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Pretreatment of Hazelnut Shells as a Key Strategy for the Solubilization and Valorization of
Hemicelluloses into Bioactive Compounds
Reprinted from: Agronomy 2020, 10, 760, doi:10.3390/agronomy10060760 . . . . . . . . . . . . . . 79
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Preface to ”Pretreatment and Bioconversion of Crop

Residues”

Crop residues are exceptionally important as an alternative to raw materials for producing

energy carriers, chemicals, and new materials in a post-petroleum scenario. Next-generation

bioconversion processes in future biorefineries will make possible to convert biomass components

into most of the products that are produced today from fossil feedstocks, as well as to

not-yet-developed products that will become basic commodities for the future society. Crop residues

are a realistic feedstock option for biorefineries considering their large availability, low cost, and

renewable nature.

A basic process step in biorefineries is the pretreatment, which is directed to separate biomass

resources into their main components and to activate cellulose towards enzymatic saccharification.

Biomass constituents are then converted into different kinds of value-added products following a

concept that is analogous to the way that today’s petroleum refineries produce fuels and products

from petroleum.

Pretreatment research is today a hot issue, attracting attention not only from the academia, but

also from the industrial sector, which looks forward to implementing the most promising methods in

commercial-scale biorefineries. Pretreatment effectiveness is feedstock-dependent, and new research

is required to develop efficient methods for different materials. This book covers some of the latest

advances in research in developing efficient pretreatment methods and bioconversion approaches to

be applied to crop residues of different nature.

The materials published in this book were written by experts in the pretreatment and

bioconversion fields. I am confident that that reading the book will serve as a source of inspiration

to scientists and entrepreneurs interested in making next-generation biorefineries of crop residues a

commercial reality.

Carlos Martı́n

Editor
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Decreasing the dependence on fossil resources as raw materials for the production
of fuels, platform chemicals, and commodities is an imperative requirement of today’s
industry and society in order to alleviate the threats related to climate change. Processing
lignocellulosic biomass in biorefineries provides an alternative route for producing fuels
and most of the chemicals that today are produced from fossil resources. Crop residues
are a realistic option of lignocellulosic feedstock for biorefineries considering their large
availability, low cost, and renewable nature. The generation of crop residues is increasing
as a result of the expansion of the agricultural production necessary to support the increase
in the global population. The harvest of cereals [1], other food crops [2], and non-food
agricultural products [3] generates large amounts of residues, whose proper management
poses huge challenges. Although the environmental impact of disposing crop residues
by burning has not been as mediatic as that of industrial and vehicular emissions, its
contribution to air pollution is an issue of major significance in many countries [4].

The bioconversion of crop residues via sugar-platform processes, in which polysac-
charides are hydrolyzed to sugars for further conversion through microbial, enzymatic, or
chemical processing, is a highly promising option for producing fuels and chemicals re-
quired for the sustainable development of human society. The enzymatic saccharification of
cellulose is a selective approach for deconstructing biomass, but it requires a pretreatment
for removing or weakening the barriers causing the inherent recalcitrance of lignocellulosic
feedstocks [5]. In spite of the intensive research in the area, pretreatment of crop residues is
still an open question. Pretreatment effectiveness is feedstock-dependent [6–8], and further
research is required to develop efficient methods enabling the commercial operation of
bioconversion processes based on crop residues of different nature.

This Issue

In this Special Issue, fourteen original research papers and one review covering some
of the latest advances in pretreatment and bioconversion of crop residues are presented.
Research results dealing with wheat straw, corn stover, sweet sorghum bagasse, hazelnut
shells, oil palm empty fruit bunch, olive tree pruning biomass, soybean husks, oat husks,
sugar beet pulp, rice straw, wheat bran, barley straw, as well as biomass from trees used in
intercropping systems, and other residues of crop harvest and processing are discussed.
Pretreatment methods such as auto-catalyzed and acid-catalyzed hydrothermal processing,
steaming, alkaline methods, and different organosolv approaches are reported. Bioconver-
sion with enzymes and microbes for producing fermentable sugars, xylitol, and biomethane
are also included.

Wheat (Triticum aestivum L.) straw is a crop residue of high relevance for bioconversion,
and hydrothermal pretreatment is one of the methods of higher interest for agricultural
residues. In a comprehensive study backed with advanced analytical techniques, Ilani-
dis et al. clarified correlations between pretreatment conditions and critical aspects of
biochemical conversion of wheat straw, including susceptibility to enzymatic saccharifica-
tion, by-product formation, and inhibitory effects on enzymatic hydrolysis and ethanolic
fermentation [9]. It was found that auto-catalyzed hydrothermal pretreatment is a better
approach than sulfuric acid-catalyzed hydrothermal pretreatment to achieve high sugar
yields from wheat straw while minimizing by-product formation.

Agronomy 2021, 11, 924. https://doi.org/10.3390/agronomy11050924 https://www.mdpi.com/journal/agronomy
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Pretreatment of corn (Zea mays L.) stover, another well-studied crop residue, was also
included in this Special Issue. Krafft et al. pretreated corn stover using a combination
of steam refining and alkaline extraction of lignin, and they evaluated how different
operational conditions affect enzymatic hydrolysis [10]. The proposed approach was found
to be suitable for corn stover. According to the authors, steam refining at severities below
3.5 combined with alkaline extraction deserves being tested for other agricultural residues
as well.

Organosolv pretreatment as a fractionation strategy for biorefinery applications is
presented in two articles. In the first one, Mondylaksita et al. assess the feasibility of low
acid-catalyzed organosolv pretreatment using ethanol as a solvent for fractionating oil
palm (Eleis guineensis J.) empty fruit bunch (OPEFB) [11]. A high delignification degree
(90%) with consequent recovery of high-purity lignin (71% purity) and highly-digestible
glucan (94% enzymatic digestibility) were achieved using low sulfuric acid concentration
(0.07%). The study demonstrated the possibility of deconstructing OPEFB into high-quality
fractions using remarkably lower acid concentrations than the typically reported ones.
In the second article, Domínguez et al. report formosolv pretreatment for fractionating
biomass of Paulownia (Paulownia elongata × fortunei), which is a fast-growing tree used in
intercropping agricultural systems [12]. Under optimal conditions, formosolv treatment
resulted in the solubilization of 78.5% of the initial lignin and in a cellulose-enriched pulp
(80%). The study included also a complete characterization allowing us to verify lignin
structural changes resulting from the formosolv process.

Processing hazelnut (Corylus avellana L.), one of the major nut crops commercial-
ized worldwide, generates large amounts of waste shells. Two articles in this Special
Issue present novel studies on the pretreatment of hazelnut shells for biorefining them to
value-added products. Rivas et al. report on the hydrothermal pretreatment of hazelnut
shells at different temperatures, with further refining of the resulting liquor by membrane
processing to yield substituted oligosaccharides (OS) with the purity required for food
use [13]. The antioxidant activity found in the produced OS reveals their potential as bioac-
tive components of functional food formulations, cosmetics, or pharmaceuticals, and the
presented data provide the basis for assessing large-scale manufacture. In another study,
López et al. evaluate the biorefining of hazelnut shells by a combination of autohydrolysis
for removal hemicelluloses and delignification by either alkaline treatment or different
organosolv approaches [14]. By reaching an effective fractionation of the main compo-
nents, the investigated biorefinery schemes provide an innovative way for the integral
valorization of hazelnut shells. Consecutive stages of autohydrolysis and acid-catalyzed
organosolv resulted in 47.9% lignin removal, yielding solids of increased cellulose content
(55.4%) and low content of hemicelluloses. The enzymatic hydrolysis of cellulose resulted
in 74.2% conversion.

The production of cellulose nanofibers as a valorization alternative for olive tree (Olea
europaea L.) pruning biomass (OTPB), a crop residue of relevance in Mediterranean coun-
tries, is presented by Sánchez-Gutiérrez et al. [15]. In that study, mechanical pretreatment
and TEMPO-mediated oxidation were applied to OTPB, and the influence of residual lignin
content on pretreatment effectiveness was evaluated. The characterization in terms of
chemical composition, morphology, thermal stability, and crystallinity revealed the high
potential of the produced nanofibers for application in different sectors.

A techno-economic study revealing the challenges of producing biodiesel by transes-
terification of castor oil with ethanol produced from lignocellulosic residues of the same
plant (Ricinus communis L.) is reported by Rahimi et al. [16]. The oil extraction residues
are subjected to alkaline pretreatment, enzymatic hydrolysis, and fermentation, and the
resulting ethanol is combined with oil for biodiesel production. Although the results
showed that biodiesel production is more profitable when fossil-based methanol is used,
using ethanol produced from castor plant residues is a highly relevant approach because
of its environmental benefits. The study on the castor biorefinery is a good reference for
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other non-edible oilseeds, whose potential for ethanol production has previously been
reported [17,18].

Bioconversion of the large variety of crop residues available in different latitudes
requires efficient cocktails of hydrolytic enzymes. This Special Issue includes four papers
on assessment of in-house developed enzymes. Karp et al. report an evaluation of crude
preparations of Penicillium verruculosum cellulases and xylanases in saccharification of acid-
and alkali-pretreated sugarcane (Saccharum officinarum L.) bagasse, soybean (Glycine max L.)
husks, and OPEFB [19]. Soybean husks, regardless of pretreatment method, and alkali-
pretreated sugarcane bagasse were efficiently saccharified, while OPEFB resulted in low
sugar yields. P. verruculosum B1 cellulase/xylanase preparation was the best enzyme choice
for bagasse, while a combination of B1 preparation with the crude obtained by recombinant
expression of Penicillium canescens xylanase in the P. verruculosum B1 host strain gave the
highest hydrolysis yield for soybean husks. In another work using the P. verruculosum
cellulase complex, Osipov et al. evaluated the hydrolysis of 69 samples of pretreated and
non-pretreated agricultural and agro-industrial residues, such as wheat straw, sunflower
peels, sugarcane bagasse, sugarbeet pulp, oat husks, soybean husk, and corn stover [20].
The effectivity of P. verruculosum cellulases for hydrolyzing cellulose-containing materials
to sugars was shown.

Another two articles covering in-house developed enzymes for the bioconversion of
crop residues deal with novel termite metagenome-derived cellulases and hemicellulases.
In the first one, Mkabayi et al. optimize the synergistic action of two termite feruloyl
esterases and an endoxylanase from Thermomyces lanuginosus; then, they applied them to
hydrothermally pretreated and acid-pretreated corn cobs, resulting in a high production of
xylo-oligosaccharides (XOS) and hydroxycinnamic acids [21]. In the second paper, Mafa
et al. compare the efficacy of two alkaline pretreatment approaches, with either lime
or NaOH, for sweet sorghum (Sorghum bicolor (L.) Moench) bagasse and corn cobs, and
they assess the hydrolysis of the pretreated biomass using a holocellulolytic cocktail of
termite metagenome-derived enzymes [22]. The study concluded that alkaline pretreatment
was more effective for corn cobs than for sweet sorghum bagasse, and it revealed the
multifunctionality of the enzyme system, which makes it suitable for the hydrolysis of
hemicelluloses and amorphous cellulose. The authors propose using their holocellulolytic
enzyme cocktail for the hydrolysis of crop residues in the biorefinery industry.

The bioconversion of pretreated wheat bran and rice (Oryza sativa L.) straw to xylitol
is reported by Bedö et al. [23]. After investigating the effects of xylose concentration and
aeration on xylitol production by Candida boidinii in a semi-defined xylose medium, models
predicting the conditions leading to maximum yield and volumetric productivity were
developed. The adequacy of the models was tested in fermentations of hemicellulosic
hydrolysates obtained by acid pretreatment of wheat bran and rice straw. The models were
successfully verified for wheat bran hydrolysate, which was found to be an outstanding
substrate for xylitol production by C. boidinii, while the use of rice straw hydrolysate
requires further research. In another article on bioconversion, Morales-Polo et al. report
the anaerobic digestion of barley (Hordeum vulgare L.) crop residues for energy uses [24].
Substrate characterization and analysis of the anaerobic digestion process through all
phases are discussed, and the potential for biogas and methane generation is determined.
Using Spain as a case study, the article estimates the energy potential of biogas from barley
crop residues and the expected reduction of CO2 emissions from using this renewable
energy source to replace fossil sources.

A review paper on consolidated bioprocessing (CBP) of crop residues for the produc-
tion of biofuels completes this Special Issue. In the review, Olguin-Maciel et al. present an
in-depth assessment of CBP, which involves not only technical issues of this innovative
approach but also societal and economic aspects [25]. The role of CBP in the bioconversion
of crop residues and other lignocellulosic materials to ethanol and other products in a
single process and in a sustainable way is highlighted.
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The guest editor cordially thanks all the authors who contributed to this Special
Issue. In their contributions, the authors focus from different perspectives on the study
of the pretreatment of crop residues for bioconversion. The papers compressing this
Special Issue show the level of advancement achieved in this research area. However, the
remaining challenges are still significant. Therefore, the current efforts for the development
of technologies enabling massive implementation of commercial-scale biorefineries based
on crop residues are expected to continue for the foreseeable future.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Biochemical conversion of wheat straw was investigated using hydrothermal pretreat-

ment, enzymatic saccharification, and microbial fermentation. Pretreatment conditions that were

compared included autocatalyzed hydrothermal pretreatment at 160, 175, 190, and 205 ◦C and

sulfuric-acid-catalyzed hydrothermal pretreatment at 160 and 190 ◦C. The effects of using different

pretreatment conditions were investigated with regard to (i) chemical composition and enzymatic

digestibility of pretreated solids, (ii) carbohydrate composition of pretreatment liquids, (iii) inhibitory

byproducts in pretreatment liquids, (iv) furfural in condensates, and (v) fermentability using yeast.

The methods used included two-step analytical acid hydrolysis combined with high-performance

anion-exchange chromatography (HPAEC), HPLC, ultra-high performance liquid chromatography-

electrospray ionization-triple quadrupole-mass spectrometry (UHPLC-ESI-QqQ-MS), and pyrolysis-

gas chromatography/mass spectrometry (Py-GC/MS). Lignin recoveries in the range of 108–119%

for autocatalyzed hydrothermal pretreatment at 205 ◦C and sulfuric-acid-catalyzed hydrothermal

pretreatment were attributed to pseudolignin formation. Xylose concentration in the pretreatment

liquid increased with temperature up to 190 ◦C and then decreased. Enzymatic digestibility was

correlated with the removal of hemicelluloses, which was almost quantitative for the autocatalyzed

hydrothermal pretreatment at 205 ◦C. Except for the pretreatment liquid from the autocatalyzed

hydrothermal pretreatment at 205 ◦C, the inhibitory effects on Saccharomyces cerevisiae yeast were low.

The highest combined yield of glucose and xylose was achieved for autocatalyzed hydrothermal

pretreatment at 190 ◦C and the subsequent enzymatic saccharification that resulted in approximately

480 kg/ton (dry weight) raw wheat straw.

Keywords: wheat straw; hydrothermal pretreatment; bioconversion inhibitors; enzymatic hydrolysis;

ethanolic fermentation

1. Introduction

Growing global energy demand and the need to replace fossil fuels with renewable
fuels are the major challenges of modern society [1]. The current production of liquid bio-
fuels, such as bioethanol, is dominated by biochemical conversion routes mainly based on
food-related feedstocks, such as corn starch and sugarcane sugar. Lignocellulosic materials
can serve as additional resources for the biofuel sector [1,2]. Agricultural and agroindustrial
residues, e.g., wheat straw, corn stover, and sugarcane bagasse, are lignocellulosic materials
of interest in many countries due to their availability [3,4]. Co-utilization of lignocellulosic
residues with starch or sugar can further boost bioethanol production through integration
into 1.5 G processes [5].

Wheat (Triticum aestivum L.) is the world’s most widely cultivated crop [6]. Based on
the data on wheat production worldwide (FAOSTAT) and on a residue/crop ratio of 1.3 [7],
around 980 million tons of wheat straw are estimated to be available on a yearly basis. Dry
wheat straw consists mainly of cellulose (30–40%), hemicelluloses (20–30%), and lignin
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(10–20%) [8]. Theoretically, bioconversion processes can yield around 270 L of ethanol per
ton of dry wheat straw [9]. Biochemical conversion of agricultural residues, such as corn
stover and wheat straw, has been significantly improved [7,10], but further research is still
required for designing highly competitive and sustainable processes for the production of
biofuels and other bio-based commodities.

The production of biofuels from lignocellulosic biomass comprises several steps, such
as pretreatment, enzymatic saccharification, and microbial fermentation [11,12]. For achiev-
ing effective enzymatic saccharification of cellulose and, consequently, a higher release of
fermentable sugars, a pretreatment step is indispensable. By disrupting the lignocellulosic
matrix, pretreatment exposes cellulose and makes it more reactive towards cellulases [13].
Among different existing pretreatment methods, hydrothermal processing is an attractive
option for agricultural residues, and it has good potential for industrial implementation [14].
Hydrothermal pretreatment (HTP) can be catalyzed by either hydronium ions generated
by water autoionization or externally added acid species [15]. In HTP, moist lignocellulosic
biomass is heated to around 200 ◦C for a certain period of time. Under those conditions,
degradation of hemicelluloses and relocation of lignin can occur, and that leads to better
accessibility of cellulose, which facilitates enzymatic hydrolysis [15,16].

While aiming at producing pretreated biomass with highly digestible cellulose, most
pretreatment methods unavoidably lead to the formation of byproducts, resulting mainly
from partial degradation of polysaccharides and lignin [14]. The formed byproducts
can negatively affect the efficiency of enzymatic saccharification and microbial fermenta-
tion [14,17]. Certain groups of substances that inhibit microorganisms, such as aliphatic
carboxylic acids, furan aldehydes, and phenolic compounds, have been extensively stud-
ied [18], while the importance of other groups of inhibitors has only recently started to
emerge. Recent studies [19,20] have shown the significance of small aliphatic aldehydes as
inhibitors of microbes used for biochemical conversion of biomass. Furthermore, the pres-
ence of benzoquinones in pretreatment liquids of different materials and their inhibitory
effects on Saccharomyces cerevisiae have recently been discovered [21]. With regard to the
inhibition of enzymes, aromatic substances such as phenolics have been found to play a
role [14]. Pseudolignin, another byproduct, consists of thermal degradation products of
carbohydrates. Pseudolignin remains insoluble and is accounted for as Klason lignin in
the analytical two-step treatment with sulfuric acid (TSSA). The formation of pseudolignin
can affect the enzymatic saccharification process [22,23]. In previous studies on hydrother-
mal pretreatment of wheat straw, the inhibition problem has generally been limited to
substances such as furfural, HMF (5-hydroxymethylfurfural), acetic acid, formic acid, and
certain phenolic compounds [8,9,24], while newly discovered inhibitors, such as aliphatic
aldehydes and benzoquinones, have not been considered.

There are still several issues about hydrothermal pretreatment of wheat straw that
require further research and innovation efforts. Issues that have so far not received enough
attention include (i) how autocatalyzed (A-HTP) and sulfuric acid-catalyzed (SA-HTP)
hydrothermal pretreatments affect the formation of byproducts, including pseudolignin
and newly discovered inhibitors, (ii) how the pretreatment liquids inhibit the enzymatic
hydrolysis of cellulose, and (iii) how xylan and lignin affect the digestibility of pretreated
solids. In the current study, hydrothermal pretreatment of wheat straw under different
temperatures between 160 and 205 ◦C, using two catalytic approaches, auto-catalysis and
catalysis with sulfuric acid, was investigated. The investigation covered the evaluation
of the effects of pretreatment conditions on (i) release of sugars and bioconversion in-
hibitors, (ii) chemical composition and enzymatic digestibility of pretreated solids, and (iii)
inhibitory effects of pretreatment liquids on enzymatic saccharification and yeast fermen-
tation. The results were backed by advanced analytical techniques, such as pyrolysis-gas
chromatography/mass spectrometry (Py-GC/MS), high-performance anion-exchange chro-
matography (HPAEC), and ultra-high performance liquid chromatography-electrospray
ionization-triple quadrupole-mass spectrometry (UHPLC-ESI-QqQ-MS).
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2. Materials and Methods

2.1. Materials

Wheat straw was provided by RISE Processum AB (Örnsköldsvik, Sweden). The wheat
straw was previously collected by the Swedish University of Agricultural Sciences (SLU)
from Mälardalen, Sweden, in the autumn of 2015. The moisture content of the biomass was
determined using an HG63 moisture analyzer (Mettler-Toledo, Greifensee, Switzerland).

2.2. Pretreatment of Wheat Straw

The severity factor (SF; Equation (1)) of different pretreatment conditions was deter-
mined as the logarithm of the reaction ordinate, as proposed by Overend and Chornet [25]
(Equation (2)).

SF = Log Ro (1)

Ro = t × exp
(

Tr − 100
14.75

)

(2)

where t is the holding time of pretreatment in minutes, and Tr is the pretreatment tempera-
ture in ◦C.

For each pretreatment batch, 37.5 g of wheat straw (on dry weight (DW) basis) was
mixed with tap water (for A-HTP) or aqueous sulfuric acid (for SA-HTP) at a 7:1 liquid-
to-solid ratio in a 1-L reactor (Parr 4520, Moline, IL, USA). The loading of sulfuric acid
(96%) was 0.5 g per 100 g wheat straw (DW). The reaction time was 15 min. For A-HTP, the
temperature settings were 160, 175, 190, and 205 ◦C, which correspond to SF values of 2.9,
3.4, 3.8, and 4.3, respectively. For SA-HTP, the temperature settings were 160 and 190 ◦C,
which correspond to SF values of 2.9 and 3.8, respectively. The pretreatment conditions
were chosen within the ranges typically reported for wheat straw [8–10]. At the cooling
stage of pretreatment, when the temperature was approximately 90 ◦C, a sample was
carefully taken from the gas phase on the top of the reaction suspension. The sample was
received under a water column in a 15-mL Falcon tube, and it was analyzed immediately
(Section 2.6). After pretreatment, the solid and liquid phases were separated by vacuum
filtration, and the solid phase was washed with 1 L water. A portion of the filter cake was
stored frozen for analytical enzymatic saccharification assay, and the rest was air-dried for
around one week; the yield of pretreated solids was determined gravimetrically based on
DW. The weight of the portion used for enzymatic saccharification was included in the
calculation of the DW of pretreated solids (DW of PSs).

