO2 concentration in the production of
acetyl-CoA and subsequent synthesis of acetic acid, ethanol and cell mass. Further, CO and H2 are
used together in syngas fermentation, and both provide electrons to the fermentation reactions [41].
A single parameter model of syngas fermentation using CO partial pressure in the bulk gas is not
adequate. Chen et al. [93] prepared an ambitious model to describe syngas fermentation through the
space of a bubble column fermenter. However, appropriate data to populate the model constants
were lacking. The model does not apply the chemical engineering unit operations with appropriate
assumptions to derive rigorous thermodynamic and kinetic parameters for the equations. The model
utility can be improved by applying these engineering techniques.

We propose a new conceptual model of syngas fermentation that includes the growth of
acetogens with concurrent ethanol production and high conversion of CO and H2, reduced dissolved
concentration of sparingly soluble CO and H2 resulting from high rate of gas transfer to the intracellular
enzymes, less inhibition of the hydrogenase enzyme at very low dissolved concentration of CO and
de facto mass transfer limitation for CO in active syngas fermentation. Further, concurrent uptake of
CO and H2 with electron flow from both species to reduce ferredoxin establishes the thermodynamic
equilibrium of the water-gas shift within the cell, and the reduction of acetic acid to ethanol in redox
reactions, coupled to oxidation of CO and H2 via cellular electron carriers, suggests a single intracellular
redox potential (ECell) and pH (pHic). The redox reactions of the acetyl-CoA pathway shown in Figure 2
operate near thermodynamic equilibrium at ECell and pHic. A mathematical model constructed with
equations conforming to this novel conceptual model describes observed fermentation behaviors and
has proven useful in fermentation analysis and control [99].

3.9. Reactor Design

Serum bottles are useful for culture maintenance, but the inherent batch operation is marked
by transient conditions of substrate supply and cell and product concentrations. The baffled CSTR
(continuously-stirred tank reactor) fermenter equipped with gas dispersion impellers can be operated
in semi-batch mode with batch liquid and continuous gas feed, with fed-batch liquid, or with
both continuous gas and liquid feed. Two-stage CSTR fermenters have been operated with the first
CSTR configured to promote growth of the acetogenic culture with acid production and the second
CSTR operated at low pH under nutrient limitation and low gas conversion to achieve high ethanol
concentration [100]. Column fermenters that show promise include a bubble column with a ceramic
monolith to support biofilm [84], a trickle bed with biofilm [87,101,102] and a biofilm supported on a
hollow fiber membrane for gas dispersion [86,87]. Biofilms retain cells, but long-term mass transfer
and fouling may limit application. Ethanol productivity was reported to increase in a two-stage CSTR
and bubble column with gas and cell recycling because more cells can be accumulated and more gas
can be processed in two-stage bioreactors [103]. Chen et al. [93] developed differential equations to
describe syngas fermentation through a bubble column, but as yet lack appropriate data for modeling
and validation. Column fermenters can be modeled as a series of CSTR, and each CSTR stage can
be characterized and designed to deliver mass transfer appropriate to meet a portion of the goals for
overall fermentation.

168



Fermentation 2017, 3, 28

Fermenter equipment can be designed using computer simulation models to meet the
requirements for commercial fermentation. Syngas fermentation should be performed with continuous
feed of syngas and liquid medium and removal of product for uninterrupted production.
Continuous operation must provide high conservation of energy from the syngas into ethanol, a high
concentration of ethanol and stable operation without shutdown over long periods. High energy
conservation is only achieved through high conversion of both CO and H2, as well as high specificity
for ethanol as the exclusive product. High concentrations of CO and H2 promote a high ethanol
concentration relative to acetic acid. Stable operation that maintains a steady state marked by high
activity of the bacterial culture for CO and H2 uptake is promoted by tight process control and
equipment designed for mechanical reliability, redundancy and ease of maintenance.