The yield of pretreated solids (PSs) was calculated as follows:

Yield o f PSs (%) =
DW o f PSs (g)

Initial DW o f biomass (g)
× 100 (3)

2.3. Compositional Analysis of the Raw Material and Pretreated Solids

The content of extractives in raw wheat straw and pretreated solids was determined
by extracting aliquots of each material with 200 mL ethanol in a Soxhlet system (Extraction
System B-811, Büchi, Flawil, Switzerland). Structural carbohydrates and lignin were deter-
mined using TSSA. TSSA was performed essentially according to an NREL protocol [26]
but using HPAEC for quantification of monosaccharides. HPAEC was performed using a
Dionex ICS-5000 (Sunnyvale, CA, USA) instrument with pulsed amperometric detection
(PAD), a separation column (4 × 250 mm), and a guard column (4 × 50 mm) (both CarboPac
PA1, Dionex, Sunnyvale, CA, USA). Prior to the analysis, the samples were diluted with
ultra-pure water and filtered through 0.2 µm Millex-GN nylon membranes (Merck Millipore
Ltd., Cork, Ireland). Acid-insoluble (Klason) lignin was determined gravimetrically and
acid-soluble lignin (ASL) was determined spectrophotometrically at λ 240 nm. Ash content
was determined using an NREL protocol [27]. All analyses were performed in triplicates.
Values are stated as mass fractions of initial masses of samples (DW).

9



Agronomy 2021, 11, 487

The recoveries of glucan and xylan were calculated using the following equations:

Glucan recovery (%) =
GPS × Yield o f PS

GRM
× 100 (4)

Xylan recovery (%) =
XPS × Yield o f PS

XRM
× 100 (5)

Here, GPS and XPS are the mass fractions of glucan and xylan, respectively, in pre-
treated solids (PS), and GRM and XRM are their mass fractions in the raw material.

Total lignin recovery was calculated using the following equation:

Lignin recovery (%) =
(KL + ASL)PS × Yield o f PS

(KL + ASL)RM

× 100 (6)

Here, KL is the mass fraction of Klason lignin, and ASL is the mass fraction of acid-
soluble lignin in pretreated solids (PSs) and raw material (RM).

2.4. Pyrolysis-Gas Chromatography/Mass Spectrometry (Py-GC/MS)

Py-GC/MS analysis was performed at the Biopolymer Analytical Facility of the KBC
Chemical–Biological Center (Umeå, Sweden). Prior to Py-GC/MS analysis, the pretreated
and raw samples were freeze-dried and ball-milled (mixer mill MM400, Retsch, Haan,
Germany). Then, 50 µg biomass powder was applied to a pyrolyzer equipped with an
autosampler (PY-2020iD and AS-1020E, Frontier Lab, Fukushima, Japan) connected to a
GC/MS machine (7890A/5975C, Agilent Technologies AB, Kista, Sweden). The pyrolysate
was separated and analyzed, as described by Gerber et al. [28]. Areas were determined
for peaks assigned as carbohydrates (C), guaiacyl (G), syringyl (S), p-hydroxyphenyl (H),
generic phenolic constituents (P), known spectra unknown identification (U), and unknown
spectra (0). Values are stated as percentages of total peak areas (C + G + S + H + P + U + 0).
The fraction of lignin (L) corresponds to the sum of the fractions of G, S, H, and P.

2.5. Analytical Enzymatic Saccharification of Pretreated Solids

The enzymatic digestibility of pretreated solids and the inhibitory effect of the pretreat-
ment liquids on the cellulolytic enzymes were evaluated following an analytical enzymatic
saccharification procedure [15]. In one set of assays, aliquots of 250 mg (DW) of pretreated
solids or raw wheat straw were suspended in 50 mM citrate buffer (pH 5.2) in 15-mL
Falcon tubes, with a total reaction mixture of 5 mL. In another set of assays, the pretreated
solids were instead suspended in pretreatment liquids, whose pH had previously been
adjusted to pH 5.2. No citrate buffer was included in the assays with pretreatment liq-
uids as carboxylic acids present in the pretreatment liquid make the addition of buffer
unnecessary. In all assays, cellulolytic enzymes (Cellic CTec2 enzyme blend, Sigma-Aldrich
Chemie GmbH, Steinheim, Germany) were added so that the loading was 100 CMCase
units/g biomass. The reaction mixtures were incubated at 50 ◦C and 180 rpm for 72 h in an
Ecotron orbital incubator (INFORS HT, Bottmingen, Switzerland). After 72 h, the tubes
were centrifuged, and the supernatants were collected for further analysis using HPLC.
Enzymatic digestibility was determined using the following equation:

Enzymatic digestibility (%) =
GH

GAPS
× 100 (7)

Here, GH is the amount of hydrolyzed glucan based on the glucose concentration in
the enzymatic hydrolysate, and GAPS is the amount of glucan in pretreated solids.
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The degree of inhibition of enzymatic saccharification of glucan by the pretreatment
liquids was determined using Equation (8).

Degree o f inhibition (%) =

(

EDbu f − EDPL

)

EDbu f
× 100 (8)

Here, EDbu f is the enzymatic digestibility of glucan (%) resulting from enzymatic
hydrolysis of pretreated solids suspended in sodium citrate buffer, and EDPL is the
enzymatic digestibility of glucan (%) resulting from enzymatic hydrolysis of pretreated
solids suspended in pretreatment liquid.

2.6. Analysis of Sugars and Inhibitors in Liquid Samples

Analysis of monosaccharides (glucose, xylose, arabinose, galactose, and mannose) was
performed using HPAEC (as described in Section 2.3). Acid posthydrolysis of pretreatment
liquids with 4% (w/w) sulfuric acid was performed in order to hydrolyze oligosaccharides
to allow their quantification.

Determination of furfural and HMF was carried out using an HPLC system (Dionex
UltiMate 300; ThermoFisher, Waltham, MA, USA) with a diode-array detector and a
3 × 50 mm, 1.8-µm Zorbax RRHT SB-C 18 column. The temperature was set to 40 ◦C.

Determination of formaldehyde, acetaldehyde, p-benzoquinone, vanillin, coniferyl
aldehyde, syringaldehyde, p-hydroxybenzaldehyde, and acetovanillone was performed us-
ing UHPLC-ESI-QqQ-MS after derivatization with 2,4-dinitrophenylhydrazine (DNPH). A
1290 Infinity system (Agilent Technologies, Santa Clara, CA, USA) coupled to a 6490 triple-
quadrupole mass spectrometer (QqQ-MS) was used. The MS parameters were set as fol-
lows: gas temperature 290 ◦C, gas flow 20 L/min, nebulizer 30 psi, sheath gas temperature
400 ◦C, sheath gas flow 12 L/min, capillary voltage—3000 V, and nozzle voltage—2000 V.
A 2.1 × 150 mm XTerra MS C18 column was used. Eluent A consisted of aqueous 0.1%
(v/v) formic acid, and Eluent B was a 75:25 (v/v) mixture of acetonitrile and 2-propanol
with 0.1% formic acid. Elution was performed using a gradient profile containing the fol-
lowing fractions of Eluent B: 0.0–4.5 min 30–40%, 4.5–9.0 min 40–50%, 9.0–11.0 min 50–70%,
11.0–11.01 min 70–95%, 11.01–15.0 min 95%, 15.0–15.01 min 95–30%, 15.01–18.0 min 30%,
and, at the end, two min post-time with 30% for further re-equilibration. Data evaluation
was done with MassHunter Quant software. The calibration and derivatization processes
were based on previous studies [19,21].

The determination of aliphatic carboxylic acids (formic acid, acetic acid, and levulinic
acid) was performed by MoRe Research Örnsköldsvik AB, Sweden. Acid determination
was done using HPAEC.

Total aromatic content (TAC) in pretreatment liquids was determined by measuring
the absorbance at 280 nm using a UV1800 spectrophotometer (Shimadzu, Kyoto, Japan).
Total carboxylic acid content (TCAC) was determined by titration from pH 2.8 to pH 7.0
using an aqueous solution of sodium hydroxide (200 mM).

The determination of total phenolic compounds was carried out by using the Folin–
Ciocalteu method [29], with vanillin as the calibration standard. A SpectraMax i3x (Molec-
ular Devices, LLC, San Jose, CA, USA) multimode microplate reader was used for reading
the absorbance at 760 nm of the color generated after the incubation of reaction mixtures
containing the sample and Folin–Ciocalteu reagent at 23 ◦C for two hours. Reactions were
performed in triplicates.

2.7. Fermentability of Pretreatment Liquids

Fermentability tests with freeze-dried S. cerevisiae yeast (Ethanol Red, Fermentis,
Marcq en Baroeul, France) were performed using microtiter plates (maximum well volume
330 µL; Nunc, Roskilde, Denmark). Freeze-dried yeast was rehydrated by suspending it in
5 times its weight of sterile tap water for 30 min at 35 ◦C, and it was then inoculated at an
initial loading of 0.2 g (DW)/L. Prior to fermentation, the pH of the pretreatment liquids
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was adjusted to 5.5 using a 1-M solution of NaOH. The final volume in each well was
300 µL. The mixture contained either 120 µL pretreatment liquid (diluted with deionized
water to 40% of the initial concentration) or 234 µL pretreatment liquid (100% of the initial
concentration), 6 µL of a nutrient solution (consisting of 150 g/L yeast extract, 75 g/L
(NH4)2HPO4, 3.75 g/L MgSO4·7 H2O, and 238.2 g/L NaH2PO4·H2O), and deionized
water. Glucose was added to all the media until a final concentration of 20 g/L. Reference
fermentations without any pretreatment liquid were performed, while control samples
with only culture medium (no yeast) were also processed in order to confirm that there
was no cross-contamination. The microtiter plates were incubated in an orbital shaker at
150 rpm and 30 ◦C.

Yeast growth was monitored by measurements of optical density (OD) at 600 nm
using the SpectraMax i3x multimode microplate reader after 0, 12, 24, 36, and 48 h. Growth
medium without yeast was used as blank. All experiments were performed in triplicates,
and mean values were used in the evaluation. The growth rate in each medium was
calculated with the following equation:

Growth rate =
Cell density (OD600)

Incubation time (h)
(9)

The relative growth rate (RGR) of cultures with a medium of pretreatment liquid was
calculated by comparing the growth rate of those cultures to the average growth rate of the
reference cultures with sugar-based medium (Equation (10)).

RGR =
Growth rate o f cultures with PL

Growth rate o f re f erence cultures
(10)

2.8. Statistical Processing of the Results

Two-way analysis of variance (ANOVA) and Tukey’s posthoc test were applied to
evaluate the statistical difference between the results of enzymatic saccharification ex-
periments corresponding to different pretreatment conditions and different liquid media
(either sodium citrate buffer or pretreatment liquids) used in the assays. Levene’s test for
homogeneity of variance and Shapiro’s test for normal distribution of residuals were used
for verifying that the data met the model assumptions. Statistical tests were run using R
package stat [30].

3. Results

3.1. Chemical Composition of Raw and Pretreated Solids

The wheat straw used in this study contained 39.8% glucan, 24.3% hemicellulosic
carbohydrates, 22.8 ± 0.1% lignin, 5.1 ± 0.3% ash, and 4.7 ± 0.1% ethanol extractives
(Table 1). That composition is in agreement with previous reports on wheat straw, showing
similar values [31].

The pretreatment led to different degrees of reduction of the gravimetric yield of
the resulting solid material with respect to the starting amount of wheat straw (Figure 1).
Depending on the pretreatment conditions, the yields of pretreated solids ranged between
64.3% and 87.6%, and a steady decrease was observed with increasing temperature and
increasing severity factor. The yield of pretreated solids resulting from the most severe
autocatalyzed pretreatment (the one performed at 205 ◦C) was 27% lower than that of the
least severe one (at 160 ◦C). The yields were lower for SA-HTP than for A-HTP, but the
differences were relatively small. The most noticeable difference was found for 190 ◦C
(69.4% for SA-HTP and 73.0% for A-HTP), while the values for 160 ◦C (85.5% for SA-HTP
and 87.6% for A-HTP) were closer. It is noteworthy that the differences in yield between
the pretreatment approaches (A-HTP and SA-HTP) at a given temperature were smaller
than the differences in yield between two consecutive temperatures in the A-HTP series, for
instance, 190 ◦C (73.0%) and 205 ◦C (64.3%) or 175 ◦C (80.3%) and 190 ◦C (73.0%). Evidently,
a temperature increase of 15 ◦C had a stronger effect than the addition of sulfuric acid.
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Table 1. Chemical composition of raw wheat straw and pretreated solids, mass fractions in % (dry weight) a.

Experimental
Conditions b Glucan b Xylan Arabinan Galactan Mannan Klason Lignin ASL Ash Extractives

Raw
39.8

(<0.1)
19.7

(<0.1)
2.2

(<0.1)
1.3

(<0.1)
1.1

(0.1)
20.1
(0.1)

2.7
(0.1)

5.1
(0.3)

4.7
(0.1)

A-160
42.5

(<0.1)
19.5

(<0.1)
ND ND ND

21.1
(1.8)

2.8
(0.3)

4.7
(0.1)

3.9
(0.1)

A-175
47.1
(2.0)

18.5
(<0.1)

ND ND ND
22.2
(1.9)

2.9
(0.1)

4.9
(<0.1)

4.5
(0.1)

A-190
52.4
(0.2)

11.1
(<0.1)

ND ND ND
31.1
(3.3)

2.7
(0.1)

5.9
(0.3)

5.9
(0.1)

A-205
57.3

(<0.1)
2.7

(0.1)
ND ND ND

39.3
(0.1)

2.8
(0.1)

6.6
(0.1)

5.6
(0.1)

SA-160
43.5

(<0.1)
19.7
(0.5)

ND ND ND
28.8
(2.0)

2.7
(0.1)

5.5
(<0.1)

4.1
(0.1)

SA-190
54.8

(<0.1)
8.6

(<0.1)
ND ND ND

33.3
(0.1)

2.3
(0.2)

5.5
(<0.1)

7.5
(0.1)

a Average values of solid fractions resulting from hydrothermal pretreatment of wheat straw (mass fractions in % of dry weight). Numbers
in parenthesis indicate standard deviation. b The letters in the codification of the experimental conditions stand for the pretreatment
approach (A for A-HTP or SA for SA-HTP), and the numerals (160, 175, 190, and 205) stand for temperatures. ND, not detected.
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Figure 1. Gravimetric yield of pretreated solids after autocatalyzed hydrothermal pretreatment
(A-HTP) at 160 ◦C (A-160), 175 ◦C (A-175), 190 ◦C (A-190), and 205 ◦C (A-205), and sulfuric acid-
catalyzed (SA-HTP) hydrothermal pretreatment at 160 ◦C (SA-160) and 190 ◦C (SA-190).

The glucan content was higher in the pretreated solids than in raw wheat straw,
and, for both pretreatment approaches, it increased with the increase in temperature
(Table 1). For A-HTP, the glucan content increased from 42.5% at 160 ◦C to 57.3% at 205 ◦C,
while for SA-HTP, it increased from 43.5% at 160 ◦C to 54.8% at 190 ◦C. For the same
pretreatment temperature, A-HTP and SA-HTP did not exhibit any major difference in
glucan content. The same applies for glucan recovery, which was comparable for both
pretreatment approaches, and displayed values above 92% for all experimental conditions
(Figure 2).

The xylan content decreased with increasing temperature (Table 1). Independently
of the catalytic approach, the xylan content of solids pretreated at 160 ◦C was compa-
rable to that of raw wheat straw. After pretreatment at 205 ◦C, the xylan content was
below 3 ± 0.1%. The xylan recovery for pretreatments at 160 ◦C corresponded to approx.
87 ± 0.1%, whereas the recovery at 205 ◦C was below 9% (Figure 2). At 160 ◦C, the xylan
recovery was not affected by acid addition, whereas at 190 ◦C, the value for A-HTP (41.1%)
differed substantially from that of SA-HTP (30.3%). Other hemicellulosic carbohydrates
were readily solubilized already at 160 ◦C as no arabinose, galactose, or mannose were
detected in the analytical acid hydrolysates of the pretreated solids (Table 1).
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Figure 2. Recovery of glucan, xylan, and total lignin (Klason lignin plus acid-soluble lignin (ASL)) in the pretreated solids.
The codification of the experimental conditions is the same as in Table 1.

A gradual increase of Klason lignin content in the pretreated solids was observed
with increasing temperature. For experiments performed at the same temperature, the
Klason lignin content was higher for SA-HTP than for A-HTP (Table 1). The content of
acid-soluble lignin (ASL) did not display a clear trend regarding pretreatment temperature,
but it was lower for SA-HTP than for A-HTP.

For the autocatalyzed pretreatment at 205 ◦C and for both acid-catalyzed pretreat-
ments, the recovery of total lignin was higher than the theoretically possible value (Figure 2),
indicating the formation of pseudolignin. To clarify this issue, Py-GC/MS analysis was
performed. For the A-HTP experiments at 190 and 205 ◦C and for the SA-HTP experiments,
Py-GC/MS revealed lower lignin content than the fraction of total lignin determined by the
TSSA procedure (Klason lignin + acid-soluble lignin; Table 2). Higher ∆Lignin factor values
(Table 2) than for raw wheat straw indicate pseudolignin formation. The increase in ∆Lignin
factor value was especially apparent after pretreatment at 205 ◦C. At the same temperature,
the ∆Lignin factor was higher for SA-HTP than for A-HTP, indicating that increasing acidity
stimulated pseudolignin formation.

Table 2. Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) analysis of raw wheat straw
and pretreated solids.

Exp. Conditions Carbohydrates (%) a Lignin (%) a
∆Lignin

b G:S:H Ratio c

Raw 70.4 (0.5) 27.8 (0.6) −5.0 44:50:5
A-160 73.4 (1.0) 24.7 (1.1) −0.8 46:46:7
A-175 70.5 (0.6) 27.7 (0.5) −2.6 44:49:7
A-190 66.5 (0.4) 31.6 (0.4) 2.2 45:48:7
A-205 68.6 (0.6) 28.4 (0.6) 13.7 48:46:5
SA-160 71.1 (0.4) 27.1 (0.5) 4.4 45:47:9
SA-190 65.0 (0.6) 32.7 (0.4) 2.9 45:48:7

a Mean values from triplicates. Standard deviations are shown in parentheses. b The ∆Lignin factor was calculated
by subtracting the peak area fraction assigned to lignin in Py-GC/MS analysis (this table) from the mass fraction
of total lignin (Klason lignin and ASL; Table 1). c Relative proportion of lignin guaiacyl (G), syringyl (S), and
p-hydroxyphenyl (H) units. Same codification of experimental conditions as in Table 1.

Negative ∆Lignin factor values, particularly for raw wheat straw (Table 2), can be
explained by the fact that the wheat straw contains relatively large fractions of ash (5.1%)
and extractives (4.7%) (Table 1). While these substances are included in initial mass values
used for TSSA calculations (Table 1), they (especially ash/inorganic substances) might not
be covered by total peak areas used for Py-GC/MS calculations (Table 2). This explanation
is supported by the fact that for raw wheat straw, it was not only the TSSA value for total
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lignin (22.8%) that was lower than the Py-GC/MS counterpart (27.8%); the TSSA value for
the sum of carbohydrates (64.1%) was also lower than the Py-GC/MS counterpart (70.4%).

Py-GC/MS analysis of the G:S:H ratio (Table 2) indicated that pretreatment caused a
relative increase of G (guaiacyl) units, a relative decrease of S (syringyl) units, and a relative
increase of H (p-hydroxyphenyl) units. The relative decrease of S units might be associated
with the cleavage of β-O-4 linkages in lignin, whereas corresponding increases for G and
H units might be indirect effects.

The ash content was not much affected by the pretreatment but was slightly higher for
the highest pretreatment temperature (A-HTP at 205 ◦C; Table 1). The increase in ash content
at high temperatures can be an indirect effect of the decrease in hemicellulosic carbohydrates.

The mass fraction of extractives, which was 4.7% in raw wheat straw, decreased
slightly for pretreatments at low temperature (160/175 ◦C; Table 1). At higher temperatures
(190/205 ◦C), there was an increase. The decrease at lower temperatures can be explained
by the solubilization of original extractives during pretreatment, whereas the increase
at higher temperatures can be explained by the formation of new extractives due to the
fragmentation of carbohydrates and lignin.

3.2. Carbohydrates in the Pretreatment Liquids

Carbohydrates in the pretreatment liquids are reported as monosaccharides and
oligosaccharides (Table 3), with disaccharides included among the latter. Xylose, arabinose,
and glucose were the main monosaccharides identified, whereas there were very little or
no galactose and mannose. The concentrations of xylose, glucose, galactose, and mannose
increased with increasing pretreatment temperatures. However, for the A-HTP series, the
arabinose concentration was highest at intermediate temperatures (175/190 ◦C).

Table 3. Concentrations of monosaccharides and oligosaccharides (OS) (g/L) and pH in the pretreat-
ment liquids a.

A-160 A-175 A-190 A-205 SA-160 SA-190

Glucose 0.1 (<0.1) 0.1 (<0.1) 0.1 (<0.1) 0.7 (<0.1) 0.2 (<0.1) 0.2 (0.1)
Gluco-OS 1.8 (0.1) 2.4 (0.1) 2.7 (0.1) 2.0 (0.1) 2.4 (0.1) 2.7 (0.1)
Xylose 0.1 (<0.1) 0.2 (<0.1) 1.6 (0.1) 4.4 (<0.1) 0.1 (<0.1) 2.5 (<0.1)
Xylo-OS 1.4 (0.1) 7.5 (0.3) 15.0 (0.3) 0.9 (0.1) 2.7 (0.1) 14.1 (0.3)
Arabinose 0.4 (<0.1) 1.0 (0.1) 0.9 (<0.1) 0.2 (<0.1) 0.6 (0.1) 1.0 (0.1)
Arabino-OS 0.8 (<0.1) 1.1 (0.1) 0.6 (<0.1) <0.1 (<0.1) 0.8 (0.1) 0.6 (0.1)
Galactose ND 0.1 (<0.1) 0.2 (<0.1) 0.3 (<0.1) 0.1 (<0.1) 0.3 (<0.1)
Galacto-OS 0.5 (<0.1) 0.7 (<0.1) 0.6 (<0.1) 0.4 (<0.1) 0.4 (<0.1) 0.4 (<0.1)
Mannose ND ND 0.1 (<0.1) 0.3 (0.1) ND 0.1 (<0.1)
Manno-OS 0.3 (<0.1) 0.5 (<0.1) 0.6 (<0.1) 0.3 (0.1) 0.4 (<0.1) 0.8 (<0.1)
pH 5.0 4.5 4.0 3.5 4.5 3.8

a Mean values from triplicates; ND, not detected. Standard deviations shown in parentheses. Same codification of
experimental conditions as in Table 1.