The typical laboratory CSTR operates with plug flow characteristic for gas conversion, but achieves
a single aggregate state of the fermentation parameters in the well-mixed liquid. Since the liquid
parameters define the thermodynamics and kinetics of the fermentation, all goals of syngas
fermentation cannot be achieved in a single CSTR stage. The laboratory CSTR fermenter is essential in
defining the parameters of successful syngas fermentation, but efficient and economical commercial
syngas fermentation for biofuel production can be realized in carefully-designed packed column
fermenters that provide multistage gas contact during fermentation. Rich syngas contact with high
liquid volume at the column bottom will promote reduction of acid to alcohol; partially converted
syngas will promote culture growth with low inhibition in the middle; and high mass transfer could
convert residual CO and H2 before the spent gas exits the column at the top. These characteristics
ensure product specificity, productivity and efficient energy conservation, which are all essential to
process economy.

4. Potential Products

Growth of acetogens in syngas fermentation using a mineral-defined medium shows production
of complex cell components from single carbon substrates, CO and CO2, with energy derived from
CO and H2 [30]. This implies a reversal of glycolytic pathways to form pyruvate and then sugars
that compose the membranes from the syngas components. Energy from ATP and reduced electron
carriers sufficient to supply fermentation reactions that branch from the glycolytic pathway to form
amino acids, nucleic acids and lipids is available in syngas fermentation through the chemiosmotic
mechanisms that drive the membrane-bound ATPase and electron transfers. The accumulation of
butyric acid, hexanoic acid, butanol and hexanol has been demonstrated for C. carboxidivorans [30],
and a broad range of potential products awaits techniques developed to enhance accumulation.

Ethanol and acetic acid are products derived directly from acetyl-CoA without the expense of
ATP. Ethanol that can be recovered by distillation is the most prominent product. Acetic acid requires
more elaborate recovery, such as extraction, but is a high volume chemical and potentially could be
produced by oxidation of ethanol. Ethylene, globally one of the highest selling chemicals, could be
formed by dehydration of ethanol [104].

An additional ATP is expended by the cells to condense two acetyl-CoA to butyryl-CoA, which is
converted to butyric acid and then to butanol in steps similar to ethanol production. Butanol is sought
as a “drop-in” biofuel for use in existing petroleum infrastructure, as a solvent and as precursor for
subsequent synthesis. Propionic acid, propanol, hexanoic acid, hexanol, acetone, isobutanol, butanediol,
amino and fatty acids are other potential products proposed from syngas fermentation [34,35,105–107].
A biological water-gas shift is proposed to produce H2 [108], and syngas can be biologically converted
to methane [109] so that syngas energy and subsequent products might be obtained from biological
conversion of natural gas.

5. Techno-Economic Analysis

The annual ethanol production in the United States increased from 52 billion liters in 2010 to
59 billion liters in 2017 [110]. The global annual ethanol production increased from 50 billion liters
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in 2007 to 101 billion liters in 2016 [111]. These statistics show huge demand for ethanol worldwide.
Ethanol produced globally is mostly made from grains and sugar cane. Corn ethanol and gasoline
prices in the United States in April 2017 are about $0.43 per liter and $0.44 per liter, respectively [112].
Current corn ethanol prices are similar to prices reported in 1982 (Figure 5). However, current gasoline
price is about 60% higher than in 1982. For lignocellulosic ethanol to compete in the fuel market, its
selling price should be comparable to corn ethanol prices on an energy basis.

Figure 5. Historical prices of corn ethanol and gasoline in the United States [113].

Lignocellulosic biofuel producers experience delayed plans for commercialization due to
difficulty in technology scale-up and securing financing with low petroleum and natural gas costs.
Technological and economic challenges in commercialization of lignocellulosic biofuels must be solved
to address increased world energy demand, concerns of climate change and to build a sustainable
biofuel industry.

Techno-economic analysis (TEA) provides assessments of cost-competitiveness and market
penetration potential of alternative biofuel production technologies to researchers, engineers, investors
and policy makers [114]. TEA can also facilitate sensitivity analyses of key process parameters to
improve feasibility and provide future directions for biofuels research. TEAs are typically based on
process and plant design assumptions including experimentally-derived or assumed parameters to
estimate process performance, biofuel cost and yield and capital and operating costs. The results
obtained from TEA are strongly dependent on the models used and the assumptions made.

Several studies report TEA for the conversion of lignocellulosic biomass to ethanol using
the enzymatic hydrolysis fermentation (EHF) process [115–118] and the gasification-mixed alcohol
catalytic conversion (GMA) platform [5,119]. However, few studies were found on TEA for ethanol
production through the hybrid gasification-syngas fermentation (GF) process [117,120]. TEAs of
various thermochemical technologies for cellulosic biofuels have been recently reviewed [121].

Spath and Dayton [120] reported a minimum ethanol selling price (MESP) of $0.44/L for the GF
process of 2206 metric tonnes per day (MTPD) with a feedstock cost of $38.70 per metric tonnes (mT),
as shown in Table 5. Piccolo and Bezzo [117] estimated that the cost of ethanol production via GF
was about 30% higher than for EHF with an assumption of ethanol concentration in the fermentation
beer three-fold higher in EHF. The higher ethanol cost using the GF process was due to additional
cost for energy required in the distillation of beer containing 24 g/L ethanol compared to 70 g/L
ethanol in EHF. The MESP for EHF was 5% lower than for GF when ethanol concentration in the
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beer in the GF was assumed to be 50 g/L due to higher ethanol yield with the EHF process [117].
However, MESP for EHF with ammonia fiber explosion pretreatment [122] was 4% higher than for GF
with 50 g/L ethanol [117]. For the GF process, the cost of biomass feedstock, ethanol concentration
and ethanol yield were identified as the main contributors to the MESP.

Typically, total capital investment (TCI) of the GF process is higher than the EHF process due
to the additional cost of the gasification system (Table 5). However, the GF process has the potential
to achieve high ethanol yields (440 L/Mg) compared to 340 L/Mg for the EHF process [123]. This is
due to utilization of all components of the biomass, including lignin during gasification to produce
syngas converted into ethanol. The type of gasifier used in thermochemical conversion technologies
and pretreatment methods in the biochemical conversion platform greatly affect the production cost of
biofuel [118,122].

Table 5. Techno-economic analysis (TEA) of GF, GMA and EHF processes; all values in 2015 dollars.

Process a Plant Size
(MTPD) b

Feedstock
Cost ($/mT)

Ethanol Yield
(L/mT)

TCI c

(M$)
MESP d

($/L)
Reference

GF 2206 38.70 289 NR e 0.44 [120]
2030 80.13 204 575 1.32 f [117]
2030 80.13 282 NR 1.07 g

GMA 2140 88.74 236 578 0.86 [5]
2000 78.06 350 593 0.62 [119]

EHF 2000 74.17 330 509 0.65 [115]
2030 80.13 310 301 1.01 h [117]
2000 95.45 289 432 1.03 i [122]
2000 95.45 250 444 1.11 j

a GF: gasification-syngas fermentation; EHF: enzymatic hydrolysis fermentation; GMA: gasification-mixed alcohol
catalytic conversion; b MTPD: metric tonnes per day; c TCI: total capital investment; d MESP: minimum ethanol
selling price; e NR: not reported; f ethanol concentration in the beer is 24 g/L; g ethanol concentration in the beer is
50 g/L; h ethanol concentration in the beer is 70 g/L; i diluted acid pretreatment; j AFEX: ammonia fiber explosion.

Current TEA studies are based on technical data and assumptions for first generation biorefineries.
Further technology advancements will provide stable, controlled and efficient biofuel conversion
processes, which are expected to make future biorefineries feasible.

6. Conclusions

Thermochemical gasification of biomass and wastes combined with the simple robust conversion
of CO and H2 by autotrophic acetogenic bacteria to various products provides a versatile and
potentially economical process for the production of fuels and chemicals. Biomass and wastes
are wide-spread feedstock resources that represent untapped economic opportunity and, often,
environmental disposal problems. Production of fuels and chemicals from biomass will reduce
economic reliance on fossil carbon and emission of greenhouse gases, approaching sustainable energy
derived from solar input. The autotrophic bacteria that mediate syngas fermentation build the complex
chemicals that comprise cell mass from the simple molecules CO, CO2 and H2. This synthetic capability
presents a staggering number of potential products from the enzyme platform of the native organisms.
A more rigorous analysis of syngas mass transfer within an improved concept of the fermentation
mechanisms allows the determination of thermodynamic and kinetic parameters inside the bacterial
cells. These parameters can be incorporated in a mathematical model to advance process design
and control for commercial use of syngas fermentation. The review of techno-economic analysis of
gasification-syngas fermentation showed a competitive advantage of the hybrid gasification-syngas
fermentation technology to make biofuels compared to gasification-mixed alcohol catalytic conversion
and enzymatic hydrolysis fermentation processes. Further advancements in fundamental and
applied research areas are essential to make biological gas conversion processes feasible for the
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production of new products in support of the chemical, petrochemical, agricultural, environmental
and pharmaceutical industries.
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Abstract: Phenolic compounds are important inhibitors of the microorganisms used in the
Acetone-Butanol-Ethanol (ABE) fermentation. The degradation of phenolic compounds in a wood
pre-hydrolysate, a potential substrate for the production of ABE, was studied in this article.
First, physicochemical methods for detoxification such as nanofiltration and flocculation were applied
and the best combination was selected. With a flocculated sample, the concentration of phenolic
compounds decreases from 1.20 to 0.28 g/L with the addition of a solid laccase at optimum conditions,
which is below the phenolic compounds limit of inhibition. This results in an increase in butanol
production, more than double, compared to a pre-hydrolysate non-treated with laccase enzymes.