For monosaccharides derived from oligosaccharides/disaccharides, the highest concen-
trations were 15.0 ± 0.3 g/L for Xylo-OS (xylose derived from oligosaccharides/disaccharides)
and 2.7 ± 0.1 g/L for Gluco-OS (glucose derived from oligosaccharides/disaccharides)
(Table 3). The maximum concentrations of the others (Arabino-OS, Galacto-OS, and Manno-
OS) were around 1 g/L or lower. For A-HTP, Xylo-OS, Gluco-OS, and Manno-OS reached
the highest concentrations at 190 ◦C, whereas the highest concentrations of Arabino-OS and
Galacto-OS were instead found at 175 ◦C. This indicates that oligosaccharides containing ara-
binose and galactose units were more heat-labile. This is supported by data from the SA-HTP
series showing higher concentrations of Xylo-OS, Gluco-OS, and Manno-OS for SA-190 than
for SA-160, whereas Arabino-OS and Galacto-OS do not follow that pattern. In most cases, the
concentrations of monosaccharides derived from oligosaccharides/disaccharides were higher
than the concentrations of the corresponding monosaccharides in the same pretreatment
liquid (Table 3).
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The pH of the A-HTP liquids decreased with pretreatment temperature, from 5.0
for 160 ◦C to 3.5 for 205 ◦C (Table 3). As further discussed below, the decrease of pH
with increasing pretreatment temperature results from the formation of carboxylic acids.
For the SA-HTP series, the pH was only slightly (0.2–0.5 pH units) lower than for the
corresponding pretreatment liquids in the A-HTP series.

3.3. Effects of Pretreatment Conditions on Byproduct Formation

For both the A-HTP and SA-HTP series, the furan aldehyde concentrations always
increased with increasing pretreatment temperature (Table 4). The furfural concentrations
(≤77.1 ± 2.4 mM) in the pretreatment liquids were always higher than the corresponding
HMF concentrations (≤2.4 mM). The very low values after pretreatment at 160 ◦C are
difficult to compare, but furfural values after pretreatment at 190 ◦C show clearly higher
concentration for SA-HTP (24.1 ± 0.5 mM) than for A-HTP (14.4 mM). As acid conditions
promote hydrolysis of hemicelluloses to pentose sugars, the precursors of furfural, this is
an expected result. The condensate of A-205 was found to contain furfural that had been
volatilized during the pretreatment.

Table 4. Concentration of bioconversion inhibitors in the pretreatment liquids a.

A-160 A-175 A-190 A-205 SA-160 SA-190

Furfural b 1.2 (<0.1) 2.0 (<0.1) 14.4 (0.5) 77.1 (2.4) 0.7 (<0.1) 24.1 (0.5)
Furfural b,e <0.1 (<0.1) <0.1 (<0.1) <0.1 (<0.1) 1.9 (<0.1) <0.1 (<0.1) <0.1 (<0.1)
HMF b 0.1 (<0.1) 0.1 (<0.1) 0.3 (<0.1) 2.4 (<0.1) 0.1 (<0.1) 0.6 (<0.1)
Acetic acid b 15.0 (0.1) 22.5 (0.1) 36.1 (0.1) 66.4 (0.4) 11.7 (0.1) 33.8 (0.1)
Formic acid b 1.0 (0.1) 2.4 (0.1) 8.1 (0.1) 24.1 (0.1) 0.6 (0.1) 7.9 (0.1)
Levulinic acid b <0.1 (<0.1) <0.1 (<0.1) 0.2 (<0.1) 0.4 (<0.1) <0.1 (<0.1) 0.2 (<0.1)
TCAC 31 (1.5) 41 (1.5) 52 (1.2) 96 (2.5) 32 (1.0) 54 (2.2)
Formaldehyde b ND ND ND ND 0.1 (0.1) ND
Vanillin c 89 (7) 124 (7) 190 (7) 255 (7) 75 (7) 214 (7)
Syringaldehyde c 26 (4) 41 (4) 75 (4) 108 (4) 25 (4) 84 (4)
p-Hydroxybenzaldehyde c 26 (2) 27 (3) 34 (3) 47 (3) 22 (3) 41 (3)
Coniferyl aldehyde c 29 (3) 34 (3) 50 (3) 38 (3) 30 (3) 59 (3)
p-Coumaraldehyde c 3 (1) 4 (1) 5 (1) 4 (1) 3 (1) 5 (1)
Acetovanillone c 5 (2) 8 (2) 15 (3) 9 (2) 5 (2) 12 (2)
p-Benzoquinone ND ND ND ND ND ND
Total phenolics d 1.0 (0.1) 2.0 (0.1) 3.0 (0.1) 7.2 (0.5) 1.6 (0.1) 4.1 (0.2)
TAC 0.2 (<0.1) 0.2 (<0.1) 0.6 (<0.1) 1.5 (<0.1) 0.2 (<0.1) 0.6 (<0.1)

a Mean values from triplicates. The standard deviations are shown in parentheses. Same codification of experimental conditions as in
Table 1. b–d Values given in mM (b), µM (c), or g/L (d). e Furfural concentration in the condensate of the gas phase. Total aromatic content
(TAC) was determined as UV absorption at 280 nm, with a dilution factor of 500. Total carboxylic acid content (TCAC; mM) was determined
by titration. ND, not detected.

The main aliphatic carboxylic acid in the pretreatment liquids was acetic acid
(11.7–66.4 mM). Pretreatment liquids also contained formic acid (≤24.1 ± 0.1 mM) and
levulinic acid (≤0.4 mM). The concentrations of acids increased with the pretreatment
temperature, and there were only minor differences between the A-HTP and SA-HTP
series. As expected, TCAC values were higher than the sum of concentrations of acetic
acid, formic acid, and levulinic acids and followed the same trend.

The formaldehyde concentrations were mostly below the detection level. A reason
for this can be that during hydrothermal pretreatment, formaldehyde is probably formed
mainly from lignin, and wheat straw has rather low lignin content compared to, for
example, softwood [19,20].

The concentration of total phenolics ranged from 1.0–7.2 g/L (Table 4). The SA-HTP
series exhibited slightly higher values than corresponding pretreatment liquids in the
A-HTP series. The concentrations of total phenolics and individual phenolics with a one-
carbon side chain (i.e., vanillin, syringaldehyde, and p-hydroxybenzaldehyde) increased
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with increasing pretreatment temperature (Table 4). Phenolics with two- or three-carbon
side chains, such as acetovanillone, coniferyl aldehyde, and p-coumaraldehyde, increased
with the pretreatment temperature up to 190 ◦C, but then decreased for A-205. This
suggests that phenolics with longer side chains are more susceptible to degradation at
higher temperatures, whereas phenolics with one-carbon side chains are more stable.

p-Benzoquinone was not detected in any of the pretreatment liquids (Table 4). Studies
of yeast have shown that relevant toxic concentrations of p-benzoquinone are several orders
of magnitude lower than for other inhibitors in Table 4, as concentrations in the micromolar
range have clearly inhibitory effects [21]. The methodology used would have also revealed
concentrations in that range.

The TAC measurement covers a wide range of aromatics, including phenylic com-
pounds, such as phenolic and nonphenolic aromatics, and heteroaromatics, such as furan
aldehydes. The TAC values increased with the temperature (Table 4). At correspond-
ing temperatures, the TAC values for the SA-HTP series were identical to those of the
A-HTP series.

3.4. Enzymatic Saccharification of Pretreated Wheat Straw

Since the susceptibility to enzymatic saccharification is a key issue in the bioconversion
of lignocellulosic biomass into bio-based products, the impact of pretreatment conditions
on enzymatic saccharification was carefully examined using reaction mixtures with both
buffer and pretreatment liquids. Reaction mixtures with buffer provide a clean analytical
view of the susceptibility of pretreated solids to enzymatic saccharification. Reaction
mixtures with pretreatment liquid provide a more complex and, perhaps, more industrially
relevant view, where both the susceptibility of the solid phase and the influence of potential
enzyme inhibitors in the pretreatment liquid are taken into account.

All pretreatment conditions resulted in a clear enhancement of saccharification of
glucan, as revealed by the increase of enzymatic digestibility from 18% for raw wheat
straw to 45–98% for pretreated solids (Figure 3). For A-HTP solids suspended in sodium
citrate buffer, the enzymatic digestibility increased with the pretreatment temperature
(from 46 ± 0.5% for A-160 to 98 ± 0.8% for A-205). For SA-HTP, the enzymatic digestibility
values were comparable with those from A-HTP at corresponding temperatures. Xylan
contained in the pretreated solids was also hydrolyzed during saccharification trials (data
not shown).
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Figure 3. Enzymatic digestibility of glucan in cut raw wheat straw (WS) in buffer (blue bar) and pretreated solids suspended
in either sodium citrate buffer (light green bars) or pretreatment liquid (dark green bars). Yellow bars represent the degree
of inhibition (DI) of enzymatic saccharification by the pretreatment liquids. Same codification of experimental conditions as
in Table 1.
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In the experiments with the pretreated solids suspended in pretreatment liquids, the
enzymatic digestibility of glucan was lower than in the series with the buffer (Figure 3).
The enzymatic digestibility ranged from 44 ± 0.8% for SA-160 to 90 ± 1.6% for A-205.
Based on the differences between the hydrolysis series, the degree of inhibition (DI) by
the pretreatment liquids was calculated. For A-HTP, the DI was 2.4 ± 0.1% for A-160,
and it gradually increased with the temperature, reaching up to 7.3 ± 0.3% for A-205. At
160 ◦C, the DI was slightly higher for SA-HTP than for A-HTP, but at 190 ◦C, no discernible
difference was found.

The statistical significance of the differences between enzymatic digestibility values
achieved in saccharification trials of pretreated solids from different pretreatment condi-
tions (p < 0.001), suspended in different liquid media (p < 0.001), and their interactions
(p = 0.0155) was confirmed by two-way analysis of variance (Table 5) and Tukey’s posthoc
test. Levene’s test for homogeneity of variance (F = 1.210, p = 0.333), and Shapiro’s test
for normal distribution of residuals (W = 0.957, p = 0.173) confirmed that the data met the
model assumptions.

Table 5. Two-way ANOVA for enzymatic digestibility in saccharification trials with pretreatment solids suspended in either
sodium citrate buffer or pretreatment liquids for all the pretreatment conditions.

Source of Variation Degree of Freedom Sum of Squares Mean Squares F-Value p-Value

Pretreatment conditions (P) 5 11990 2398.1 1148.47 <0.001
Liquid medium (L) 1 109 108.5 51.97 <0.001
P:L interactions 5 37 7.4 3.54 0.0155
Residuals 24 50 2.1

Potential correlations between the enzymatic convertibility of glucan and the contents
of xylan and lignin in the pretreated solids were investigated (Figure 4). For both the A-
HTP and SA-HTP series, enzymatic digestibility displayed an obvious negative correlation
(R2 0.92) with xylan content (Figure 4a). For lignin content, there was a slightly positive
trend (Figure 4b) that can be attributed to indirect effects (hemicellulose removal leading to
both higher lignin content and better digestibility).
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Figure 4. Correlation between enzymatic digestibility of glucan with the content of xylan (a) and lignin (b) in the pretreated
solids. The green markers are for A-HTP and the blue markers are for SA-HTP. R2 = 0.92 (xylan) and R2 = 0.45 (lignin). The
plotted lignin content was determined using Py-GC/MS.

In order to have a better picture of the effectiveness of different pretreatment conditions
on the saccharification of wheat straw, the yield of sugars per ton of raw material was
calculated. For A-HTP, the combined glucose yield (after pretreatment and enzymatic
saccharification) increased almost proportionally with the temperature, giving the highest
value (407 ± 13 kg/t) at 205 ◦C (Figure 5). The xylose yield reached a peak (127 ± 8 kg/t)
at 190 ◦C, including the amount solubilized during pretreatment and that resulting from
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enzymatic hydrolysis. The xylose yield sharply decreased to only 21 ± 1 kg/ton raw wheat
straw at 205 ◦C, mostly due to losses in the pretreatment step. For SA-HTP, glucose and
xylose yields at 160 ◦C were higher than those observed for A-HTP, whereas at 190 ◦C,
they were slightly lower. Putting together glucose and xylose, the highest total sugar yield,
480 ± 12 kg per ton of wheat straw, was observed for A-HTP at 190 ◦C. That yield was
higher than the one achieved by SA-HTP at the same temperature.
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Figure 5. Yield of xylose (yellow bars), glucose (orange bars), and total sugar (brown bars) after
pretreatment and enzymatic hydrolysis. Values are given in kg per ton raw wheat straw. Same
codification of experimental conditions as in Table 1.

3.5. Fermentability of Pretreatment Liquids

For elucidating the effect of the inhibitors formed during pretreatment on ethanolic
fermentation, the fermentability of the pretreatment liquids by S. cerevisiae was investigated.
A strong inhibitory effect on yeast cell growth was observed for the A-HTP liquid from
pretreatment at 205 ◦C (Figure 6a). Albeit at a lower degree, the cell growth in the medium
with SA-190 was also inhibited. Some inhibition was also observed for the pretreatment
liquid from A-HTP at 190 ◦C, but it was hardly noticeable after 12 h. The inhibitory effects
exerted by the other pretreatment liquids were minor and restricted to the beginning of the
fermentation.
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Figure 6. Cell growth of S. cerevisiae in the fermentation of the pretreatment liquids (a) and relative growth rate (b) after
12 h (horizontal green pattern bars) and 24 h (vertical blue pattern bars). Same codification of experimental conditions as
in Table 1.
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The inhibition pattern of the different pretreatment liquids is better revealed by
comparing the relative growth rates (RGRs), which were calculated as the ratio between
the growth rates in each pretreatment liquid and the reference. The remarkable inhibition
of the 205 ◦C A-HTP liquid is highlighted by RGR values around 0.40 ± 0.06 after both 12
and 24 h of fermentation (Figure 6b). On the other hand, the fermentability of the 160 ◦C
A-HTP liquid was comparable with that of the control, as indicated by a relative growth
rate of 0.98 ± 0.06 after 24 h of fermentation. The other pretreatment liquids displayed
RGR values between 0.88 ± 0.03 and 0.96 ± 0.04 after 24 h. Pretreatment liquids from
SA-HTP were more inhibitory than those from A-HTP at the same temperature.

4. Discussion

4.1. Chemical Composition of Raw and Pretreated Solids

Although different issues related to hydrothermal pretreatment of wheat straw for
bioconversion have already been well investigated, there are other aspects that remain to
be addressed. The effects of pretreatment temperature, time and equipment configuration
on the yield of solids, solubilization of the main components, and recovery of sugars have
been widely discussed [32–35], but important details linking pretreatment conditions with
byproduct formation, enzymatic digestibility, and inhibition of biochemical conversion are
still lacking. The current study assesses the effects of different pretreatment temperatures
and catalytic approaches on the formation of bioconversion inhibitors, the enzymatic
digestibility of pretreated solids, and the inhibition of enzymatic saccharification and
fermentation by pretreatment liquids.

Increasing the pretreatment temperature from 160 to 205 ◦C while holding the reaction
time at 15 min resulted in increased solubilization of wheat straw constituents and led to a
reduction of the gravimetric yield of pretreated solids (Figure 1). The high pretreatment
yield (almost 88%) under low-severity pretreatment (160 ◦C, SF 2.9) indicates that under
these conditions, wheat straw was only marginally affected, while the low yield (around
64%) under the most severe pretreatment (205 ◦C, SF 4.3) revealed major solubilization of
the raw material. These values are within the typical range for wheat straw. Min et al. [33]
showed a decrease in the yield of pretreated solids from 86% to 80% while increasing the SF
from 3.2 to 3.9, and Chen et al. [32] reported yields of approximately 60% in pretreatment
at 200 ◦C for 30 min (SF 4.4).

The analysis of the composition of pretreated solids and pretreatment liquids indi-
cates that the main factor contributing to the reduction of the gravimetric yield is the
solubilization of hemicelluloses. The increase of solubilization of hemicelluloses with
the temperature range studied is in agreement with previous reports of hydrothermal
pretreatment of wheat straw [34]. The fact that the yield of solids was more affected by the
stepwise increase of temperature than by the use of sulfuric acid can be explained by the
rather low acid-loading that was used.

The observed temperature-related increase of the glucan content in the pretreated
solids was a consequence of hemicellulose solubilization (Table 1). Cellulose was not
affected to any major extent by the different pretreatment conditions, as indicated by the
high glucan recoveries achieved (Figure 2). The lack of substantial differences in glucan
recovery between A-HTP and SA-HTP for similar temperatures might be explained by
the rather low sulfuric acid-loading used in SA-HTP. In previous studies on hydrothermal
pretreatment of sugarcane bagasse using a higher sulfuric acid loading (0.5 g/100 g of
reaction mixture instead of 0.5 g/100 g dry biomass), glucan recovery was higher for
A-HTP than for SA-HTP under the same temperature and time [35,36].

The decrease of xylan content with the increase of the temperature is a logical result,
considering that a temperature-dependent increase of hemicellulose solubilization is nor-
mally expected for hydrothermal pretreatment [32]. In contrast to previous reports on
studies in which higher sulfuric acid-loadings or longer reaction times were used [37],
pretreatment at 160 ◦C was not effective for xylan solubilization, even when sulfuric acid
was used (Table 1). At 190 ◦C, there was some sulfuric-acid-promoted xylan solubilization,
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as can be interpreted from the decrease of xylan recovery from around 41% with A-HTP to
nearly 30% with SA-HTP (Figure 2).

The observed arabinose solubilization at 160 ◦C (Table 1) matches well with pre-
vious information on the hydrothermal deconstruction of different hemicellulosic com-
ponents. Under mild conditions, arabinose side-chain moieties are cleaved faster than
xylose units [38]. Xylan backbone is initially fragmented to a minor degree, and only
after subsequent scissions, a major release of xylo-oligosaccharides and xylose occurs [39].
However, the solubilization of galactose and mannose at 160 ◦C is surprising considering
that mannan and galactan typically exhibit comparable dissolution kinetics to xylan [40],
and it would have been expected that they behave similarly under HTP at 160 ◦C.

The gradual increase of lignin content in the pretreated solids with the increase of
the temperature (Table 1) is primarily a consequence of hemicellulose solubilization, as
typically observed for hydrothermal processing and acid-based pretreatment methods [13].
As confirmed by combining TSSA and Py-GC/MS analysis, lignin recovery of over 100%,
detected for A-HTP at 205 ◦C and for both SA-HTP experiments (Figure 1), was due to
pseudolignin formation, a phenomenon that has not been well-studied previously and
which is typically difficult to quantify. The lower lignin fraction found by using Py-GC/MS
(Table 2) in comparison with the fraction determined by TSSA (Table 1) for A-205, SA-160,
SA-190, and A-190 is due to the fact that TSSA does not distinguish differences between real
lignin and Klason-positive partially degraded carbohydrates, i.e., pseudolignin. Py-GC/MS
analysis will detect Klason-positive partially degraded carbohydrates as carbohydrates.
The lignin recoveries exceeding 100% in Figure 1 can, with certainty, be attributed to
pseudolignin formation. For estimating pseudolignin formation, we used the ∆Lignin
value, a factor we recently introduced based on TSSA analyses of lignin and biomass
characterization using Py-GC/MS [35,36]. As shown by the negative value for raw wheat
straw, TSSA and Py-GC/MS do not give identical values, and it is, therefore, a possibility
that also some of the pretreated samples, with low negative ∆Lignin values, contain small
fractions of pseudolignin. As hydrothermal pretreatment mainly targets hemicelluloses,
the lignin showed minor compositional changes, as shown by small changes observed
for the G:S:H ratio. There was an evident decrease in the relative abundance of syringyl
units (Table 2).

The high ash content of the raw material is within the range previously determined
for wheat straw [33,34]. The ash content increased slightly with the temperature as other
components were removed and minerals remained in the pretreated solids. These results
are in agreement with previous studies showing an increase in ash content with the
temperature in HTP of wheat straw [33,34].

The increase of the mass fraction of extractives observed at 190 and 205 ◦C (Table 1)
might be due to the fact that the solvent used in the analytical procedure extracted not only
native extractives present in untreated wheat straw but also lignin fragments deposited on
the solid phase during pretreatment. This is further strengthened by the finding that at
similar temperatures, the content of extractives was higher for SA-HTP, the pretreatment
approach that is expected to cause more extensive lignin fragmentation, condensation, and
redeposition [41] than for A-HTP, and that the difference was more obvious at 190 ◦C than
at 160 ◦C.

4.2. Carbohydrates in the Pretreatment Liquids

The carbohydrate profiles of the pretreatment liquids, i.e., relatively high concen-
trations of xylose, xylo-oligosaccharides (Xylo-OS), glucose, and gluco-oligosaccharides
(Gluco-OS) (Table 3), are as expected, considering the polysaccharide content of the raw ma-
terial (Table 1) and considering that most of the glucan is cellulose, which is more resistant
to pretreatment than hemicellulose. The increase of xylose and glucose concentrations with
the increase of temperature is typical for hydrothermal pretreatment of wheat straw [31,32]
and other herbaceous feedstocks such as sugarcane bagasse [42] and corn stover [43]. The
discrepancy between the increase of xylose and the decrease of Xylo-OS for A-HTP at
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205 ◦C compared to 190 ◦C point towards degradation reactions. This type of reaction has
been discussed elsewhere [14].

The relatively high arabinose formation at 160 ◦C agrees well with the observations
regarding the composition of pretreated solids (Section 4.1) and with the literature on the hy-
drolysis of hemicelluloses [38]. The fast dynamics of arabino- and galacto-oligosaccharides
are in agreement with previous studies of HTP under mild conditions. Chen et al. [32]
reported maximal arabinose and galactose formation from wheat straw at 160 ◦C, which is
lower than the temperature of the maximum concentrations in the current work (175 ◦C),
but they applied a longer pretreatment time (30 min). A similar trend has also been re-
ported for hydrothermal pretreatment of sugarcane bagasse, which displayed maximum
arabinose formation at 180 ◦C, followed by a sequential reduction of its concentration at
185, 190, and 195 ◦C [42].

It was unexpected that the amount of monosaccharides released by SA-HTP was
almost as low as that of A-HTP and that the amount of oligosaccharides was rather high
for both pretreatment approaches. Typically, SA-HTP liquids are rich in monosaccharides,
and A-HTP liquids are rich in oligosaccharides. For instance, xylose concentrations around
19 g/L were detected in SA-HTP liquids of sugarcane bagasse at 175 ◦C for 3.9 min [35],
while a yield of 61.7 g xylo-OS per kg raw material was reported for A-HTP of wheat straw
at 180 ◦C for 30 min [32]. That, together with the observation that the yield of pretreated
solids was more affected by temperature increase than by the use of sulfuric acid, can be
attributed to the low acid-loading, which was not enough to cause any major hydrolysis of
hemicelluloses. Although compositional analysis of solids pretreated at 190 ◦C revealed
more extensive xylan solubilization for SA-HTP than for A-HTP (Table 1, Figure 2), the total
concentration of xylose and Xylo-OS was comparable for both pretreatment approaches
(Table 3). That indicates that a fraction of the solubilized xylan was degraded, and, therefore,
it could not be quantified in the pretreatment liquids either as xylose or Xylo-OS.

4.3. Effects of Pretreatment Conditions on the Formation of Bioconversion Inhibitors

Degradation reactions leading to byproducts that are inhibitory to microorganisms and
enzymes is a common problem for different pretreatment methods, including hydrothermal
processing [14]. In the current work, the formation of inhibitory compounds was rather
moderate for pretreatment temperatures up to 190 ◦C, but a clear increase was observed
when the pretreatment temperature was raised to 205 ◦C or when sulfuric acid was used as
a catalyst at 190 ◦C (Table 4).

Increased formation of furan aldehydes for SA-190 can partially explain the previously
discussed (Section 4.2) sugars that were not accounted for by carbohydrate analyses.
Dehydration of sugars to furan aldehydes is a typical phenomenon for pretreatments
performed under acidic conditions and at high temperatures, and the furans can be further
degraded if the pretreatment is very severe [14]. There was a sharp increase in sugar
degradation when the A-HTP temperature was increased to 205 ◦C, as indicated by high
concentrations of furfural and HMF after pretreatment at 205 ◦C. At 205 ◦C, using a
method that has not been reported before for hydrothermal pretreatment of wheat straw,
furfural was also detected in condensate from the gas phase. The increase of formic acid
and levulinic acid at 205 ◦C indicates further degradation of furans, as is expected for
harsh conditions [44]. Acetic acid is formed mainly by the hydrolysis of acetyl groups of
hemicelluloses. For the A-HTP series, the concentration of acetic acid continued to increase
even up to 205 ◦C (Table 4), which agrees with the observation that there was still plenty of
xylan left in the solid fraction after treatment at 190 ◦C (Table 1).

The formation pattern of phenolic substances was found to be different depending
on the length of the side chain, as phenols with one-carbon side chains increased over the
whole temperature range, whereas phenols with two- or three-carbon side chains exhibited
a maximum within the temperature range (Table 4). Thermal degradation of phenols
with a two- or three-carbon side chain can contribute to increased formation of the corre-
sponding phenolic benzaldehydes. For instance, degradation of coniferyl aldehyde and
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p-coumaraldehyde can result in the formation of vanillin and p-benzaldehyde, respectively.
Vanillin has been shown to be formed from cleavage of the Cα-Cβ bond of acetovanillone
through radiolysis [45]. A similar trend was observed in studies of hydrothermal pretreat-
ment of sugarcane bagasse, where the formation of vanillin, p-hydroxybenzaldehyde, and
syringaldehyde increased with severity, while coniferyl aldehyde concentrations reached
a maximum at intermediate severity (log R0 = 3.8) and then decreased when the severity
increased further [35].

4.4. Enzymatic Saccharification of Pretreated Wheat Straw

The reports on enzymatic hydrolysis of pretreated wheat straw are often limited
to studies where pretreated solids are suspended in a buffer [33,46], which does not
provide information on the effect of the pretreatment liquids on enzymatic conversion. The
experimental setup used in this work, with pretreated solids suspended in either buffer
or pretreatment liquids, allowed us to investigate the enzymatic digestibility of glucan
contained in the pretreated solids and evaluate the inhibitory effect of the pretreatment
liquids on the saccharification of glucan.

The results showed that (i) all pretreatment conditions greatly (2.5- to 5.5-fold) en-
hanced the enzymatic saccharification of wheat straw glucan; (ii) the enzymatic digestibility
of pretreated solids increased with the pretreatment temperature and was found to be
inversely correlated with the xylan content; (iii) the use of 0.5% (on a DW basis) sulfuric
acid in the pretreatment did not have any major impact on saccharification in comparison
to autocatalyzed pretreatment; (iv) the pretreatment liquids had a small (2–7%) but clear
inhibitory effect on enzymatic saccharification; (v) the degree of inhibition increased with
temperature, with no clear differences between SA-HTP pretreatment liquids and A-HTP
pretreatment liquids (Figure 3). While some of these results agree with previous stud-
ies [41], the finding on the inhibition of enzymatic hydrolysis by the pretreatment liquids is
an important contribution of this work to the knowledge on hydrothermal pretreatment.
The relatively high enzyme inhibition observed for the pretreatment liquid from A-HTP at
205 ◦C (7%) can be attributed to its higher content of solubilized aromatics [16], expressed
as total phenolic compounds and TAC (Table 4).

The correlations between the enzymatic convertibility of glucan and the content of
xylan and lignin in the pretreated solids revealed that for achieving efficient enzymatic
hydrolysis of wheat straw glucan, it is important that the pretreatment removes as much
xylan as possible, while the effect of lignin is less important. That is in agreement with
previous studies of pretreated lodgepole pine, implicating that removal of hemicelluloses
is more important than removal of lignin in order to achieve efficient enzymatic saccharifi-
cation [47].

Since different biorefinery applications, with glucose-based routes and xylose-based
routes, can be considered for wheat straw, the total yields of sugars per ton of raw material
are an important indicator for a pretreatment method of relevance. This work evaluates
the effect of HTP on total sugar yield, including glucose, mainly formed during enzymatic
saccharification, and xylose, mainly formed during the pretreatment stage. Although
A-HTP at 205 ◦C was very effective for producing glucose in enzymatic hydrolysis, it led
to extensive xylose degradation in the pretreatment stage. Instead, moderate pretreatment
conditions (A-HTP, 190 ◦C) resulted in the highest xylose yield and, even though the
glucose yield in the enzymatic saccharification step was lower than after pretreatment at
205 ◦C, the combined sugar yield was the highest. Thus, the investigation has revealed
that since the highest yield was obtained with A-HTP at 190 ◦C, no sulfuric acid and no
temperatures over 200 ◦C are required for maximizing sugar production from wheat straw.

4.5. Fermentability of the Pretreatment Liquids

The inhibitory effects on S. cerevisiae by the pretreatment liquids were low except for
A-205. Additionally, with regard to microbial inhibition, A-190 turned out to be a good
initial step for the biorefining of wheat straw. The chemical analyses indicated that the

23



Agronomy 2021, 11, 487

inhibitory impact on the fermentability of pretreatment liquid from A-205 corresponded
with high values for TAC, total phenolics, TCAC, and furfural (Table 4). TAC has recently
been found to be a useful indicator of inhibition in studies of hydrothermal pretreatment
of sugarcane bagasse and Norway spruce [36]. TAC values are related to the values of
total phenolics and furfural, both of which contribute to TAC. The most inhibitory (A-
205) and second-most inhibitory (SA-190) pretreatment liquids also exhibited the highest
and second-highest values for TAC, total phenolics, and furfural. Regarding TCAC, it is
noteworthy that the values were always < 100 mM. Previous experiments with S. cerevisiae
yeast indicate that inhibitory effects were achieved when the total concentration of aliphatic
acids was above 100 mM [48]. Therefore, it is reasonable to assume that it was aromatic
and heteroaromatic substances that caused the inhibitory effects rather than carboxylic
acids. The absence or very low concentrations of newly discovered inhibitors such as
formaldehyde and p-benzoquinone can tentatively be attributed to the relatively low lignin
content of the raw material.

5. Conclusions

This investigation clarifies correlations between operational conditions during hy-
drothermal pretreatment and critical aspects of biochemical conversion of wheat straw,
including hemicellulose removal, susceptibility to enzymatic saccharification, total sugar
yields, byproduct formation, and inhibitory effects on enzymatic saccharification and
ethanolic fermentation. Pseudolignin formation in autocatalyzed hydrothermal pretreat-
ment at 205 ◦C and in sulfuric-acid-catalyzed hydrothermal pretreatment at lower temper-
atures was demonstrated. The importance of the removal of hemicelluloses for achieving
high enzymatic digestibility of glucan was shown. Hydrothermal pretreatment without
using mineral acids and without exceeding 200 ◦C was found to be the best approach to
achieve high sugar yields while minimizing byproduct formation.

Author Contributions: D.I., conceptualization, methodology, investigation, data curation, writing—
original draft preparation; S.S., methodology, validation, formal analysis; L.J.J., conceptualization,
methodology, supervision, writing—review and editing, project administration, funding acquisition;
C.M., conceptualization, methodology, supervision, writing—review and editing. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Swedish Energy Agency (P41285-1 and P47516-1),
Bio4Energy (www.bio4energy.se, accessed on 4 March 2021), and the Kempe Foundations.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The support provided by Guochao Wu in the preparation of the fermentability
experiment, Junko Takahashi Schmidt in the Py-GC/MS analysis, and the statistical assistance given
by Francesca Pilotto are gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest. The funding agencies had no role
in the design of the study, in the interpretation of data, in the writing of the manuscript, or in the
decision to publish the results.

References

1. Ragauskas, A.J.; Williams, C.K.; Davison, B.H.; Britovsek, G.; Cairney, J.; Eckert, C.A.; Frederick, W.J., Jr.; Hallett, J.P.; Leak, D.J.;
Liotta, C.L.; et al. The path forward for biofuels and biomaterials. Science 2006, 311, 484–489. [CrossRef] [PubMed]

2. Zech, K.M.; Meisel, K.; Brosowski, A.; Toft, L.V.; Müller-Langer, F. Environmental and economic assessment of the Inbicon
lignocellulosic ethanol technology. Appl. Energy 2016, 171, 347–356. [CrossRef]

3. Dias, M.O.S.; Lima, D.R.; Mariano, A.P. Techno-economic analysis of cogeneration of heat and electricity and second-generation
ethanol production from sugarcane. In Advances in Sugarcane Biorefinery; Chandel, A.K., Silveira, M.H.L., Eds.; Elsevier:
Amsterdam, The Netherlands, 2018; pp. 197–212.

4. Jiang, Y.; Xin, F.; Lu, J.; Dong, W.; Zhang, W.; Zhang, M.; Wu, H.; Ma, J.F.; Jiang, M. State of the art review of biofuels production
from lignocellulose by thermophilic bacteria. Bioresour. Technol. 2017, 245, 1498–1506. [CrossRef] [PubMed]

24



Agronomy 2021, 11, 487

5. Susmozas, A.; Martín-Sampedro, R.; Ibarra, D.; Eugenio, M.E.; Iglesias, R.; Manzanares, P.; Moreno, A.D. Process strategies for
the transition of 1G to advanced bioethanol production. Processes 2020, 8, 1310. [CrossRef]

6. FAOSTAT—Food and Agriculture Organization Corporate Statistical Database. Available online: http://www.fao.org/faostat/
en/#search/wheat (accessed on 24 September 2020).

7. Ericsson, K.; Nilsson, L.J. Assessment of the potential biomass supply in Europe using a resource focused approach. Biomass

Bioenerg. 2006, 30, 1–15. [CrossRef]
8. Thomsen, M.H.; Thygesen, A.; Thomsen, A.B. Hydrothermal treatment of wheat straw at pilot plant scale using a three-step

reactor system aiming at high hemicellulose recovery, high cellulose digestibility and low lignin hydrolysis. Bioresour. Technol.

2008, 99, 4221–4228. [CrossRef]
9. Thomsen, M.H.; Thygesen, A.; Thomsen, A.B. Identification and characterization of fermentation inhibitors formed during

hydrothermal treatment and following SSF of wheat straw. Appl. Microbiol. Biotechnol. 2009, 83, 447–455. [CrossRef]
10. Talebnia, F.; Karakashev, D.; Angelidaki, I. Production of bioethanol from wheat straw: An overview on pretreatment, hydrolysis

and fermentation. Bioresour. Technol. 2010, 101, 4744–4753. [CrossRef]
11. Galbe, M.; Wallberg, O. Pretreatment for biorefineries: A review of common methods for efficient utilisation of lignocellulosic

materials. Biotechnol. Biofuels 2019, 12, 294. [CrossRef] [PubMed]
12. El-Zawawy, W.K.; Ibrahim, M.M.; Abdel-Fattah, Y.R.; Soliman, N.A.; Mahmoud, M.M. Acid and enzyme hydrolysis to convert

pretreated lignocellulosic materials into glucose for ethanol production. Carbohyd. Polym. 2011, 84, 865–871. [CrossRef]
13. Hendriks, A.; Zeeman, G. Pretreatments to enhance the digestibility of lignocellulosic biomass. Bioresour. Technol. 2009, 100, 10–18.

[CrossRef]
14. Jönsson, L.J.; Martín, C. Pretreatment of lignocellulose: Formation of inhibitory by-products and strategies for minimizing their

effects. Bioresour. Technol. 2016, 199, 103–112. [CrossRef] [PubMed]
15. Gandla, M.L.; Martín, C.; Jönsson, L.J. Analytical enzymatic saccharification of lignocellulosic biomass for conversion to biofuels

and bio-based chemicals. Energies 2018, 11, 2936. [CrossRef]
16. Silva, J.P.A.; Carneiro, L.M.; Roberto, I.C. Treatment of rice straw hemicellulosic hydrolysates with advanced oxidative processes:

A new and promising detoxification method to improve the bioconversion process. Biotechnol. Biofuels 2013, 6, 23. [CrossRef]
17. Rasmussen, H.; Sørensen, H.R.; Meyer, A.S. Formation of degradation compounds from lignocellulosic biomass in the biorefinery:

Sugar reaction mechanisms. Carbohydr. Res. 2014, 385, 45–57. [CrossRef]
18. Jönsson, L.J.; Alriksson, B.; Nilvebrant, N.O. Bioconversion of lignocellulose: Inhibitors and detoxification. Biotechnol. Biofuels

2013, 6, 16. [CrossRef]
19. Cavka, A.; Stagge, S.; Jönsson, L.J. Identification of small aliphatic aldehydes in pretreated lignocellulosic feedstocks and

evaluation of their inhibitory effects on yeast. J. Agric. Food Chem. 2015, 63, 9747–9754. [CrossRef] [PubMed]
20. Martín, C.; Wu, G.; Wang, Z.; Stagge, S.; Jönsson, L.J. Formation of microbial inhibitors in steam-explosion pretreatment of

softwood impregnated with sulfuric acid and sulfur dioxide. Bioresour. Technol. 2018, 262, 242–250. [CrossRef] [PubMed]
21. Stagge, S.; Cavka, A.; Jönsson, L.J. Identification of benzoquinones in pretreated lignocellulosic feedstocks and inhibitory effects

on yeast. AMB Express 2015, 5, 62. [CrossRef] [PubMed]
22. Normark, M.; Pommer, L.; Gräsvik, J.; Hedenström, M.; Gorzsás, A.; Winestrand, S.; Jönsson, L.J. Biochemical conversion of

torrefied Norway spruce after pretreatment with acid or ionic liquid. Bioenergy Res. 2016, 9, 355–368. [CrossRef]
23. Shinde, S.D.; Meng, X.; Kumar, R.; Ragauskas, A.J. Recent advances in understanding the pseudo-lignin formation in a

lignocellulosic biorefinery. Green Chem. 2018, 20, 2192–2205. [CrossRef]
24. Toquero, C.; Bolado, S. Effect of four pretreatments on enzymatic hydrolysis and ethanol fermentation of wheat straw. Influence

of inhibitors and washing. Bioresour. Technol. 2014, 157, 68–76. [CrossRef]
25. Overend, R.P.; Chornet, E. Fractionation of lignocellulosics by steam-aqueous pretreatments. Phil. Trans. R. Soc. Lond. 1987, A321,

523–536.
26. Sluiter, A.; Hames, B.; Ruiz, R.; Scarlata, C.; Sluiter, J.; Templeton, D.; Crocker, D. Determination of Structural Carbohydrates and

Lignin in Biomass; Technical Report NREL/TP-510-42618; National Renewable Energy Laboratory: Golden, CO, USA, 2012; p. 15.
27. Sluiter, A.; Ruiz, R.; Scarlata, C.; Sluiter, J.; Templeton, D. Determination of Ash in Biomass; Technical Report NREL/TP-510-42622;

National Renewable Energy Laboratory: Golden, CO, USA, 2008; p. 12.
28. Gerber, L.; Eliasson, M.; Moritz, T.; Sundberg, B. Multivariate curve resolution provides a high-throughput data processing

pipeline for pyrolysis-gas chromatography/mass spectrometry. J. Anal. Appl. Pyrol. 2012, 95, 95–100. [CrossRef]
29. Singleton, V.L.; Orthofer, R.; Lamuela-Raventós, R.M. Analysis of total phenols and other oxidation substrates and antioxidants

by means of Folin-Ciocalteu reagent. Methods Enzymol. 1999, 299, 152–178.
30. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,

2019.
31. Ambye-Jensen, M.; Thomsen, S.T.; Kádár, Z.; Meyer, A.S. Ensiling of wheat straw decreases the required temperature in

hydrothermal pretreatment. Biotechnol. Biofuels 2013, 6, 116. [CrossRef]
32. Chen, X.; Li, H.; Sun, S.; Cao, X.; Sun, R. Co-production of oligosaccharides and fermentable sugar from wheat straw by

hydrothermal pretreatment combined with alkaline ethanol extraction. Ind. Crops Prod. 2018, 111, 78–85. [CrossRef]

25



Agronomy 2021, 11, 487

33. Min, D.; Wei, L.; Zhao, T.; Li, M.; Jia, Z.; Wan, G.; Zhang, Q.; Qin, C.; Wang, S. Combination of hydrothermal pretreatment and
sodium hydroxide post-treatment applied on wheat straw for enhancing its enzymatic hydrolysis. Cellulose 2018, 25, 1197–1206.
[CrossRef]

34. Merali, Z.; Ho, J.D.; Collins, S.R.A.; Le Gall, G.; Elliston, A.; Käsper, A.; Waldron, K.W. Characterization of cell wall components of
wheat straw following hydrothermal pretreatment and fractionation. Bioresour. Technol. 2013, 131, 226–234. [CrossRef] [PubMed]

35. Ilanidis, D.; Stagge, S.; Jönsson, L.J.; Martín, C. Effects of operational conditions on auto-catalyzed and sulfuric-acid-catalyzed
hydrothermal pretreatment of sugarcane bagasse at different severity factor. Ind. Crops Prod. 2021, 159, 113077. [CrossRef]

36. Ilanidis, D.; Wu, G.; Stagge, S.; Martín, C.; Jönsson, L.J. Effects of redox environment on hydrothermal pretreatment of lignocellu-
losic biomass under acidic conditions. Bioresour. Technol. 2021, 319, 24211. [CrossRef] [PubMed]

37. Ji, W.; Shen, Z.; Wen, Y. Hydrolysis of wheat straw by dilute sulfuric acid in a continuous mode. Chem. Eng. J. 2015, 260, 20–27.
[CrossRef]

38. Mäki-Arvela, P.; Salmi, T.; Holmbom, B.; Willför, S.; Murzin, D.Y. Synthesis of sugars by hydrolysis of hemicelluloses—A review.
Chem. Rev. 2011, 111, 5638–5666. [CrossRef] [PubMed]

39. Ibbett, R.; Gaddipati, S.; Davies, S.; Hill, S.; Tucker, G. The mechanisms of hydrothermal deconstruction of lignocellulose: New
insights from thermal- analytical and complementary studies. Bioresour. Technol. 2011, 102, 9272–9278. [CrossRef] [PubMed]

40. Jara, R.; Lawoko, M.; van Heiningen, A. Intrinsic dissolution kinetics and topochemistry of xylan, mannan, and lignin during
auto-hydrolysis of red maple wood meal. Can. J. Chem. Eng. 2018, 97, 649–661. [CrossRef]

41. Trajano, H.L.; Engle, N.L.; Foston, M.; Ragauskas, A.J.; Tschaplinski, T.J.; Wyman, C.E. The fate of lignin during hydrothermal
pretreatment. Biotechnol. Biofuels 2013, 6, 110. [CrossRef]

42. Rocha, G.J.M.; Silva, V.F.N.; Martín, C.; Gonçalves, A.R.; Nascimento, V.M.; Souto-Maior, A.M. Effect of xylan and lignin removal
by hydrothermal pretreatment on enzymatic conversion of sugarcane bagasse cellulose for second generation ethanol production.
Sugar Tech. 2013, 15, 390–398. [CrossRef]

43. Lü, H.; Shi, X.; Li, Y.; Meng, F.; Liu, S.; Yan, L. Multi-objective regulation in autohydrolysis process of corn stover by liquid hot
water pretreatment. Chin. J. Chem. Eng. 2017, 25, 499–506. [CrossRef]

44. Fengel, D.; Wegener, G. Wood Chemistry, Ultrastructure, Reactions; Walter de Gruyter: Berlin, Germany, 1989.
45. Madureira, J.; Leal, J.P.; Botelho, M.L.; Cooper, W.J.; Melo, R. Radiolytic degradation mechanism of acetovanillone. Chem. Eng. J.