Keywords: phenolic compounds; detoxification; butanol; pre-hydrolysate; laccase enzymes

1. Introduction

The acetone-butanol-ethanol (ABE) fermentation was developed in the late 19th and the early
20th century and is one of the first fermentation processes adapted to a large scale. The main
reason for this was the growing need of acetone for munitions factories during the two World
Wars [1]. Today, the production of butanol and its derivatives is attractive for international markets [2].
In addition, butanol is a high-energy fuel, less corrosive than ethanol, and its derivatives are used for
the production of latex, plasticizers and coatings [3]. Although ABE fermentation with Clostridium
acetobutylicum has been well known, improvements are still being proposed to decrease the cost
of substrate and the subsequent operating costs. In a previous work conducted by Ajao et al. [4,5],
the detoxification of a wood pre-hydrolysate, obtained from a dissolving Kraft pulp mill, was conducted
by filtration and flocculation, prior to ethanol production by fermentation.

In the current study, the pre-hydrolysate was used as a substrate to grow C. acetobutylicum and to
produce butanol. During the pre-hydrolysis step, phenolic compounds which are lignin residues are
generated [6,7]. They can damage the structure of the cell membrane and the ability of microorganisms
to absorb sugars, which makes them very toxic for the ABE fermentation [8]. The reduction of the
phenolic compounds concentration by flocculation was significant [4]; however, it was not sufficient
to improve fermentation yield. The conventional treatment of the pre-hydrolysate cannot reduce the
concentration of phenolic compounds below the inhibition limit, as set by Mechmech et al. [9].

In this work, the degradation of the phenolic compounds using solid and liquid laccase enzymes
was investigated to complement the physicochemical treatment. Laccases are copper-containing
enzymes and can oxidize several types of phenolic compounds [10–12]. The enzymatic degradation of
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phenolic compounds was investigated on aqueous solutions inspired by wastewater treatment [13–15].
These studies have been done with laccases or peroxydases, oxidative enzymes similar to the laccases.
The method can significantly improve the degradation of phenolic compounds, thus reaching the
thresholds that do not allow inhibition. There are two important aspects to understand the relevance of
this work: the world population is concerned about the environment protection and the revalorization
of resources can be an additional income for pulp and paper mills. The detoxification of lignocellulosic
biomass by laccases was investigated to increase the quality of the substrate in ethanol production [16].
In the current study, it is shown that the degradation of the phenolic compounds prior to fermentation
using laccases can increase the production of butanol from a wood pre-hydrolysate and improve the
cost-effectiveness of the process. In North America, where the pulp and paper industry is under
transformation, looking to implement innovative processes, it is important to maximize the reuse of
resources in a biorefinery context [17].

2. Materials and Methods

2.1. Microorganism, Culture Maintenance and Inoculum Preparation

The culture preparation was performed as described by Mechmech et al. [9]. C. acetobutylicum
ATCC 824 was obtained from the American Type Culture Collection (ATCC) and was cultured
in sterilized Reinforced Clostridium Medium (RCM), its composition being (in g/L): tryptose 10,
beef extract 10, glucose 5, yeast extract 3, soluble starch 0.5, sodium chloride 5, l-cysteine-HCl 0.5.
The culture was kept under anaerobic conditions at 37 ◦C for 18–22 h, with shaking at 110 rpm,
until an Optical Density (OD600) of 1.9–2 was obtained. Glycerol 50% v/v was added to the bacterial
culture to obtain a final concentration of 25% and the stock culture was immediately frozen at −80 ◦C
until use. For complete anaerobic conditions, a drop of sodium sulfide nonahydrate was added in
a cryogenic tube.