2020, 382, 122917. [CrossRef]
46. Wang, R.; Yue, J.; Jiang, J.; Li, J.; Zhao, J.P.; Xia, H.H.; Wang, K.; Xu, J.M. Hydrothermal CO2-assisted pretreatment of wheat

straw for hemicellulose degradation followed with enzymatic hydrolysis for glucose production. Waste Biomass Valor 2021, 12,
1483–1492. [CrossRef]

47. Leu, S.Y.; Zhu, J.Y. Substrate-related factors affecting enzymatic saccharification of lignocelluloses: Our recent understanding.
Bioenerg. Res. 2013, 6, 405–415. [CrossRef]

48. Larsson, S.; Palmqvist, E.; Hahn-Hägerdal, B.; Tengborg, C.; Stenberg, K.; Zacchi, G.; Nilvebrant, N.-O. The generation of
fermentation inhibitors during dilute acid hydrolysis of softwood. Enzyme Microb. Tech. 1999, 24, 151–159. [CrossRef]

26



agronomy

Article

Steam Refining with Subsequent Alkaline Lignin
Extraction as an Alternative Pretreatment Method to
Enhance the Enzymatic Digestibility of Corn Stover

Malte Jörn Krafft 1,† , Marie Bendler 2,†, Andreas Schreiber 1 and Bodo Saake 1,*

1 Chemical Wood Technology, University of Hamburg, Haidkrugsweg 1, 22885 Barsbüttel, Germany;
malte.krafft@uni-hamburg.de (M.J.K.); andreas.schreiber@uni-hamburg.de (A.S.)

2 Thünen Institute of Wood Research, Haidkrugsweg 1, 22885 Barsbüttel, Germany;
marie.bendler@thuenen.de

* Correspondence: bodo.saake@uni-hamburg.de; Tel.: +49-40-822-459-206
† Authors of equal contribution.

Received: 7 April 2020; Accepted: 4 June 2020; Published: 8 June 2020
����������
�������

Abstract: Agricultural residues are promising and abundant feedstocks for the production of
monomeric carbohydrates, which can be gained after pretreatment and enzymatic hydrolysis.
These monomeric carbohydrates can be fermented to platform chemicals, like ethanol or succinic
acid. Due to its high availability, corn stover is a feedstock of special interest in such considerations.
The natural recalcitrance of lignocellulosic material against degradation necessitates a pretreatment
before the enzymatic hydrolysis. In the present study, a novel combination of steam refining and
alkaline lignin extraction was tested as a pretreatment process for corn stover. This combination
combines the enhancement of the enzymatic hydrolysis and steam refining lignin can be gained for
further utilization. Afterward, the obtained yields after enzymatic hydrolysis were compared with
those after steam refining without alkaline extraction. After steam refining at temperatures between
160 ◦C and 210 ◦C and subsequent enzymatic hydrolysis with Cellic® CTec2, it was possible to enhance
the digestibility of corn stover and to achieve 65.4% of the available carbohydrates at the lowest up to
89% at the highest conditions as monomers after enzymatic hydrolysis. Furthermore, the enzymatic
degradation could be optimized with a subsequent alkaline lignin extraction, especially at low
severities under three. After this combined pretreatment, it was possible to enhance the enzymatic
digestibility and to achieve up to 106.4% of the available carbohydrates at the lowest conditions and
up to 102.2% at the highest temperature as monomers after following enzymatic hydrolysis, compared
to analytical acid hydrolysis. Regarding the utilization of the arising lignin after extraction, the
lignin was characterized with regard to the molar mass and carbohydrate impurities. In this context,
it was found that higher amounts and higher purities of lignin can be attained after pretreatment at
severities higher than four.

Keywords: corn stover; pretreatment; steam refining; enzymatic hydrolysis; alkaline extraction; lignin

1. Introduction

Corn stover is a well-studied agricultural residue of the corn kernel production [1]. It is highly
available and a significant amount of the produced straw is undervalued and until now not harvested [2].
Reasons, therefore, are the prevention of soil erosion or the maintaining of soil organic carbon [2,3].
Nonetheless, corn stover is one of the most promising feedstock candidates for large-scale lignocellulose
biorefineries [4].

Because of the chemical composition of lignocelluloses, containing high amounts of cellulose and
hemicelluloses, the enzymatic hydrolysis (EH) with cellulases is a suitable way to obtain monomeric
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carbohydrates for fermentation from the mentioned polysaccharides [3]. The hydrolysis of the glucoside
linkage with cellulases (mostly from T. reesei) is highly specific to the β-(1→4) glycosidic bonds of
the cellulose chain, resulting in high yields with nearly no undesired by-products formed in the EH.
However, inhibitors are normally formed during pretreatment prior to EH.

The chemical composition of corn stover as a lignocellulosic feedstock involves also disadvantages,
like the natural recalcitrance of the complex cellulose-hemicellulose-lignin-structure against microbial
degradation and EH [5]. One important way to conquer this recalcitrance is the pretreatment of the raw
material [6]. Over the years, different methods and applications have been invented and common
classifications distinguish between biological, chemical, physical and (hydro)-thermal processes [6].

One additionally described category is the physicochemical pretreatment [7]. Well-described
physicochemical pretreatments are steam pretreatments with and without (an acid) catalyst. They are
reported as the most often investigated pretreatment methods and they combine the advantages of
a simple process, low energy costs and no necessary recycling of process chemicals [7,8].

An alternative physicochemical pretreatment to the generally used steam explosion technique is
steam refining [9–14]. Whereas the defibration of the fibers in steam explosion processes is achieved
by pressure relief, some studies revealed that the explosion part of the steam explosion is nearly
unnecessary for the enhancement of EH yields [15]. Therefore, the defibration can also be achieved by
a refining step at the end of the steaming, then called the steam refining process by, e.g., Schütt et al. [12].
Nonetheless, in contrast to the defibration, the dimension of the used biomass particles has shown
a much bigger impact on the results of the subsequent EH [12,15]. For steam-refined poplar wood,
EH yields increase up to a severity of around four, which represents temperatures around 200 ◦C and
holding times between 10 and 15 min. At severities higher than four the yields decline due to secondary
carbohydrate degradation reactions [11]. Unfortunately, degradation of the pentoses to furfural and
degradation of the hexoses to 5-hydroxymethylfurfural (5-HMF) occur in processes with increased
temperature, like in steam processes. These components have an inhibitory effect on enzymes and
it is essential to get knowledge on the best process conditions [16]. However, 5-HMF and furfural are
platform chemicals by themselves and can be converted into several value-added products [17,18].

Today, industrial applications of cellulose systems are available at the commercial market for
different purposes [19] and the use of nonfood raw material is of high interest. Further, the use of
fermentation sugars and the production of platform chemicals from renewable resources are also
highlighted in the literature, especially when the applied biorefinery approach is not subject to the food
and fuel debate [20–22]. From this point of view, it is favorable to use undervalued agricultural
residues, like corn stover, for the renewable production of highly valuable products.

Several authors describe the effect of the lignin content of the used raw material on the performance
of the EH. It can be stated that lignin has a negative impact on the yields after EH [23].
Further, the formation of unproductive bindings between lignin and enzymes are described [24].
On the other hand, it was also reported that a nearly complete delignification below 5% lignin
content of corn stover with acidified sodium chlorite results in a significant yield loss during the EH,
whereas a softer dilute acid pretreatment improves the EH yields [25]. Suggested reasons are the
aggregation of the cellulosic microfibrils after the near removal of lignin and xylan and a resulting
decreased accessibility. Stücker et al. [13] report further about the utilization of alkaline-extracted
poplar lignins in lignin–phenol–formaldehyde resins after a steam refining process. Due to the reported
improvement of the enzymatic hydrolysis and the reported possibility of utilization, the influence of
an alkaline lignin extraction should be tested for steam-refined corn stover, although alkaline treatment
is reported as a preliminary treatment by itself [26].

The aim of the present study was to investigate the effect of different steaming severities on the EH
of corn stover. The steamed fibers were subjected to EH with and without alkaline lignin extraction in
order to differentiate the effect of lignin on the overall process balance. The degradation products of
the carbohydrates were detected to get an overview of inhibitory compounds in the liquid fraction
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after the process. Furthermore, characterization of the extracted lignins was performed correlating
steaming severities and lignin characteristics.

2. Materials and Methods

2.1. Raw Material

The used corn stover was harvested in 2018 in Fulda, Hesse (Germany). The material was
separated into leaves, stalks, corn cobs and further impurities and was air-dried. After conditioning by
air-drying to a stable dry matter content of 90.7%, the material was chopped with a garden chipper
into segments with a length between 6 and 8 cm. For steam refining experiments, only leaves and
stalks were used.

For raw material analysis, the ash content was measured according to TAPPI standard T 211
om-16. Extractives were determined by Accelerated Solvent Extraction (ASE) of milled (≤1 mm)
material with an ASE 350 (Thermo Scientific™ Dionex™, Waltham, MA, USA). Three extraction steps
for 10 min at 10 MPa with solvents of different polarities (petrol ether (70 ◦C); acetone/water 9:1
(70 ◦C); water (90 ◦C)) were conducted.

Two-step acid hydrolysis was performed subsequently for the determination of monomeric
carbohydrates. Two hundred milligrams of dry material were prehydrolyzed for 60 min with 2 mL of
72% H2SO4. The reaction was stopped by the addition of 6 mL deionized water and the sample was
transferred with 50 mL deionized water into a 100 mL volumetric flask. The second step of hydrolysis
was conducted for 40 min at 120 ◦C and 0.12 MPa overpressure [27].

Afterward, the samples were cooled to room temperature and then filtered through a sintered
glass frit (G4). The undiluted filtrate was used for further analysis, described in detail in Section 2.6.
The acid-insoluble residue was washed, dried at 105 ◦C and gravimetrically weighed [12,27].

2.2. Steam Refining

The process of steam refining was conducted in a 10 L defibrator (Martin Busch & Sohn GmbH,
Schermbeck, Germany). The input of raw material was 200 g dry material. The four blade-refiner-system
(illustrated in [28]) in the reactor was rotated only in the final 30 s of steam treatment. The severity
factor was calculated with Equation (1) according to Overend and Chornet [29]:

log R0 = log
(

t× e
(T−100)

14.75

)

(1)

with time in minutes (t); temperature in ◦C (T).
For the further understanding of the used process, the different steps of the process are illustrated

as a sequential process schematic in Figure 1.
After steaming and refining the raw material, the fiber fraction was washed and the yields were

calculated after measuring the solid content. The liquid extract fraction including the wash water was
separated and the amount of the combined aqueous extract fraction was gravimetrically measured for
further calculations. For calculating the extract yield, the dilution and solid content of the combined
extract were gravimetrically measured after freeze-drying. Further process steps will be explained
in the following chapters. According to Equation (1), a trial design from 160 ◦C up to 210 ◦C was
performed with different time steps as outlined in Table 1.
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)  acto

Figure 1. Sequential schematic of the used process. Dotted squares representing process steps,
solid lines represent products.

Table 1. Reaction conditions and corresponding severity factors.

Temperature (◦C) Time (min) Severity Factor (log R0)

1 160 10 2.77
2 170 10 3.06
3 180 10 3.36
4 180 15 3.53
5 190 10 3.65
6 190 15 3.83
7 190 20 3.95
8 200 10 3.94
9 200 15 4.12
10 200 20 4.25
11 210 10 4.24
12 210 15 4.41
13 210 20 4.54

2.3. Acid Hydrolysis of the Extract and Fibers

The acid hydrolysis of the freeze-dried extracts was conducted as a one-step hydrolysis.
One hundred milligrams of dry extractive material were suspended with ultrasound in 10 mL
deionized water. Then, 1.8 mL 2N H2SO4 were added and the suspension was hydrolyzed for 40 min
at 120 ◦C and 0.12 MPa.

For carbohydrate analysis of fibers after steam refining, a two-step hydrolysis (see Section 2.1.)
was performed on air-dried and fine milled samples.

2.4. Alkaline Lignin Extraction

The lignin extraction was performed according to Klupsch [9] and Schütt et al. [11]. Twenty grams
of dry material was treated with 1.6 g (8% of dry raw material) sodium hydroxide and filled up
with water to a consistency of 10% solid content. The treatment was carried out at 90 ◦C for 60 min.
The filtered extract was acidified with 6 mL glacial acetic acid to a pH below 4. The precipitated lignin
was separated by centrifugation at 18,000× g for 10 min.

The fiber residue was washed with hot deionized water and the solid content was determined
for yield calculations. The lignin fraction was vacuum dried for 24 h and, afterward, the yields were
determined gravimetrically.
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2.5. Enzymatic Hydrolysis (EH)

The EH of the never-dried fibers was performed with 300 µL cellulases (Cellic® CTec2, Novozymes
A/S, Bagsværd, Denmark) and 50 µL β-glucosidases (Novozyme 188, Novozymes A/S, Bagsværd,
Denmark) per gram dry material for 72 h at 45 ◦C and a dry matter content of 4%. The dry matter
content was adjusted with a pH 5 phosphate citrate (McIlvaine) buffer. Afterward, the hydrolysate and
the fibers were transferred into a 250 mL volumetric flask and were filled up with deionized water.
The suspension was filtrated through a sintered glass frit (G4) and the undiluted filtrate was used for
carbohydrate analysis.

2.6. Analytical Methods

Monomeric carbohydrates in the hydrolysates were determined by borate–anion exchange
chromatography (borate–AEC) with a DionexTM UltiMateTM 3000 (Thermo Fisher ScientificTM,
Waltham, MA, USA) and MCI GEL® CA08F (Mitsubishi Chemical, Tokio, Japan) as anion exchange
resin. Two potassium tetraborate/boric acid-buffers (pH 8.6 and pH 9.5) were used in different
concentrations as mobile phase after post-column derivation at 65 ◦C. Carbohydrates were detected at
560 nm via UV/VIS-spectroscopy. More detailed information about the used borate–AEC was reported
by Lorenz et al. [27].

For detection of furfural and 5-hydroxymethylfurfural, reversed phase-high-performance liquid
chromatography (RP-HPLC) separation was performed with an AQUASILTM C18 (250 × 4.6 mm;
Thermo Fisher ScientificTM, Waltham, MA, USA) column for 80 min with 10 µL extract at 25 ◦C.
As a mobile phase, weak acidic water (A; 1 mM H3PO4) and acetonitrile (B; C2H3N) were used as
eluents in different concentrations and a flow rate of 1 mL/min like shown in Table 2. The detection
was conducted at 280 nm.

Table 2. Concentrations of the two eluents over time during RP-HPLC.

Time (min) c (Eluent A) % c (Eluent B) %

0 97.5 2.5
20 85 15
50 68 32
56 62 38
60 59 41
63 58 42
70 58 42
80 0 100

Size exclusion chromatography (SEC) was performed according to Podschun et al. [30] with
a mixture of DMSO and 0.1% LiBr as eluent. One guard PolarGel-M column (50 × 7.5 mm; Agilent,
Santa Clara, CA, USA) and two PolarGel-M columns (300 × 7.5 mm; Agilent, Santa Clara, CA, USA)
were used with a flow rate of 0.5 mL/min−1 at 60 ◦C. Glucose and polyethylene glycol were used
as standards with a refractive index detector (RI-501, ShodexTM, Munich, Germany). The dissolved
samples (c = 1 mg/mL−1) were shaken for 24 h at room temperature into the eluent. The sample
detection was made with a UV-2077 detector (JASCO, Pfungstadt, Germany) at 280 nm and phenol red
as detector matching.

3. Results and Discussion

3.1. Raw Material Characterization

A comprehensive analysis of the raw material is needed to monitor the effect of steam refining.
In the first step, the delivered corn stover was fractionated into its different components and
existing impurities. The biggest fractions were leaves (44.4%) and stalks (38.6%). In nearly equal
amounts, impurities (8.8%), mainly sand and corncobs (7.2%), occur. Further, minor amounts of

31



Agronomy 2020, 10, 811

corn silks (0.5%) and corn kernels (0.4%) were contained. In contrast to the determined corn stover
composition, other studies report varying results. For example, Pordesimo et al. [31] show for corn
stover from Tennessee, USA, a composition of 50.9% stalks, 21% leaves, 15.2% corn cobs and 12.9%
husks after excluding the grain fraction. Further, they report good accordance with previous studies.
However, corn stover is a natural product and its composition depends on the used variety of maize,
the environmental conditions, the harvest time of the raw material and the harvesting technology
applied [32].

As described before, the main components of corn stover (leaves, stalks and corncobs) represent
around 90% of the delivered material. Not surprising, there is only a small amount of corn kernels
left after harvesting the corn with a combine harvester. Nevertheless, a significant amount of sand is
included as an impurity. For further investigations, the fractions were separated and the steam refining
was performed with the leave and stalk fraction.

Hereafter, the chemical compositions of the used raw material and of pure leaves and stalks were
analyzed. The results for the carbohydrate distribution, expressed as monomers, the lignin content,
ash and the amounts of extracts, are listed in Table 3.

Table 3. Chemical composition of the used raw material in % based on raw material.

Raw Material

Extractives

Petrol ether 0.8
Acetone/Water (9:1) 8.1

Water 7.3
Σ 16.2

Carbohydrates

Glucose 35.6
Xylose 19.5

Arabinose 2.9
Galactose 0.9
Mannose 0.3

Rhamnose 0.1
Σ 59.3

Lignin
acid-insoluble 1 17.1 2

acid-soluble 2.2
Σ 19.3 2

Ash 6.4
1 Mainly analogs to Klason–Lignin [33,34]. 2 Proteins, e.g., from leaves can partly be detected as well in the
acid-insoluble residue after hydrolysis.

As mentioned, the main characteristics of the original raw material mix were analyzed by ASE,
two-step acidic hydrolysis with the following borate–AEC and determination of the ash content
(Table 3). Nonetheless, due to the measuring method, proteins from the leaves may partly be detected
in the acid-insoluble hydrolysis residue. Therefore, they are overestimating the detected acid-insoluble
lignin content. The insoluble amounts of the raw material might be as well indicating slightly high
lignin contents.

However, the found chemical composition is in good accordance with reference values for
the different chemical fractions presented in the literature [35–37].

3.2. Fractions after Steam Refining and Characterization

3.2.1. Fiber and Extract Yields

Steam refining was conducted in a temperature range from 160 ◦C to 210 ◦C with severities from
2.77 to 4.54 (Table 1). To check the statistical scattering, a triplicate at the same severity was tested
before. From this previous experiment is known that the standard deviation for the fiber and extract
yields is below ± 1%. After steaming, the solid fiber fraction and the liquid extract fraction were
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separated, and the yields were calculated after measuring the moisture content of the fiber fraction and
the solid content of the extract fraction (Figure 2).
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Figure 2. Fiber, extract and total yields after steam refining at different severities.

As illustrated in Figure 2 there is a clear tendency for the fiber, extract and total yield with
increasing severity of the steam refining. While the fiber fraction yield decreases steadily with
enhanced severity, the extract fraction yield shows a maximum at a severity around four. After that
point, the extract yield decreases due to degradation reactions of the carbohydrates at severities higher
than four. The total yield decreases continuously and at a severity of 4.54, it falls below 75% based on
raw material input. The reduced recovery with increasing severity can be attributed to the formation
of volatile components, which were not accounted for in the mass balance.

As stated for the fiber yield, extract yields and total yield, there is a decreasing tendency with
increasing severity. For mild severity corn stover steam treatments for 10 min at 140 ◦C (log R0 = 2.18)
and 160 ◦C (log R0 = 2.77), Takada et al. [38] report about slight decreasing yields, as shown in Figure 2.
In the present study, only the extracts show a maximum yield at severities around 3.6. Schütt et al. [11]
made similar findings for steam refining of poplar wood. In comparison, the fiber, extract and total
yields are very similar; however, the described extract maximum occurs at higher severity.

3.2.2. Composition of Fibers and Extracts

The carbohydrate and lignin contents in the fiber after steam refining are important process
characteristics and figured out in Figure 3. Therefore, the main carbohydrates glucose and
xylose, the further hemicellulose monomers (arabinose, galactose, mannose, rhamnose) and as
well the acid-insoluble hydrolysis residues were analyzed. The composition was calculated based on
the fiber fraction (Figure 3a) and based on the original raw material (Figure 3b).

Regarding the fiber fraction (Figure 3a), it can be stated that with increasing severity the proportion
of glucose in the fibers increases. In contrast to that, a strong decreasing tendency is visible for xylose,
which is degraded or can be found in the extract fraction due to the preferential solubilization of
hemicelluloses. This impact can also be seen for the hydrolysis residue, which is increasing in the fiber
fraction due to the loss of xylose and the accumulation of lignin.
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Figure 3. Comparison of carbohydrate and residue content of the steam-refined corn stover fiber
fraction. The composition of fibers is referred to as fiber fraction (a) and raw material input (b).

If the obtained fiber yield is considered, the components can be calculated based on the dry
material input. With this view, it can be seen that in contrast to the fiber-based view, the amounts
of detected glucose and of the hydrolysis residue are nearly stable. Regarding the xylan content,
the xylan is heavily degraded or dissolved (Figure 3b) and is thus decreasing.

The described tendencies for the carbohydrates in the fiber fraction, with nearly stable glucose
contents and decreasing xylose amounts with increasing severity, are also described in the literature
for steam refining of poplar at similar severity factors by Schütt [39]. For the mild steam explosion of
corn stover, similar values of lignin, cellulose and hemicellulose are reported recently [38].

Referring to this, Bura et al. [40] described similar findings for steam treatment of corn stover
with addition of SO2 at low (log R0 = 3), medium (log R0 = 3.4) and high (log R0 = 4.2) severities.
They report increasing glucose yields, decreasing xylose yields and increasing lignin residue for
the fiber fraction. Nevertheless, based on raw material the amounts of glucose are in comparison
lower, whereas the amounts of xylose in the fiber fraction are much higher for corn stover experiments
in contrast to poplar wood results [39].

The extract fraction was analyzed as well regarding the carbohydrate and residue content and is
illustrated in Figure 4.