The inoculum for ABE fermentation was prepared in a RCM medium. The medium was first
boiled and then purged with a gas mixture of 80% N2 and 20% CO2 to remove oxygen from the culture
media. The culture was inoculated to a proportion of 1/2000 with stock culture. Culture conditions
were identical to those of the stock culture. Inoculum was ready to be inoculated at an OD600 between
0.6 and 0.9.

2.2. Fermentation Medium

The fermentations experiments were carried out in a complex fermentation medium. The medium
was composed of 60 g/L of xylose and resazurin 0.001% base. Before sterilization, the base was first
boiled and then purged with a gas mixture of 80% N2 and 20% CO2 during 5 min. After sterilization,
a purged sterile solution of 200 g/L of yeast extract was added in a ratio of 1/40. A filtered mixture
with KH2PO4 50 g/L, K2HPO4 50 g/L, ammonium acetate 220 g/L, para-aminobenzoic acid 0.1 g/L,
thiamin 0.1 g/L, biotin 0.001 g/L, MgSO4·7H2O, 20 g/L, MnSO4·H2O 1 g/L, FeSO4·7H2O1 g/L and
NaCl 1 g/L was added in a ratio of 1/100. In some experiments, a phenolic compound was added
to the xylose solution to maintain a specific concentration. Screw capped Schott bottles of 250 mL
were filled with 200 mL of complete culture media and used for anaerobic fermentation. The culture
media for the hydrolysate test consists of 195 mL of treated hydrolysate and 5 mL of yeast extract.
Xylose (60 g/L) was added in order to compare with the control solution. Before inoculation with
10 mL of inoculums, the bottles were slightly open in anaerobic jars containing Gas Pak envelopes
(BD Gas Pak™EZ Anaerobe Container System, Franklin Lakes, NJ, USA) with indicators (BD BBL™
Dry Anaerobic Indicator Strips, Franklin Lakes, NJ, USA) for 48 h to create perfect anaerobic conditions
in the mixtures. If necessary, a solution containing 5% p/v of Na2S·9H2O was added in a ratio of 1/400
to eliminate the traces of oxygen. After inoculation, the cultures were incubated at 37 ◦C, 110 rpm and
with a pH control. During fermentation, 5 mL samples were periodically withdrawn to analyze OD600,
residual xylose and alcohols. All fermentation experiments were performed in duplicate.
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2.3. Analytical Methods

Spectrometer (Pharmacia Biotech Novaspec®II, Piscataway, NJ, USA) was used to monitor the
growth of C. acetobutylicum and to determine the total phenols concentration with the Folin–Ciocalteu
reagent method [18].

Gas chromatograph (GC 7890A, Agilent Technologies, Santa Clara, CA, USA) w ith an OV 624
capillary column and a flame ionization detector (H2 flow rate: 30 mL/min; air flow rate: 2.23 mL/min)
was used to measure butanol, acetone and ethanol concentrations in the fermentation medium after
the inhibition test [9].

High performance liquid chromatography (HPLC Agilent Technology, Germany) was used to
determinate the concentration of vanillin, catechol, syringaldehyde gallic acid and simple sugars.
To measure phenols concentration, separation was made using a mixture of 15% acetonitrile and 85%
phosphoric acid 10 mM on a Nucleosil C18 (150 X 4.6 mm) column with a diode array detector (DAD)
at 313 nm and 280 nm. Dilution for phenol analysis was performed in the same solvent to reach
a maximum concentration of 500 ppm. To measure the simple sugar concentration, a refractive index
detector and an EC Nucleodur RP-NH2 colum (250 mm × 4.6 mm, 5μm) were used with a mixture
of 75% acetonitrile and 25% deionized water as a solvent. A temperature of 40 ◦C and a flow rate of
1.5 mL/min were applied for better separation [9]. Dilution for simple sugar analysis was performed
in 50% acetonitrile and 50% deionized water to reach a maximum concentration of 10 g/L.