The composition of the extract is referred to as raw material input. When the yield data of
the extract are referred to the raw material input (Figure 4), the maximum of xylose obtained between
severities between 3.5 and 4 is, of course, less pronounced. This kind of presentation illustrated
clearly that rather small quantities of the raw material components can be retrieved in the extract
fraction, especially at severities higher than four. However, it is interesting to see that there is a gap
between the raw material-based xylose yields from the fibers (Figure 3b) and the extract xylose yields
in Figure 4, especially at severities higher than 3.5. This loss of hemicellulose can be explained with
the formation of degradation products, like 5-HMF and furfural in the next chapter. Schütt [39]
described the extract fraction of steam-refined poplar wood increasing xylose contents up to severities
around 4. Subsequently, the xylose degradation occurred due to more intense pretreatment conditions.
These findings are quite similar to the findings for the xylose content of the corn stover extracts
after steam refining in the present study. Bura et al. [40] report slightly increasing glucose yields and
increasing xylose yields in the extract fraction after steam pretreatment of corn stover at low (log R0 = 3),
medium (log R0 = 3.4) and high (log R0 = 4.2) pretreatment conditions. They did also report a slight
increase of the xylose in the extract fraction from a severity of 3.4 to 4.2. It must be remarked that the
authors used SO2 as acid catalysts for the dataset. Additionally, the medium pretreatment condition
was used without an acid catalyst. Higher yields of xylose in the extract fraction at medium conditions
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are clearly visible for the experiments with SO2, but by calculating the total xylose mass balance there is
a higher xylose loss visible compared with the results without a catalyst. However, the results without
an acid catalyst are comparable with the results presented in this study.
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Figure 4. Comparison of carbohydrate and residue content of the steam-refined corn stover
extract fraction.

3.2.3. Detection of 5-HMF, Furfural and pH Value

The negative influence of 5-HMF and furfural as main carbohydrate degradation products on
enzymatic hydrolysis and subsequent fermentation is well described [41–44]. Therefore, 5-HMF and
furfural were analyzed. As these compounds are unstable, the detection was performed directly in
the extract obtained after the steam refining of the corn stover. The results are shown in Figure 5.
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Figure 5. Effect of steaming at different severities on pH and the amounts of 5-HMF and furfural in
the extract fraction.

Figure 5 shows that both, the content of furfural and 5-HMF in the extract fraction, increased
steadily with increasing severity factors. This has particular importance for the approach to saccharify
the fibers and the extract simultaneously. However, it is also important for subsequent processes
such as EH of the fibers to fermentable carbohydrates or the production of biogas from the extract.
The degradation of hexoses and pentoses to 5-HMF and furfural and the lowering of the pH
value during steam explosion and steam refining is also well-described in the literature [11,45–49].
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Ruiz et al. [49] report almost similar results for 5-HMF and furfural after steam explosion of sunflower
stalks in comparison with the presented results for corn stover. Therefore, it can be assumed that the
lower furan contents are typical for agricultural residues. Jacquet et al. [47] report results for really
high severities up to 5.56 at extreme temperatures around 260 ◦C. For severities below severities of 4.5,
they report similar data to the present data, although they used microcrystalline cellulose. For further
results, a strong increase of 5-HMF, but not for furfural, is reported. In this context Um and van
Walsum [50] report about the formation of furfural with increasing severity by a simultaneous decrease
of the xylose contents in a corn stover dilute acid pretreatment. However, for severities above 4.43,
they report a decrease and degradation of furfural contents and an increase of formate. In contrast to
the present data, they received high severities by time, not by temperature.

However, the measured values for 5-HMF and furfural after steam refining of corn stover are
much lower than the measured values for the furans after steam refining of poplar wood [11].

Figure 5 depicts as well the pH value in the extracts, which decreases with increasing severity.
This is due to the formation of formic and acetic acid. Formic acid concentrations ranging from 0.61%
at a severity factor of 3.65% up to 1.53% at a severity factor of 4.54%, all values based on raw material.
The corresponding data for acetic are 2.02% and 2.89%, based on raw material.

Due to the formation of these organic acids, mainly caused by hemicellulose degradation, the pH
value is reduced and autohydrolysis is intensified.

3.3. Alkaline Lignin Extraction

3.3.1. Fiber and Lignin Yields

The extraction of lignin with 8% NaOH (based on raw material input) was conducted for the fiber
fraction of all severity grades. The loading of 8% NaOH is reported as the optimum for alkaline
extractions after steam refining [9,11] and represents at a consistency of 10% a thin 0.8% w/w NaOH
solution. The total recovery rate was calculated with the lignin and fiber recovery after extraction and
is illustrated in Figure 6.
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Figure 6. Illustration of the fiber and lignin yield and the total recovery rate, containing both mentioned
fractions, after alkaline lignin extraction.

The fiber yield is slightly, but continuously decreasing with increasing severity (Figure 6).
Simultaneously the lignin yield increases with the severity. Surprisingly, the reduction of fiber yield is
significantly lower compared to the increase of lignin yield. This might be due to the condensation
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reactions of the lignin at high temperatures. The lignin with higher molar masses can be precipitated
easier or more efficiently resulting in higher yields. However, when there is no covalent binding to
the lignin, the precipitation is not sufficiently possible, resulting in lower yields.

As further illustrated, the combined recovery of lignin and fibers after extraction is strongly
increasing with increasing severity of the pretreatment (Figure 6) from 75% up to 95% of the original
raw material input. The increase in the total recovery rate can mainly be attributed to the higher lignin
precipitation at severities above 4.

3.3.2. Analysis of the Lignins

The effect of steaming severity on the molar mass of the precipitated lignins is illustrated in
Figure 7. It becomes evident that the molar mass of the lignins increased gradually with intensifying
the steam refining conditions. Furthermore, the main peak of the molar mass distribution is visible
between 6800 and 7700 g/mol (Figure 7).

At a severity of 3.65 (190 ◦C/10 min), components with low molar masses (100–250 g/mol) are
visible in the distribution curves. They are significantly reduced at severities above four. The increasing
shoulder at high molar masses is a clear indication for condensation reactions at higher severities.
Thus, the SEC results confirm the assumption that lignin condensation occurs to a higher extent under
harsh steaming conditions.

For considerations on the utilization potential of the extracted lignins, knowledge of the lignin
characteristics and purity is essential. Therefore, their carbohydrate contents were determined after
acid hydrolysis (Figure 8). With increasing severity, the carbohydrate impurities of lignin decrease.
Nevertheless, after pretreatment at lower severities than 3.95, more carbohydrate impurities can occur
in the alkaline extract. At severities above four, the carbohydrate content of lignins is negligible.
For this finding, Schütt et al. [11] and Schütt [39] also report decreasing carbohydrate impurities with
increasing severity for extracted lignins of steam-refined poplar wood.
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Figure 7. Molar mass distribution, molecular weight (MW) and dispersity (D) of alkaline-extracted lignin.

Several authors discussed the alkaline extraction of steam-treated fibers and following the influence
of lignin removal on EH. For the process of lignin extraction, Schütt et al. [11] and Schütt [39]
reported higher molar masses and a higher dispersity of the extracted lignin with increasing severity.
The influence of one or two steam explosion steps on the extraction behavior of the lignin and
the influence of SO2 as a catalyst were also investigated by Li et al. [51]. However, the reported
findings are in good accordance with the illustrated results in the present study (Figures 7 and 8).
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Figure 8. Effect of steaming severity on the carbohydrate content of alkaline-extracted lignins.

3.4. EH of the Fiber Fraction with and without Alkaline Extraction

The enzymatic hydrolysis of steam-refined fibers was compared with and without alkaline
extraction. To enable a detailed comparison all carbohydrate yields were calculated on the theoretically
available carbohydrates in the used fibers, detected after two-stage acidic hydrolysis (Figure 9).
Therefore, the detected monomeric carbohydrates were concerned as a percentage based on
the carbohydrate content in the fibers after an EH with Cellic® CTec2.
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Figure 9. Effect of severity and alkaline extraction on the enzymatic hydrolysis (EH) of the fibers with
Cellic® CTec2. The EH yields are calculated based on the theoretically available carbohydrates in
the used fibers.

It is obvious that without extraction of the lignin, the yields after EH increases strongly with
increasing steaming severity. After alkaline lignin extraction, there is no more positive effect of severity.
There are slightly higher yields at severities lower than 3.5 and yields surpass constant 100%. This is
because available carbohydrates in the fiber fraction were determined with a two-step acid hydrolysis.
In this process, the carbohydrate content can be underestimated due to the secondary degradation of
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carbohydrates in the analytical method. This degradation will be more pronounced at severities below
around 4 because more hemicelluloses and amorphous cellulose are present in the fiber. Hydrolysis
with enzymes is more selective to carbohydrates and results in fewer degradation products. Therefore,
higher yields are explainable by the high efficiency of EH. It can be concluded that after steam refining
and alkaline extraction, all carbohydrates are available for the EH.

The described improvement of the EH yields by steam refining is an undisputed fact and
pretreatments are often regarded as indispensable prerequisites for the economic implementation
of such processes [6]. There are several parameters influencing the EH. Important characteristics
for the impact on the EH are, e.g., the ratio of amorphous and crystalline regions, the degree of
polymerization (DP) of the sample, the moisture content, available surface areas, the lignin content or
the pore size of the samples [52]. Higher yields after EH are reported for wet substrate in contrast to
dried biomass [53], as also found in this study (data not shown here). However, the effect of lignin
removal is controversially discussed in the literature. Some authors complained about studies on
wood having a reduced enzymatic digestibility after lignin extraction due to collapsing pores [54–56].
Schwalb et al. [57] reported no influence of the alkali extraction, whereas Excoffier et al. [58] and Schütt
et al. [11] presented higher yields of the EH after lignin removal. Ishizawa et al. [25] report that a nearly
complete delignification with acidified sodium chlorite below 5% lignin content decreases the yields
after EH strongly. The authors report further that the influence of partial lignin and xylan extraction
improves the EH. However, the xylan removal is suggested to be more significant for the improvement
of the EH yields than lignin removal [25].

Regarding the discussions in the literature, a positive influence of the partial lignin removal on
the EH results could also be stated in the present study for corn stover. Furthermore, the higher impact
at severities below 4 and the fading influence at severities above 4 (Figure 10a,b) could be confirmed
in accordance with Schütt et al. [11]. For more findings of the overall process efficiency, the glucose
(Figure 10a) and xylose yield (Figure 10b) based on raw material were calculated for the process variants
with and without lignin extraction prior to EH. Taking the yields after steam refining into account
a strong influence of the extraction is apparent at severities below 4. This effect is disappearing at
severities >4. After that point, no significant difference can be determined for the two process variants.
Similar findings were reported for the steam refining of poplar by Schütt et al. [11]. The described
influence at severities lower than 4 is also visible for the xylan yields. However, the influence is not
that strong as for the glucose yields.
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Figure 10. Glucose yields (a) and xylose yields (b) after EH based on raw material for the process
variants with and without alkaline extraction prior to EH.
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3.5. Overall Process Balances

Finally, the glucose and xylose yields after EH of the fiber fraction and glucose and xylose
yields after one-step acidic hydrolysis of the extract fraction were compared and calculated based
on raw material. This consideration was made in order to evaluate the effect of alkaline extraction
of the overall process balance and to monitor the carbohydrate losses during the whole process
(Figure 11). Schütt [39] reports a consideration that a severity of around 4.5 is needed for gaining
sufficient glucose rates after steam refining of poplar wood and enzymatic hydrolysis with Celluclast®.
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Figure 11. Summed glucose and xylose yields after EH of the fiber fraction and after one-step acidic
hydrolysis of the extracts—without (a) and with (b) alkaline extraction; all based on raw material input.

A different behavior was found for the steam refining of corn stover and enzymatic hydrolysis
with Cellic® CTec2 in this study. It must be remarked that the following comparisons and differences
are mainly due to the used enzymes. From previous experiments (data not shown here) it is clearly
known that Cellic® CTec2 shows a much higher activity to the used biomass than Celluclast®, used in
previous days. However, not shown comparison experiments with Celluclast® and steam-treated corn
stover also show the highest glucose yields at severities around 4.5.

As shown in Figure 11a the glucose is also available at severities below 3.5 and there is no need for
steam refining in higher regions. There is a slight increase in the glucose yield with increasing severity
with no significant optimum. In contrast to those findings, there is a clear optimum for the xylose
yields at a severity of 3.2. Regarding Schütt [39], the findings for the xylose yields are nearly equal and
the optimum is also in severity regions below 3.5. Figure 11b represents the overall process balance
after alkaline extraction of the fibers and following EH. In contrast to the prior findings, the optimum
of all yields is now located at a severity of 2.77. Due to these findings, the optimal steaming conditions
for steam-refined and steam-extracted samples are clearly visible at severities below 3.5, mainly due to
the higher reactivity of the used enzymes.

4. Conclusions

Due to the findings in the present study, several conclusions can be made. For steam refining
experiments without subsequent alkaline extraction, the optimum of EH yields is located at a severity
around 3.95. However, the optimum of total carbohydrate recovery from EH of the fibers and acidic
hydrolysis of the extract fraction is at a severity around 3.4 with around 47.5% based on raw material.

For steam refining with subsequent alkaline extraction, different findings were made. For the EH
yields around 100% of the theoretically available carbohydrates were found, even at severities below
3.5. However, also the total carbohydrate recovery shows the highest yields at these severities
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and it is known that low contents of carbohydrate degradation products are beneficial for further
process steps. Nonetheless, for lignin utilization severities around 3.95 might be optimal due to fewer
carbohydrate contaminations.

Due to these findings, it can be concluded that steam refining pretreatment especially at severities
below 3.5 seems to be interesting for corn stover. It could further be stated that steam refining
at different severities and alkaline lignin removal is enhancing the enzymatic digestibility for
the supply of monomeric carbohydrates significantly. Higher fiber yields and good digestibility after
alkaline extraction giving high yields of fermentable carbohydrates for further value-added products,
like ethanol or dicarboxylic acids. Therefore, further undervalued agricultural residues should be
tested in the future at severities below 3.5 and with alkaline extraction. Afterward, the results can be
compared with the results for corn stover presented in this study.
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Abstract: The lignocellulosic residue from the palm oil industry, oil palm empty fruit bunch (OPEFB),
represents a challenge to both producing industries and environment due to its disposal difficulties.
Alternatively, OPEFB can be used for the production of valuable products if pretreatment methods,
which overcome OPEFB recalcitrance and allow tailored valorization of all its carbohydrates and
lignin, are developed. Specifically, high-value applications for lignin, to increase its contribution
to the feasibility of lignocellulosic biorefineries, demand high-purity fractions. In this study,
acid-catalyzed organosolv using ethanol as a solvent was used for the recovery of high-purity
lignin and digestible cellulose. Factors including catalyst type and its concentration, temperature,
retention time, and solid-to-liquid (S/L) ratio were found to influence lignin purity and recovery.
At the best conditions (0.07% H2SO4, 210 ◦C, 90 min, and S/L ratio of 1:10), a lignin purity and
recovery of 70.6 ± 4.9% and 64.94 ± 1.09%, respectively, were obtained in addition to the glucan-rich
fraction. The glucan-rich fraction showed 94.06 ± 4.71% digestibility within 18 h at an enzyme loading
of 30 filter paper units (FPU) /g glucan. Therefore, ethanol organosolv can be used for fractionating
OPEFB into three high-quality fractions (glucan, lignin, and hemicellulosic compounds) for further
tailored biorefining using low acid concentrations. Especially, the use of ethanol opens the possibility
for integration of 1st and 2nd generation ethanol benefiting from the separation of high-purity lignin.

Keywords: oil palm empty fruit bunch; lignin recovery; lignin purity; digestible cellulose;
organosolv pretreatment

1. Introduction

As a result of being one of the largest crude palm oil producers in the world, Indonesia produces
around 37 million tons of oil palm empty fruit bunch (OPEFB) yearly [1]. Indonesian oil palm plants
are located and concentrated in some areas. For instance, more than 50% of the OPEFB is produced
in 5 regions in Sumatra [2]. OPEFB accumulation can cause environmental problems including the
proliferation of disease-causing pests and microorganisms, the requirement of extensive land for
burying, and gas emissions originated from its combustion [3,4]. Therefore, handling and valorization
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of OPEFB are crucial, and at a starting point, the existence of areas with higher production of palm oil
can be used as an advantage for valorization by decreasing transportation costs [2].

Being a lignocellulosic material, OPEFB is mainly composed of cellulose, hemicellulose, and lignin
that account to 24–65 wt%, 21–34 wt%, and 14–31 wt% of the material, respectively [5]. The holocellulosic
(cellulose and hemicellulose) fragments can be enzymatically converted into simple sugars [6] for
further conversion into value-added products. However, the recalcitrance of OPEFB hinders easy
access to its carbohydrate polymers. In general, enzymatic digestibility of lignocellulosic materials
is limited by a number of factors such as the presence of lignin, cellulose crystallinity, degree of
polymerization, acetyl groups bound to hemicellulose, surface area, and biomass particle size [7,8].
Hence, pretreatment is needed to open the lignocellulosic structure of OPEFB and have access to sugar
polymers for further valorization.

Pretreatment of lignocelluloses can be performed by mechanical, chemical, enzymatic,
and biological processes, or by a combination of these [9]. Chemical pretreatment is a strong
and effective pretreatment to improve the digestibility of lignocellulosic biomass, applying acids,
bases, or other catalysts such as hydrogen peroxide and ozone [10], with dissimilar end-results.
For instance, in acid pretreatment, deconstruction of the lignocellulosic structure is carried out
mainly through dissolution of hemicellulose, leaving lignin in the solid fraction together with
cellulose [11]. The remaining lignin will interfere with the following enzymatic hydrolysis of cellulose.
Alkali pretreatment can easily break the lignin bonds and enhance the solubilization of the polymer [12].
In this method, lignin is effectively removed; however, the lignin dissolved in the liquid is difficult to
recover. Ozone pretreatment is safer than alkaline and acid pretreatments and leads to efficient lignin
removal. Nonetheless, lignin recovery remains a hurdle and ozone generation is very expensive [13].
Hydrogen peroxide pretreatment is efficient towards the removal of lignin and xylan [14], but it is
very toxic for the environment. Therefore, none of the pretreatment methods described can efficiently
recover the lignin from the lignocellulose.

Lignin has normally been considered as a barrier to properly access carbohydrate polymers. As a
low-value stream in lignocellulosic biorefineries, lignin is normally used for heat and power generation
through combustion [15]. However, as a result of feasibility concerns of lignocellulosic biorefineries
and increasing range of high-value applications for lignin, higher attention has been devoted to
the full valorization of lignocellulose-derived polymers. In fact, high purity lignin can be utilized
for the production of value-added products such as resin, flavor compounds, and nanofibers with
antioxidant activity [16–18]. Hence, pretreatment methods that enable both efficient lignin removal
from lignocelluloses and easy recovery into a high-purity lignin fraction, can positively contribute to
the feasibility of lignocellulosic biorefineries.

The use of organic solvent (organosolv) for pretreatment is a promising strategy. The organic
solvent is able to extract lignin and hydrolyses the hemicellulose [19]. A high-purity cellulose with only
minor degradation and a high proportion of its amorphous phase, which is susceptible to enzymatic
hydrolysis, can be recovered [20]. The extracted lignin can be further precipitated by dilution with
water and recovered as a solid product, while hemicellulosic sugars remain in the liquid stream [19].
The organic solvent can easily be recovered using evaporation or distillation processes.

There are several parameters affecting the success of the fractionation process,
especially delignification, during organosolv pretreatment such as solvent type and concentration,
catalyst type and amount, temperature, retention time, and solid to liquid ratio (S/L ratio) [21].
Ethanol is a solvent that is frequently used for organosolv pretreatment of lignocellulosic biomass
due to its low price, good solubility of lignin, lower toxicity compared to other alcohol-based solvents,
its miscibility with water, and ease of recovery [22]. Moreover, the production of ethanol using sugars
and starch-rich substrates is an industrially mature technology well distributed throughout the world;
ca. 29,100 million gallons were produced in 2019 [23]. In the organosolv pretreatment, acids and
bases can be added as catalysts to increase the delignification rate, whereas comparatively lower
delignification rates (≤60%) are normally obtained during non-catalyzed organosolv pretreatment of
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lignocellulosic biomass [24,25]. Mineral acids have high reactivity and efficiency and sulfuric acid is
the most studied catalyst for ethanol-organosolv pretreatment [26,27]. Higher S/L ratio is favorable
because a smaller amount of solvent is employed and a better balance can be found among energy
needed to carry out the pretreatment step and the amount of processed material. Overall, an organosolv
pretreatment strategy that ensures high S/L ratio, minimum addition of acid and solvent, and optimum
temperature and retention time, while attaining fractions that are rich in high-quality glucan, lignin,
and hemicellulosic compounds, are of interest for the valorization of lignocellulosic materials.

The research landscape on organosolv pretreatment is characterized by a wide range of substrates
and pretreatment conditions investigated, but by a lack of systematic studies to reveal unequivocally
substrate-tailored pretreatment systems [28]. For instance, various organosolv strategies have been
used for the pretreatment of OPEFB, as a result of extensive research on the development of efficient
biorefinery systems for its valorization. These included the use of bisulfite, a mixture of acetic acid
and ammonia, or ethylene glycol as solvents, where studies on ethanol organosolv pretreatment of
OPEFB are scarce in literature [29–34]. Moreover, information about the influence of pretreatment
parameters on lignin recovery and purity following organosolv pretreatment is still scarce in the
literature, and it is common to all lignocellulosic substrates studied [28]. A recent study has shown that
organosolv pretreatment conditions influence the recovery and purity of lignin from oat husks [35].
Therefore, the aim of the present study was to study the effect of acid-catalyzed ethanol organosolv
pretreatment on the delignification of OPEFB. A range of parameters was studied in organosolv
pretreatment of OPEFB, namely, acid type and concentration, temperature, retention time, and S/L
ratio. Emphasis was given to lignin purity and lignin recovery as well as the digestibility of the
glucan-rich fraction. The optimization steps carried out in this study led to high lignin purity and
recovery. In addition, digestible glucan-rich fraction which has high glucan purity and recovery was
obtained. The results obtained demonstrate the possibility to use very low acid concentration for
deconstruction of OPEFB into high-quality fractions.