2.4. Degradation with Laccase Enzymes

For degradation assays, two types of laccase enzymes provided by industrial partners were used:
a solid (or dehydrated) laccase and a liquid laccase. All degradation tests were performed in a test tube
(14 mm diameter) with a 5 mL mixture composed of syringaldehyde, vanillin, catechol and gallic acid
with the same concentrations. Total phenolic compounds concentrations of 2 g/L, 4 g/L and 6 g/L
were used. After pH adjustment with 4M NaOH, a fixed dose of laccase was added and the test tube
was incubated for 7h at the appropriate temperature and rotation at 180 rpm. When a large volume of
flocculated hydrolysates was detoxified by laccase, an erlenmeyer was used with a ratio erlemeyer
volume/flocculated hydrolysate volume of 2.5. A preliminary screening was done to determinate the
optimal temperature and pH conditions for the subsequent experiments. The samples were analyzed
once; however, occasional duplicate analyses were conducted to check the method used. Since the
fermentation and enzyme degradation tests were performed, respectively, in duplicate and in triplicate,
irregular results were easily detected and corrected.

2.5. Preparation and Treatment of Hydrolysates

Detoxification approaches described by Mechmech et al. [9] were first applied before the
degradation of the phenolic compounds with laccase. To extract the hemicelluloses, a mixture of
60% aspen and 40% maple wood chips was treated with hot water and steam in a pilot digester at
FPInnovations (Pointe-Claire, Québec, Canada). That pre-hydrolysate was forwarded to the Centre
National en Électrochimie et en Technologies Environnementales (CNETE). Two different methods
were applied to detoxify the pre-hydrolysate. First, pre-hydrolysate was filtered through the organic
membrane NF270 (Molecular weight cut-off 200–400 Da), then hydrolyzed with 1.5% w/w sulfuric
acid at 121 ◦C for 60 min to increase the monomeric sugars concentration. After these treatments,
it was coagulated/flocculated. The pH was raised to 6.5 and ferric sulfate (Fe2(SO4)3) with a ratio
1 g Fe/1 g phenolic compound was added. Flocculation experiments were carried out in jar tests with
an agitation of 150 rpm for 10 min., then 50 rpm for 30 min. In a second step, the same operations were
performed, but without applying the nanomembrane filtration.
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3. Results and Discussion

3.1. Optimization of the Degradation Conditions

The screening of the solid and liquid laccase enzymes indicates that their efficiency is strongly
affected by temperature and pH. The results with a 2 g/L synthetic solution containing syringaldehyde,
vanillin, catechol and gallic acid in equal quantity have shown that the degradation of the phenolic
compounds by laccases is optimal at a pH 8 and a temperature of 50 ◦C (Figures 1 and 2).

Figure 1. Degradation of phenolic compounds by laccase enzymes at different pH.

Figure 2. Degradation of phenolic compounds by laccase enzymes at different temperatures.

The optimal dose of the solid laccase is 100 mg of enzyme/g of phenolic compounds. The results
are similar when a dosage of 200 mg/g is used; however, for economic reasons, it is preferable to use
100 mg enzyme/g of phenolic compounds (Figure 3). At optimal pH, temperature and enzyme dose,
the degradation of the phenolic compounds by the solid laccase is 79%. The most relevant parameters
for this type of laccase are the pH, the dose of laccase and the initial concentration of phenolic
compounds (p < 0.01). Moreover, there is an interaction between the initial concentration of phenolic
compounds and the dose of laccase; therefore, the dose of enzyme should be adjusted according to the
initial concentration of phenolic compounds. An interaction regression coefficient of −0.24 between
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the dose of laccase and the initial concentration of phenolic compounds and a correlation value of 0.83
were calculated.

Figure 3. Degradation of phenolic compounds with different dose of laccase enzymes: (a) solid laccase;
(b) liquid laccase.

The optimal dose for the liquid laccase is 5 mL enzyme/g of phenolic compounds (Figure 3).
At optimal conditions, the degradation of the phenolic compounds by liquid laccase is 33%.
For economic reasons, it is suggested to use 3 mL/g of phenolic compounds. When 3 mL of laccase
enzyme are used, a degradation percentage of 29% is reached. It is important to mention that for the
liquid laccase, the impact of the pH on the degradation efficiency is not significant (p > 0.05) and for
practical reasons an initial pH of 8 was used. On the other hand, the temperature, the dose of laccase
and the initial concentration of phenolic compounds are critical for the efficiency of the liquid laccase.
A statistical analysis was performed and the results have shown a non-significant effect of pH and
an important effect of the dose of laccase, the initial concentration of the phenolic compounds and
the temperature. The regression coefficients for the three parameters were, respectively, 0.56, 0.55 and
−0.49, with a p-value < 0.01.

According to the results on the degradation of phenolic compounds with laccases on various
stages of the conventional detoxification presented in Section 3.4, the best results were obtained for
a sample with pH 8. It is important to point out that there is a link between the degradation time and
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the added dose of laccase (p < 0.01). In fact, the more the laccase dose was high, faster the degradation
was. The control sample without laccase demonstrated a degradation of the phenolic compounds of
20% in time (Figure 3). Therefore, a part of the degradation was performed naturally and not by the
laccases. The corresponding equation for the naturally occurring phenolic degradation in time was:
y = 0.011x2 − 0.12x + 1.8 with a correlation value of 0.77. The degradation mainly occurs during the
first hour, after that there was a stabilization of the phenolic compounds concentration.

3.2. Influence of the Individual Phenolic Compounds

The degradation of the phenolics is influenced by the type of individual phenolic compounds
in the mixture. When the solid laccase was used, gallic acid was always degraded in the first two
hours of incubation, followed by catechol which was entirely degraded too, then syringaldehyde
and vanillin which were partially degraded at the end of incubation (Figure 4). Although it is not
shown in the figure, it seems that there is a link with the temperature. When the temperature is lower
(40 and 30 ◦C), the degradation of gallic acid and catechol is accelerated, while the other phenolic
compounds are not degraded. This implies a change in the conformation of the enzyme to make it
suitable for the degradation of syringaldehyde and vanillin at high temperature. The conformation
of the enzyme can explain that preference. Usually, when the number of alcohol group increases,
the speed of degradation increases too. The laccases directly affect the alcohol groups by oxidation
of a reducing substrate and the formation of a free radical [10]. The accessibility of these groups can
also influence their oxidation and affect the degradation order. The nature of the individual phenolic
compounds is therefore a critical factor for the degradation.

Figure 4. Degradation of the individual phenolic compounds using the solid laccase enzyme as
a function of time.

The liquid laccase was efficient for gallic acid and syringladehyde degradation, but had a limited
effect on vanillin and catechol, as shown in Figure 5. This confirms the importance of the type of
phenolic compounds on the degradation by laccases. Gallic acid is degraded first, then syringaldehyde
with 74% and 68% degradation, respectively. Only 35% and 29% of the catechol and vanillin,
respectively, are degraded by the liquid laccase. These results are lower, compared to the solid laccase.
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Figure 5. Degradation of the individual phenolic compounds using the liquid laccase enzyme as
a function of time.

A sample with a predominance of gallic acid would be degraded faster than a sample rich
in vanillin. It would be interesting to test the capacity of degradation on other type of phenolic
compounds. On the other side, considering the variety of phenolic compounds, it is almost impossible
to determine all individual efficiencies. Therefore, it is suggested to determine the group preference,
as it is done with the alcohol group in this work.

3.3. Influence of the Initial Phenolic Compounds Concentration

To determine the capacity of laccase to degrade a concentrated mixture of phenolic compounds,
their degradation at different initial concentrations was studied. At the same conditions and
proportional dosage, there is a better degradation at the lowest initial concentration (Figure 6).
With initial concentration of 2 g/L of phenolic compounds, the degradation is 79%, at 4 g/L it
drops to 55% and at 6 g/L only 25% of the phenolic compounds are degraded by the solid laccase. It is
important to point out that the increase of the dosage up to 200 mg/g of phenolic compounds can
partially offset the increase of the initial concentration. Indeed, with 200 mg/g of phenolic compounds,
the degradation reaches 38% with an initial phenolic compounds concentration of 6 g/L. It is 13%
more than with only 100 mg/g of phenolic compounds. There is a link between the dosage and the
efficiency at high concentrations of phenolic compounds. For the liquid laccase, an initial concentration
of 2 g/L of phenolic compounds allows a degradation of 25% (Figure 6). However, with 4 g/L,
only 15% of the phenolic compounds are degraded and with 6 g/L, 14%. Regarding the liquid laccase,
the difference between the results was due to an increase in the concentration of syringaldehyde,
catechol and vanillin. It was difficult to degrade these compounds by the liquid laccase and the
residual amount was higher than expected. For the solid laccase, a similar phenomenon occurs.
Regardless of the initial concentration (2, 4 or 6 g/L), gallic acid will always be degraded entirely in
2 h. The catechol degradation is around 100%, although it is slightly less effective when the initial
concentration of the phenolic compounds increases to 6 g/L. The residual phenolics are vanillin and
syringaldehyde. It seems to be difficult for the solid laccase to degrade those phenolic compounds at
higher concentrations.
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Figure 6. Degradation of the phenolic compounds by laccase enzymes as a function of the initial
concentration of phenolic compounds.