2. Materials and Methods

2.1. Materials

Oil palm empty palm fruit bunch (OPEFB) was obtained from a palm oil industry in Medan,
Indonesia. It was sun-dried to achieve 7% moisture content. The dried OPEFB was then milled
using a cutting mill (Retsch SM 100, Haan, Germany) using a screen with a pore size of 300 µm
and resulted in the following particle size distribution: 44.24% of >500 µm; 17.96% of 250–500 µm;
23.81% of 100–250 µm; and 13.99% of 63–125 µm. The composition of OPEFB is presented in Table 1.
The enzyme cocktail Cellic®® Ctec3 (Novozymes, Bagsværd, Denmark), with a cellulase activity of
222 filter paper units (FPU) /mL, was used for the hydrolysis of a mixture of glucan- and hemicellulosic
compounds-rich fraction. The chemicals used were sulfuric acid, D-glucose, L-arabinose, D-maltose,
D-xylose, and D-galactose from Sigma-Aldrich, and pure ethanol (100%) and glacial acetic acid
from Scharlau.

Table 1. Composition of oil palm empty palm fruit bunch (OPEFB).

Component. OPEFB (% Dry Weight)

Lignin 21.77 ± 0.27
Glucan 40.09 ± 0.01

Hemicellulose 23.94 ± 0.02
Protein * 4.18 ± 0.51

Ash 3.72 ± 0.07
Others 6.30

* A nitrogen-to-protein conversion of 6.25 was used.
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2.2. Organosolv Pretreatment

Oil palm empty fruit bunch (OPEFB), solvent ethanol 50% (v/v), and acid catalysts were added
to 150 mL stainless steel tubular reactors (Swagelok, El Paso, TX, USA). The raw material and
solvent were added according to the required solid loading. The reactors were sealed and placed
into an oil bath (Julabo, Seelbach Germany) at specific temperature and retention time. After the
desired retention time, the reactors were removed from the oil bath and quenched directly in an ice
bath. The mixture was filtered using a 250 µm sieve for separation of the solid (glucan-rich) and
the liquor (solvent, lignin-rich, and hemicellulosic compounds-rich) fractions after cooling down.
The solid was washed using 28.3 mL of solvent/g of dry sample. The solvent was being collected
and added to the liquor. To induce precipitation of lignin, 56.6 mL of water/g of dry sample was
added to the liquor which was then centrifuged at 3360× g for 5 min to separate the lignin from the
solvent and hemicellulosic compounds-rich fraction. Then, lignin-rich fraction, glucan-rich fraction,
and hemicellulosic compounds-rich fractions were kept in the refrigerator at 4 ◦C until use. Series of
pretreatments were carried out by varying four parameters, namely, acid type and concentration,
temperature, retention time, and S/L ratio. To study the effect of catalyst, two strategies were used:
(a) sulfuric acid and acetic acid were added to the solvent to reach the pH of 3; and (b) acetic acid
was added in the equal amount as that of sulfuric acid added to reach the pH of 3. The pretreatment
temperatures studied were 180, 210, and 220 ◦C; the retention times were 30, 60, 90, and 120 min; and the
S/L ratios were 1:20, 1:10, and 1:5. The experiments were carried out using a one factor-at-time strategy.

2.3. Enzymatic Hydrolysis

The glucan-rich and hemicellulosic compounds-rich fractions obtained at the best conditions
found in the study were mixed and evaporated using a rotary evaporator (LABO ROTA 20, Heidolph,
Schwabach, Germany) at 110 ◦C, 40 rpm, and at a vacuum pressure of 100 mPa. The concentrated
slurry had a glucan loading of 1.37% (w/v) and 1.85% (w/v) of total solid. Cellic®® Ctec3 enzyme
solution was prepared by 10× dilution with ultra-pure water followed by sterile filtration using
disposable disc filters with a pore size of 0.2 µm (GVS, Findlay, OH, USA). Diluted enzyme solution
was added to the slurry based on the enzyme activity and glucan content (10, 15, 20, and 30 FPU/g
glucan). Enzymatic hydrolysis was performed in 20 mL Erlenmeyer flasks, containing 10 mL of slurry
adjusted to pH 5.2, that were incubated in a water-bath at 50 ◦C and shaking at 125 rpm for 24 h.
Samples of 1.5 mL were withdrawn at 18 h and 24 h for chromatographic analysis. The percentage
of glucan hydrolysis was then calculated based on the ratio between the amount of glucose released
after hydrolysis and the theoretical maximum. Untreated OPEFB and evaporated hemicellulosic
compounds-rich fraction were also used for enzymatic hydrolysis for comparison purposes.

2.4. Analytical Methods

The moisture content of untreated OPEFB and of the glucan-rich and lignin-rich fractions,
to determine recovery yields, was quantified through sample drying in an oven at 70 ◦C until constant
weight. The total solids of the evaporated mixture of glucan-rich and hemicellulosic compounds-rich
fractions were determined according to Sluiter et al., (2008) [36]. The lignin-rich fraction, glucan-rich
fraction, and untreated OPEFB were also analyzed for carbohydrates, lignin, and ash according to
the methods described by Sluiter et al., (2008) [37], in order to determine the purity of the fractions.
The percentage of lignin recovery was calculated using the following Equation (1)

(%) Lignin recovery =
Lop × (%) lignin purity

Lf
× 100% (1)

Lop = weight of lignin-rich fraction obtained after organosolv pretreatment; Lf = weight of lignin
on OPEFB feed
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Derived sugars from the acid treatment of samples for compositional analysis and glucose released
during enzymatic hydrolysis were measured using High Performance Liquid Chromatography (HPLC)
(Waters, Milford, MA, USA). The system was equipped with a hydrogen-based column (Aminex
HPX-87P, Bio-Rad, Milford, MA, USA) operating at 60 ◦C and using 0.6 mL/min of 5 mM H2SO4 as the
eluent. A refractive index (RI) detector (Waters 2414) was used to quantify the compounds.

The crystallinity of the untreated and pretreated OPEFB was analyzed using a Fourier Transform
Infrared (FTIR) spectrometer using Nicolet OMNIC 4.1 software (Impact 410 iS10, Nicolet Instrument
Corp., Madison, WI, USA). The spectral data were obtained with an average of 64 scans and resolution
of 4 cm−1, in the range of 400–4000 cm−1. The total crystallinity index was calculated by the absorbance
ratio of wavenumbers 1428 cm−1 and 897 cm−1 [38].

The nitrogen content of OPEFB was analyzed using the Kjeldahl method according to
Mahboubi et al., (2017) [39] and the crude protein was obtained by using a nitrogen-to-protein
conversion factor of 6.25.

2.5. Statistical Analysis

All experiments and analyses were carried out in duplicate. All intervals and error bars reported
represent two times the standard deviation. The data acquired were statistically analyzed using
MINITAB®® 17 (Minitab Ltd., Coventry, UK). A general linear model with a confidence interval
of 95% was applied for the analysis of variance (ANOVA); statistical differences were identified at
p-value <0.05. To have a better understanding of the extent of differences between results obtained,
pairwise comparisons according to the Bonferroni test were performed.

3. Results

Oil palm empty fruit bunch was pretreated using acid-catalyzed ethanol organosolv to achieve
deconstruction into three high-quality streams, namely, glucan-rich, lignin-rich, and hemicellulosic
compounds-rich fractions. The effect of pretreatment factors, namely, acid catalyst type and
concentration, temperature, retention time, and S/L ratio on lignin purity and recovery were studied.
A mixture of evaporated glucan and hemicellulosic compounds-rich fractions obtained at the best
condition of pretreatment was then enzymatically hydrolyzed in order to investigate the effect of
organosolv pretreatment on glucan digestibility. The untreated OPEFB was also enzymatically
hydrolyzed as a control.

3.1. Effect of Acid Catalyst

Catalyst Type and Concentration

In order to evaluate acetic acid and sulfuric acid as catalysts, ethanol organosolv pretreatment
of OPEFB was carried out at 210 ◦C for 120 min with S/L ratio of 1:20. Both acids were added to the
solvent until an initial pH of 3 was achieved. The amount of acetic acid added was 0.32 g acid/g
substrate, while the use of sulfuric acid was much lower, i.e., 0.0013 g acid/g sample. The effect of
catalyst type on lignin purity and recovery is presented in Figure 1a. The addition of acetic acid
and sulfuric acid did not have a significant effect on the lignin purity, which were 65.70 ± 4.10 and
68.25 ± 3.50%, respectively, based on the dry weight. Lignin recovery from the two pretreatment
conditions also showed no significant difference (53.02 ± 0.46% for acetic acid and 48 ± 2.91% for
sulfuric acid). Since the amount of acetic acid added was higher than that of sulfuric acid, sulfuric acid
is thus considered more efficient as a catalyst.

A further experiment was carried out where the amount of acetic acid added to the solvent was
equal to the amount of sulfuric acid added to reach pH 3. The amount of both acids added was thus
0.0013 g/g sample. The final pH of the solvent with acetic acid was 4.66. Results from this experiment
are presented in Figure 1b. Organosolv pretreatment with sulfuric acid showed better performance
with significantly higher lignin purity (68.25 ± 3.50%) and lignin recovery (48.00 ± 2.91%) than those
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obtained when acetic acid was the used catalyst. The lignin purity of OPEFB treated with acetic
acid as catalyst was lower by 9.17% while the recovery was lower by 17.85%. As sulfuric acid was
more efficient regarding lignin purity and recovery, it was therefore employed for all subsequent
pretreatment experiments.

Figure 1. Effect of (a) catalysts type (added in different concentration to reach pH 3) and (b) catalyst
concentration (added in the same concentration, 0.13% (w/w)) on lignin purity (p-value = 0.444 and
p-value= 0.035, respectively) and recovery (p-value= 0.076 and p-value= 0.007, respectively). Error bars
represent ± 2× the standard deviation.

3.2. Effect of Temperature and Retention Time

Three different temperatures, namely, 180 ◦C, 210 ◦C, and 220 ◦C were employed for organosolv
pretreatment of OPEFB for 120 min with S/L ratio of 1:20 and using sulfuric acid as catalyst. The lignin
purity and recovery were significantly higher when the temperature of the pretreatment was increased
from 180 ◦C to 210 ◦C (Figure 2a). However, when the temperature was 220 ◦C, no further
improvement on lignin purity and recovery were observed. Hence, 210 ◦C was chosen for further
pretreatment experiments.

Figure 2. Effect of (a) temperature (for 120 min and using solid-to-liquid (S/L) ratio of 1:20) and
(b) retention time (at temperature of 210 ◦C and S/L ratio of 1:20) on lignin purity (p-value = 0.001
and p-value = 0.001, respectively) and recovery (p-value = 0 and p-value = 0, respectively). Error bars
represent ± 2× the standard deviation.

50



Agronomy 2020, 10, 674

To investigate the effect of retention time, the pretreatment was conducted for 30, 60, and 120 min.
Increasing the retention time from 30 to 60 min resulted in higher lignin purity (from 44.09 ± 0.41 to
66.73 ± 2.55) and recovery (from 20.52 ± 1.27 to 45.35 ± 0.00%) (Figure 2b). However, no significant
improvements were observed by extending the pretreatment to 120 min.

3.3. Effect of S/L Ratio

The S/L ratio is the ratio of solid phase (biomass) and liquid phase (solvent plus water) in
the organosolv pretreatment. In the first approach, different S/L ratios, namely, 1:20, 1:10, and 1:5,
were applied for 60 min at 210 ◦C. The lignin purity obtained from pretreatment experiments at
different S/L ratios of 1:20, 1:10, and 1:5 was 66.73 ± 2.55, 77.60 ± 2.80, and 80.26 ± 2.09%, respectively.
Changing the S/L ratio from 1:20 to 1:10 increased the purity of lignin, however, no further improvement
on lignin purity was achieved at S/L ratio of 1:5 (Figure 3a).

Figure 3. Effect of solid to liquid ratio and retention time of (a) 60 min and (b) 120 min (pretreatment at
210 ◦C) on lignin purity (p-value = 0.009 and p-value = 0, respectively) and recovery (p-value = 0 and
p-value = 0.002, respectively). Error bars represent ± 2× the standard deviation.

However, such a trend was not observed for lignin recovery (Figure 3a), where a significant
decrease was observed when the S/L ratio was changed from 1.10 to 1:5 (55.86 ± 0.06% vs.
35.99 ± 0.63%, respectively). Accordingly, the retention time was extended to 120 min (Figure 3b);
similar trends were found for lignin purity and recovery although an overall increase in the later
was observed. These results together with those obtained throughout the optimization approach,
culminating in higher purity and recovery, indicate the interaction between S/L ratio and retention
time which should be the focus of future research.

In a further optimization experiment, a retention time of 90 min was also investigated
for pretreatment at an S/L ratio of 1:10. This retention time resulted in a significantly higher
lignin recovery of 64.94 ± 1.09% than that obtained from the pretreatment at 60 min which was
55.85 ± 0.06%. A similar lignin recovery value of 63.94 ± 1.25% was obtained at 120 min (Figure 4);
therefore, shorter retention times can be used while achieving similar recovery and purity of lignin.
In summary, the best conditions found among those tested in this work, for the recovery and purity
of lignin, include sulfuric acid as catalyst, temperature of 210 ◦C, retention time of 90 min, and S/L
ratio of 1:10. In these conditions, lignin purity of 70.56 ± 4.48% and lignin recovery of 64.94 ± 1.09%
were obtained.
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Figure 4. Effect of retention time at S/L ratio of 1:10 on lignin purity (p-value = 0.118) and recovery
(p-value = 0.002). Error bars represent ± 2× the standard deviation.

Analysis of the composition of the lignin-rich fraction and the glucan-rich fraction, obtained under
the best conditions mentioned, was carried out and the result is presented in Table 2. Based on the
recovery of lignin in the glucan-rich fraction (around 10%), delignification of about 90% was obtained
which shows some material loss during recovery through centrifugation.

Table 2. Composition of glucan-rich fraction and lignin-rich fraction obtained after acid-catalyzed
organosolv pretreatment at 210 ◦C, for 90 min, and using an S/L ratio of 1:10.

Compound Glucan-Rich Fraction Lignin-Rich Fraction

Glucan 74.16 ± 0.52% 10.11 ± 0.08%
Glucan recovery 80.00 ± 0.02% 5.06 ± 0.08%

Lignin 5.09 ± 0.48% 70.56 ± 4.48%
Lignin recovery 10.44 ± 0.78% 64.94 ± 1.09%
Hemicellulose 8.24 ± 0.06% 7.79 ± 0.06%

Hemicellulose recovery 15.40 ± 0.11% 6.54 ± 0.16
Ash 3.23 ± 0.34% 1.87 ± 0.00%

Others 9.28% 9.67%

3.4. Crystallinity of Cellulose

The effect of organosolv pretreatment on the crystallinity of OPEFB was determined by calculating
the total crystallinity index (TCI) value (absorbance ratio at wavenumbers 1248 and 897 cm−1).
Crystallinity index can be used to observe changes in cellulose digestibility after pretreatment.
Glucan-rich fraction spectra showed a higher absorption band at 897 cm−1 and a lower absorption band
at 1428 cm−1 (Figure 5). The result shows an increase in amorphous cellulose and a decrease in crystalline
cellulose after pretreatment which indicates an increase in cellulose digestibility. The TCI value of the
untreated OPEFB was 1.25 ± 0, whereas after pretreatment in the best conditions, i.e., 0.07% H2SO4,
210 ◦C, 90 min, and a solid-to-liquid ratio of 1:10, the TCI was 0.95 ± 0.03, representing a reduction
of 24.48%.
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Figure 5. FTIR spectra of (1) untreated oil palm empty fruit bunches (OPEFB) and (2) glucan-rich fraction
from the best organosolv pretreatment condition (0.07% H2SO4, 210 ◦C, 90 min, and solid-to-liquid
ratio of 1:10). Bar (a) shows the absorbance at 1428 cm−1 whereas bar (b) shows the absorbance at
897 cm−1.

3.5. Enzymatic Hydrolysis

Untreated OPEFB and a mixture of evaporated glucan-rich fraction and hemicellulosic
compounds-rich fraction were digested using 10 FPU of Cellic®® Ctec3 enzyme per gram of glucan,
for 24 h. The use of organosolv pretreatment led to an increase of 4.56-fold in glucan digestibility
(Figure 6a). Enzymatic hydrolysis of evaporated hemicellulosic compounds-rich fraction resulted
in 0.25 g/L glucose after 18 h. Since an enzyme loading of 10 FPU/g glucan could not achieve 100%
glucan digestibility, higher enzyme loadings were used (Figure 6b). There was no difference on glucan
digestibility between 18 h and 24 h of enzymatic hydrolysis. Therefore, enzymatic hydrolysis for 18 h
resulted in glucan digestibility of 36.29 ± 2.84%, 55.45 ± 3.72%, 82.66 ± 3.09%, and 94.06 ± 4.71% at
enzyme loading of 10, 15, 20, and 30 FPU/g glucan, respectively.

−

−

 

Figure 6. Glucan digestibility of (a) untreated OPEFB and of a mixture of evaporated glucan-rich and
hemicellulosic compounds-rich fractions at enzyme loading of 10 FPU/g glucan and (b) a mixture of
evaporated glucan-rich and hemicellulosic compounds-rich fractions using different enzyme loadings.
Error bars represent ± 2× the standard deviation.
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4. Discussion

Organosolv pretreatment uses organic solvents to remove lignin and hemicellulose, leaving a high
purity glucan-rich fraction after solid-liquid separation. The fine tuning of organosolv pretreatment can
consider a manifold of parameters including the solvent type and its concentration, catalyst addition,
catalyst type and its concentration, temperature, retention time, S/L ratio, biomass particle size,
and pretreatment vessel design. Substantial research on organosolv pretreatment has been carried
out using a wide range of organosolv systems, applied to a wide range of lignocellulosic materials.
The emphasis has been on the optimization of the pretreatment system in order to recover a high-purity
and highly digestible glucan fraction, while the effect of pretreatment parameters on the recovery
and purity of lignin has been comparatively less investigated [28]. Moreover, research studies using
acid-catalyzed ethanol organosolv for the pretreatment of OPEFB are scarce in the scientific literature.

In this work, we demonstrated that parameters including catalyst type and its concentration,
temperature, retention time, and S/L ratio had an effect on the recovery and purity of lignin
following ethanol organosolv pretreatment of OPEFB. Through a series of optimization steps,
where factor interaction is hypothesized to take place, OPFEB was decomposed into glucan-, lignin-,
and hemicellulosic compounds-rich fractions. A delignification of ca. 90% was obtained at the
following conditions: 0.07% H2SO4 (g/g substrate), 50% ethanol, 210 ◦C, 90 min, and S/L ratio of 1:10.
The purity and recovery of glucan was 74% and 80%, respectively, and the corresponding values for
lignin were 71% and 65%, respectively.

Lignin is the most abundant aromatic polymer in nature. Lignin is composed by coniferyl
alcohol and sinapyl alcohol, with a small amount of p-coumaryl alcohol. Currently, most of the
lignin (in low-purity) is produced by Kraft pulping process which reaches 50 million tons/year
as low-value residuals [40]. Low-quality lignin limits its range of applications. Lignin produced
through organosolv pretreatment of lignocellulose materials can be of high-purity, widening the
range of potential applications. High-purity lignin can be converted into various polymers such as
surfactants, plasticizers, superabsorbent gels and hydrogels, coating, and stabilizing agents [41–43].
Lignin also has the potential to be utilized as raw material for nanofiber with antioxidant capacity,
resins, and vanillin synthesis [16–18]. The compositional analysis of the glucan-rich fractions revealed
that loss of lignin takes place during the precipitation and centrifugation steps. This can be related
to the intrinsic limitations of the recovery methods used or to the chemical characteristics of the
resulting lignin. It has been reported that the dissolved lignin is polydispersed and, therefore, the used
solvent for precipitation might be specific for certain lignin fractions. Reduced efficiency of water as
anti-solvent has been reported for lower-molecular weight lignins with high contents of methoxyl and
phenolic hydroxyl groups [44]. Therefore, establishing relationships among organosolv pretreatment
parameters, lignin molecular weight and surface characteristics, and lignin recovery yields, need to
be considered in future studies. Furthermore, lignin surface and compositional characteristics will
influence the end-application and, consequently, influence the economic contribution of lignin to
lignocellulosic biorefineries.

Among the organic solvents employed for organosolv pretreatment of lignocellulosic materials,
ethanol is the most studied solvent due to its low price, good solubility of lignin, lower toxicity
compared to other alcohol-based solvents, its miscibility with water, and ease of recovery [45].
Furthermore, the use of ethanol as solvent opens the possibility for integration of 1st and 2nd
generation ethanol plants. Such strategy has been proposed as a result of techno-economic bottlenecks
that still need to be overcome for commercialization of lignocellulosic biorefineries [46]. Accordingly,
the glucan-rich fraction could be directed to yeast fermentation into ethanol, while the hemicellulosic
compounds-rich fraction could be added to the yeast fermentation left-overs, following distillation,
for e.g., biogas production through anaerobic digestion. Another strategy would be to take advantage
of the capacity of filamentous fungi to consume pentose sugars so additional ethanol and fungal biomass
for feed applications could be produced [47]. The ethanol as an end-product or as a pretreatment
solvent could be recirculated through the system through already installed distillation columns and
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evaporators. Such integration strategy contributes to a needed holistic approach for cost-effective
organosolv pretreatment processes, where optimization of pretreatment parameters leading to efficient
material fractionation, need to be coupled with efficient fraction separation and solvent recycling
methods [48]. By leading to lower energy consumption, the use of distillation is preferable to the use
of evaporation for solvent recycling in systems containing water/low-boiling point organic solvent
such as ethanol [48]. Reasonably, the extent of dilution of the black liquor will influence the energy
consumption during distillation; therefore, studies on optimization of the amount of water added to
induce lignin precipitation are also of relevance.

In this study, the crystallinity of glucan-rich fraction was 24.48% lower than that of the raw OPEFB.
A decrease in crystallinity was also observed for pretreated Loblolly pine using 65% (v/v) ethanol
with 1.1% (w/w) H2SO4 as the catalyst at 170 ◦C for 1 h [49]. Following OPEFB delignification and
decreased crystallinity, 94.06 ± 4.71% glucan digestibility was achieved with an enzyme loading of
30 FPU/g within 18 h. Previous studies showed that high digestibility yield (>75%) of glucan-rich
fraction from organosolv pretreatment of lignocellulosic material was obtained with enzyme loading
higher than 10 FPU/g for 42–78 h of hydrolysis [50–53]. In addition to its use for ethanol production,
glucan-rich fraction has also been proposed for production of acetone-butanol-ethanol (ABE) solvent,
bio succinic acid, and fat-rich biomass [28].