3.4. Hydrolysate Detoxification by Laccase

Finally, the efficiency of the laccase enzymes on pre-hydrolysate samples pretreated with different
detoxification methods were tested. As shown in Figure 7, the best degradation of the phenolic
compounds occurs in the flocculated non-filtrated hydrolysate, and by the solid laccase, at its optimum
conditions. In fact, this is the only case where laccase sufficiently degrades phenolic compounds
to a concentration below the minimum level of inhibition determined by Mechmech et al. [9].
The level of degradation can reach a leftover of phenolic compounds of 0.28 g/L, under the limit
of inhibition of ABE fermentation of 1.1 g/L in flocculated media. However, none of the other
samples can reach this limit or the limit of 0.3 g/L for the non-flocculated sample. Theoretically, the
percentage of degradation is expected to be similar from one sample to another, but in practice, the
composition of each sample may vary significantly. For example, phenolic compounds proportion
can be different between flocculated samples and untreated samples. The results show a significant
difference in the degradation of the phenolic compounds for each intermediate stage of detoxification.
However, there is a link between the enzyme type and the efficiency of detoxification by laccase at
each intermediate stage (Figure 7). The liquid laccase seems to be more efficient when used before
flocculation, with a degradation percentage of 42% for the untreated hydrolysate and 36%, for the
filtered hydrolysate. Two hypotheses are envisaged. First, it is possible that the flocculation removes
mainly phenolic compounds that would also be degraded by the liquid laccase, thus reducing the
total amount of initial phenolic compounds to be degraded. Then, the residual ferric sulfate used for
flocculation can form a complex with the laccase, thus making the enzyme less effective or inactive.
The solid laccase is very efficient on flocculated hydrolysate and less efficient on untreated hydrolysate.
The hydrolysate composition is complex and may be the source of the variation in the effectiveness of
the laccase enzymes.
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Figure 7. Degradation percentage of phenolic compounds by laccase enzymes in hydrolysates
pre-treated by different methods. White: solid laccase; Black: liquid laccase.

3.5. Impact of the Additional Degradation by Laccase on ABE Fermentation

The production of butanol by C. acetobutylicum from a detoxified and not detoxified substrate by
laccase enzymes was tested. In the case of the substrate detoxified by the solid enzyme, the production
of butanol by C. acetobutylicum can double, compared with the substrate containing toxic phenolic
compounds. The butanol production increases from 1.54 g/L to 4.17 g/L. The results are homogeneous
and indicate a clear trend on the effectiveness of the solid laccase. The detoxification by laccase
enhances the efficiency of the ABE fermentation, by decreasing the concentration of the phenolic
compounds under the limit of inhibition. In the case of the liquid laccase, no butanol production
occurs. The reason for this outcome should be investigated, but a negative interaction between the
bacteria and the enzyme, or its degradation products is suspected.

4. Conclusions

In this work, it has been shown that laccase enzymes efficiently degrade phenolic compounds in
wood hydrolysates. At an optimum temperature of 50 ◦C, pH of 8 and enzyme dose of 100 mg/g of
phenolic compounds, the degradation of the phenolic compounds reaches 77%. The use of laccase for
wood hydrolysate detoxification reduces the phenolic compounds concentration to 0.28 g/L, far below
the limit of inhibition. The hydrolysate detoxification combining flocculation and laccase enzymes
prior to fermentation increases the amount of butanol produced.
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