A catalyst is usually added during organosolv pretreatment. The main effect in the addition of a
catalyst is an increase in the rate and extent at which hydrolysis of hemicellulose and the cleavage of
lignin-lignin bonds (α- and β-aryl ether linkages) occur [54]. Two types of acid catalysts i.e., acetic acid
and sulfuric acid were employed in this study. The lignin recovery and purity of pretreatment using
sulfuric acid as catalyst were significantly higher than those achieved when acetic acid was added at
the same amount. To achieve similar lignin purity and recovery, about 270 times more acetic acid was
needed. Even though acetic acid is more environmentally friendly, the high amount of acetic acid added
can become problematic in the further utilization of lignocellulose fractions, that is, through microbial
conversion where acetic acid can act as an inhibitor [55]. The higher lignin purity and its recovery after
pretreatment with sulfuric acid as the catalyst is more likely due to the higher reactivity and efficiency
of sulfuric acid on breaking the lignin-carbohydrate and lignin-lignin bonds than acetic acid [21].
The result from this study is in agreement with previous research by de la Torre et al., (2013) [56]
who studied lignin recovery yields with different catalysts including acetic acid and sulfuric acid.
Wheat straw was pretreated with 50% ethanol as a solvent and 0.001 N of each catalyst was tested for
30 min pulping. The organosolv pretreatment using acetic acid as catalyst led to 51% lignin recovery,
whereas pretreatment using sulfuric acid led to 61% lignin recovery. Therefore, the results of this study
support the need for alternative and effective catalysts. The catalyst should have a comparatively lower
environmental footprint than that of sulfuric acid, to be used in organosolv pretreatment systems,
a research gap previously identified [28].

The observations made on lignin purity and its recovery while varying the temperature and
retention time agree with those reported by other studies. In this study, when the temperature was
increased from 180 ◦C to 210 ◦C, lignin purity and recovery were increased by ca. 62% and 103%,
respectively. This result is in agreement with an existing strong relationship between lignin solubility
and temperature [57]. High delignification (>85%) was achieved during organosolv pretreatment of
Silver birch wood chips and Norway spruce using ethanol as solvent and 1% sulfuric acid as catalyst at
200 ◦C [51,58]. The purity of the lignin from organosolv pretreatment of Silver birch wood chips was
higher than that obtained in this work though, which was 96% [58]. A study by Goh et al., (2011) [59]
reported 52% of lignin recovery from organosolv pretreatment of OPEFB using ethanol 65% (v/v) as
solvent and 1.63% of sulfuric acid as the catalyst at a temperature of 190 ◦C. Generally, to obtain a
better delignification rate, longer retention times are required. Results from this study showed that the
use of retention time of 30 min was only able to recover 20% of lignin with a purity of less than 50%.
When the pretreatment time was prolonged to 60 min, 45% of lignin was able to be recovered with 66%
purity. A retention time of 60 min was reported to be necessary in order to obtain high delignification
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(≥80%) on organosolv pretreatment of mixed sawmill and beechwood [60,61]. A study by Alio et al.,
(2019) [60] showed that 57% of lignin was recovered from organosolv pretreatment sawdust mixture of
softwood species using sulfuric acid as a catalyst for 60 min. Furthermore, a retention time >60 min
was needed in order to recover >30% of lignin during sulfuric acid-catalyzed organosolv pretreatment
of OPEFB [59].

The S/L ratio is another key parameter for the commercialization of organosolv pretreatment.
Higher S/L ratio is more favorable due to higher concentrations of glucan, hemicellulosic compounds,
and lignin per unit volume. The higher concentration of substrate per volume leads concomitantly
to the reduction of the amount of catalyst and solvent used per gram of substrate. However, the S/L
ratio plays a role in organosolv pretreatment performance by affecting the contact between biomass
and solvent. An S/L ratio higher than 1:10 was found to be detrimental to lignin purity and its
recovery. Among research works applying organosolv systems for the pretreatment of lignocellulosic
materials, such S/L ratio predominates [38]. The use in this study of an S/L ratio of 1:10 represented a
concentration of 0.07% H2SO4 (gram acid per gram of substrate), which is almost 10× lower than that
normally used for organosolv pretreatment [38], while attaining similar delignification yields together
with high lignin recovery and purity. For instance, a study carried out by Goh et al., (2011) [59] showed
that in order to recover 52% of the lignin from organosolv pretreatment of OPEFB using ethanol 65%
as solvent at 190 ◦C for 75 min, 1.63% sulfuric acid was needed as a catalyst. Such a lower amount
of acid used can have impacts on corrosion potential, economic feasibility, environmental footprint,
and on the application of edible fungal biomass as feed ingredients. Altogether, the results of this
work show the potential of acid-catalyzed ethanol organosolv pretreatment for fractionation of OPEFB
and achieved a set of conditions leading to high lignin recovery and purity and digestible glucan.
Moreover, the research work demonstrates the possibility to use much lower concentrations of acid
with potential economic and environmental impacts. However, the system still can benefit from more
environmentally-friendly catalysts and further system optimization that allow higher solid loading
to be used, lower water usage during lignin precipitation, and clear relationships between lignin
characteristics and end-application. Combining these optimization and characterization strategies
with integration of OPEFB in 1st generation ethanol plants can create a beneficial biorefinery system for
a such readily available lignocellulosic material in Indonesia, and in other countries such as Malaysia,
the second largest worldwide producer of palm oil.

5. Conclusions

The purity and the recovery of both glucan and lignin from OPEFB could be obtained through a
series of sequential steps of ethanol organosolv pretreatment. Lignin purity and recovery of ca. 71%
and 65%, respectively, were obtained, opening the potential for higher-value applications. Furthermore,
high-purity glucan fraction was also obtained that showed ca. 94% digestibility within 18 h of
enzymatic treatment. The study shows that high delignification of OPEFB (of ca. 90%) and consequent
recovery of high-purity lignin- and glucan-rich fractions can be obtained at remarkably lower acid
concentration (0.07%) in comparison to previous studies within the area as result of an increase in the
solid loading used.
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Abstract: Paulownia is a rapid-growth tree with a high biomass production rate per year and low
demand of water, which make it very suitable for intercropping systems, as it protects the crops
from adverse climatic conditions, benefiting the harvest yields. Moreover, these characteristics make
Paulownia a suitable raw material able to be fractionated in an integrated biorefinery scheme to obtain
multiple products using a cascade conversion approach. Different delignification pretreatments of
biomass have been purposed as a first stage of a lignocellulosic biorefinery. In this study, the formosolv
delignification of Paulownia wood was investigated using a second order face-centered factorial
design to assess the effects of the independent variables (concentrations of formic and hydrochloric
acids and reaction time) on the fractionation of Paulownia wood. The maximum delignification
achieved in this study (78.5%) was obtained under following conditions: 60 min, and 95% and
0.05% formic and hydrochloric acid, respectively. In addition, the remained solid phases were
analyzed to determine their cellulose content and cooking liquors were also chemically analyzed
and characterized. Finally, the recovered lignin by precipitation from formosolv liquor and the
pristine lignin (milled wood lignin) in Paulownia wood were characterized and compared by the
following techniques FTIR, NMR, high-performance size-exclusion chromatography (HPSEC) and
TGA. This complete characterization allowed verifying the capacity of the formosolv process to act
on the lignin, causing changes in its structure, which included both phenomena of depolymerization
and condensation.

Keywords: organosolv; fractionation; lignin; characterization; Paulownia

1. Introduction

The current economic system, based on a linear model, has led to humankind’s overreliance
on non-renewable fossil resources causing its depletion, besides entailing harmful consequences for
the environment, society, economy and health [1]. This global reality is provoking an unsustainable
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situation with consequences still incalculable. In an attempt to mitigate this situation, in recent decades,
an unceasing search for alternative strategies has been encouraged to find new and suitable production
systems founded in the use of renewable resources as raw material within a biorefinery context.
This would suppose a transition from the traditional linear economic model to a circular economy,
more efficient and greener, moving the current trend towards a global and sustainable bioeconomy [2].

In this scenario, lignocellulosic materials are promising candidates as feedstock to obtain
biofuels, building blocks, bio-chemicals, food additives, adhesives, or cosmetics, among others [3,4].
Lignocellulosic materials (LCM) present a three-dimensional and recalcitrant structure mainly
composed of cellulose (homopolymer made up of glucose units), hemicelluloses (heteropolymer
made up of different sugars) and lignin (aromatic polymer). The integral use of LCM involves a
selective separation of its components through fractionation treatments following the biorefinery
concept [5]. Therefore, the selection of the adequate fractionation process is key to achieve an efficient
utilization of all fractions.

Organic solvent pretreatment (also known as organosolv) is an emerging alternative to conventional
pulping processes, since it allows fractionating the LCM into cellulose, lignin, and hemicellulose,
with a high purity of all fractions opening the possibility of its integral exploitation [6]. The organosolv
fractionation process provides an efficient and clean way of transforming lignocellulose into valuable
products, facilitating a subsequent recovery of all the fractions obtained [7]. This kind of treatment
uses a mixture of an aqueous organic solvent and water, with or without the addition of a mineral
acid, which dissolves most part of the lignin and hemicellulose from the raw material [8]. Moreover,
these procedures present interesting advantages such as: easy solvent recovery and recyclability, free
sulfur, low-cost investment and environmentally friendly [9].

Short-chain organic acids have been considered good solvents for lignin in the delignification of
LCM [10]. Particularly, formic acid has attracted considerable attention as a delignification agent, due to
its ability to achieve a selective fractionation of the biomass showing high efficiency, both non-wood,
hardwood and softwood biomass [9]. The mixture of LCM and concentrated aqueous solutions of
formic acid at boiling temperature, with the addition of small quantities of hydrochloric acid employed
as a catalyst, is known as formosolv. In this work, the formosolv treatments were performed at
atmospheric pressure in all cases, that is, depending on the composition of the cooking liquor, in the
range 105–109 ◦C. Nevertheless, the temperature and pressure can be raised in order to reduce the
time of reaction [9]. This process yields a cellulose rich pulp, an aqueous fraction rich in hemicellulosic
sugars and a lignin fraction [11]. Among the LCM, Paulownia species are rapid-growth trees with a
high biomass production rate per year (50 t/ha/yr) and a low demand of water, which make it very
suitable for intercropping systems as it protects the crops from adverse climatic conditions, benefiting
the harvest yields. In addition to its uses as wood to build from plywood for musical instruments,
other applications suggested for Paulownia wood include its exploitation as a source for pulp due to
its fast development and uniform growth [12].

Several works have reported the use of Paulownia species in a biorefinery framework. For example,
Domínguez et al., (2017) [13] subjected P. tomentosa to hydrothermal pretreatment to solubilize the
hemicellulosic fraction yielding a solid fraction that was evaluated to obtain bio-ethanol. Gong and
Bujanovic (2014) [14] purposed a sequence based on hot water extraction to solubilize most of the
hemicelluloses followed by the delignification in acetone/water in the presence of oxygen for the
production of cellulose and lignin from P. tomentosa and P. elongata. However, to the best of our
knowledge, scarce research has been performed to fractionate Paulownia by formosolv pulping to
recover cellulose and lignin.

The resulting cellulose of the fractionation process can be used for the production of pulp,
derivatives, nanofibrillated cellulose or fermentable glucose (after the cellulose hydrolysis) depending
on its physicochemical properties [14].

Lignin is a polyphenolic amorphous material originated from the random oxidative coupling
of three main p-hydroxycinnamyl alcohol monomers (p-coumaryl, coniferyl, and sinapyl alcohols),
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which are representative of the p-hydroxyphenyl (H-units), guaiacyl (G-units) and syringyl (S-units)
phenylpropanoid units, respectively [15,16]. Due to its polyphenolic chemical structure, it can be
employed in the manufacture of adhesives, epoxy, phenolic resins, and polyolefins, as well as in a
variety of novel applications.

The objective of this work was the systematic study of the operational variables of formosolv
cooking (concentrations of formic and hydrochloric acids and reaction time) to obtain the highest yield
of delignification of Paulownia wood. In addition, a secondary target was to identify the main changes
caused during the delignification process on the Paulownia lignin, by means of different analytical
methods such as FTIR, NMR, high-performance size-exclusion chromatography (HPSEC) and TGA,
comparing with pristine lignin used as reference.

2. Materials and Methods

2.1. Raw Material

The raw material used in this study was wood coming from a dihybrid species of Paulownia
(Paulownia elongata x fortunei), and was provided by Maderas Álvarez Oroza, S.L. located in Foz (Lugo,
NW, Spain). The wood was milled in a Wiley mill until the size of a particle smaller than 8 mm,
homogenized, and stored in containers with aeration in a cool, dry and dark place until its use.

2.2. Analysis of Raw Material

Samples taken from the homogenized lot were milled to a size smaller than 0.5 mm and analyzed
(composition shown in Table 1) using the following methods: extractives (National Renewable Energy
Laboratory/Technical Procedure NREL/TP-510-42619, 2008), moisture (NREL/TP-510-42621, 2008),
ashes (NREL/TP-510-42622, 2008), and quantitative acid hydrolysis (NREL/ TP-510-42618, 2008).

Table 1. Chemical composition of Paulownia elongata x fortunei wood.

Component g/100 g Oven-Dried Paulownia ± Standard Deviation

Glucan 39.7 ± 0.97
Xylan + Galactan +Mannan 14.7 ± 0.56

Arabinan 1.09 ± 0.05
Acetyl groups 3.30 ± 0.01
Klason lignin 21.9 ± 0.50

Extractives 5.60 ± 0.01
Ashes 0.50 ± 0.05

Uronic acids (expressed as glucuronic acid) 1.30 ± 0.30

The liquid phase from quantitative acid hydrolysis was analyzed by high-performance liquid
chromatography (HPLC) to quantify the monosaccharides, acetic acid and formic acid (detector,
refractive index at 30 ◦C; column, Aminex HPX-87H; mobile phase, 0.01 M H2SO4; flow rate,
0.6 mL/min; column temperature 50 ◦C). In this column, xylose, galactose and mannose were co-eluted
and therefore, these monosaccharides were quantified together using the notation (Xyl + Gal +Man).
The concentrations of glucose, Xyl +Gal +Man, arabinose and acetic acid, before and after quantitative
acid hydrolysis (121 ◦C, 60 min, 4% H2SO4), were used to calculate the equivalent content of glucan,
Xylan + Galactan +Mannan, arabinan and acetyl groups, respectively. The insoluble phase from the
quantitative acid hydrolysis was gravimetrically quantified and reported as Klason lignin. Uronic acids
were determined using a colorimetric method [17]. Analyses were carried out in quadruplicate.

2.3. Formosolv Fractionation Process

Mixtures of Paulownia wood, water and formic acid (80–95%) at 8 g liquid/g dry Paulownia wood,
were heated to boiling point in 250 mL Pyrex flasks. When the boiling started, hydrochloric acid was
added, taking this as time zero. The selected concentrations of hydrochloric acid were in the range of
0.05 to 0.10%, according to the best results found in previous work [18,19]. The mixture was stirred
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at atmospheric pressure along a desired time (30–60 min). Reactions were stopped by removing the
flasks from the heating plates and by fast filtration through medium-pore Gooch crucibles to separate
the pulp from black liquor. In order to prevent the reprecipitation of lignin on the solids, the pulps
were subsequently washed with two formic acid solutions, the first one at the same concentration
employed in the pretreatment, and the second one at half of its concentration. Finally, the solids were
washed with distilled water until neutral pH (named Paulownia formosolv pulp, PFP). Pulp yield (PY;
g oven-dried pulp/100 g oven-dried Paulownia wood) was determined gravimetrically after being
oven-dried. The solids were analyzed as described in Section 2.2. and in addition, they were subjected
to kappa number (KN) (Tappi T236) and, intrinsic viscosity (VIS) (Tappi T230) determinations.

The aliquots of the black liquors were subjected to posthydrolysis (121 ◦C, 40 min, 4% H2SO4)
in order to quantify the solubilized hemicelluloses. In addition, another aliquot was employed in
theh precipitation assays of the lignin by adding a specific amount of water to the black liquor.
Precipitated solids were separated by centrifugation (4200 rpm, 10 min), repeatedly washed with
water, and centrifuged until the supernatant was neutral. Afterwards, the precipitated lignin
(Paulownia formosolv lignin, PFL) was lyophilized and used for structural characterization experiments.
The quantitative acid hydrolysis of lignin was carried out following the same procedure as in the
previous section (NREL/TP-510-42618, 2008).

2.4. Experimental Design and Statistical Analysis

In this study, 17 runs (experiments 1–17 collected in Table 2) were performed in accordance with
a face-centered factorial design with three replicates at the central point [20] so as to investigate the
effects of the variables: X1, cooking time (30–60 min), X2, formic acid (FA) concentration (80–95%) and
X3 hydrochloric acid (HA) concentration (0.05–0.10%). Following the normalization of the independent
variables to the range (−1, 1), quadratic response surfaces were fitted by least-squares multiple
regression (Equation (1)) using an excel statistical module (DOE PRO XL, SigmaZone):

DV = bO +
∑3

J=1
bjXj +

∑3

j=1,j≤k
bjkXjXka (1)

where DV denotes each of the dependent variables (system responses) studied, and Xj and Xk are the
previously defined normalized variables. The values of b0, bi, and bjk represent the fitting parameters
calculated by multiple regression between the system responses (DV) and the normalized variables.

Table 2. Design of the experiments used to evaluate the delignification process by the formosolv of
Paulownia wood and the main results (all data expressed in an oven dry basis).

Experimental Variables Pulp Composition
Liquor

Composition

Exp. no. Time (min) FA (%) 1 HA (%) 1 PY (%) 1 KN VIS (mL/g) GnP (%) 2 FAP (%) 2 AGP (%) 2 Xyl+Gal+Man
Dis (%) 3

1 60 95 0.1 45.2 32.6 605 70.4 3.2 0.9 17.4
2 30 80 0.05 54.1 42.2 361 63.5 1.9 1.9 17.9
3 60 80 0.05 49.6 38.7 607 73 1.8 1.1 18.1
4 30 80 0.1 55.1 47.9 467 67.8 2.1 2 17.7
5 60 80 0.1 52.1 41.8 529 60.6 1.8 1.2 18
6 30 95 0.1 49.6 37.1 653 63.5 3.6 1.1 17
7 45 87.5 0.075 48.9 39.7 613 65 2.3 1.1 17.8
8 45 87.5 0.075 48 40 611 65.1 2.3 1 17.8
9 45 87.5 0.075 49.4 40.4 613 65.2 1.5 1.2 18.3
10 30 95 0.05 56 52.8 600 66.7 6.9 2.3 14.3
11 60 95 0.05 47 27.7 626 71.7 5.8 2.4 15.9
12 30 87.5 0.075 52.3 39.9 686 64.7 2.7 1.6 17.4
13 60 87.5 0.075 50.6 45.7 640 69.4 2.4 0 17.7
14 45 80 0.075 58.3 48.9 532 61.8 6.1 0 14.8
15 45 95 0.075 51.8 40.4 617 69.6 2.2 2.9 17.7
16 45 87.5 0.05 55.7 52.7 595 67.3 7.3 0 14.2
17 45 87.5 0.1 54.4 46.8 556 69.8 6.8 0 14.6

PY: Pulp yield KN: kappa number; VIS: viscosity; FA: formic acid concentration; HA: hydrochloric acid
concentration; GnP: glucan remaining in pulp; FAP: formic acid remaining in pulp; AGP: acetyl groups remaining
in pulp; Xyl+Gal+Man dis: xylose, galactose, and mannose dissolved in liquor.; 1 kg pulp/100 kg raw material;
2 kg component/100 kg pulp; 3 percentage over content of component in Paulownia wood.
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2.5. Milled Wood Lignin (MWL) Isolation

To compare the lignin recovered by the formosolv process with the pristine lignin in Paulownia
wood, the milled wood lignin was prepared according to methods as previously described [21,22].
Milled Paulownia wood from an IKA WERKE MF 10 grinder (particle size < 1 mm) was subjected
to several steps, as follows: (i) extraction with acetone for 8 h in Soxhlet and with hot water (100 ◦C)
during 3 h, (ii) milling in a Retsch PM 400 centrifugal ball mill with toluene using an agate jar and balls,
(iii) three consecutive extractions (12 h) with dioxane:water (9:1, v/v) (25 mL of solvent/g of milled
wood), (iv) the separation of the supernatant by centrifugation and evaporation at 40 ◦C at reduced
pressure until dryness, (v) the residue obtained (raw MWL) was redissolved in a mixture of acetic
acid:water (9:1, v/v) (20 mL of solvent/g of raw MWL), (vi) precipitated in water and separated by
centrifugation, (vii) milled in an agate mortar, (viii) dissolved in a solution of 1,2-dicloroethane:ethanol
(1:2, v/v), (ix) the mixture was then centrifuged to eliminate the insoluble material, precipitating the
supernatant in diethyl ether and separating the residue obtained by centrifugation, (x) this residue was
then resuspended in petroleum ether and centrifuged again to obtain the final purified MWL fraction,
which was dried under a N2 current. The final yield was ca. 20% of the original Klason lignin content.

2.6. Infrared Spectroscopy (FTIR-ATR)

FTIR spectra were obtained on a Perkin-Elmer Spectrum 2000 instrument by the attenuated total
reflectance (ATR) technique. The spectra were recorded in the 4000–600 cm−1 range with 16 scans at a
resolution of 4.0 cm−1 and an interval of 1.0 cm−1 [23]. All the spectra were baseline corrected and
normalized in an area, in order to make adequate comparisons.

2.7. Nuclear Magnetic Resonance (NMR) Spectroscopy

1H NMR, 13C NMR and HSQC (heteronuclear single quantum correlation) solution state analysis
were performed on lignin samples (~40 mg) dissolved on 1 mL of DMSO-d6. The spectra were recorded
at 25 ◦C on a Bruker Advance instrument at 500 MHz. Standard Bruker programs such as zg30 for 1H
NMR, zgpg60 for 13C NMR, and hsqcetgp for HSQC, were used.

For 31P NMR, the samples were derivatized with a phosphitylation reagent according to
the procedures previously described [24–27]. Lignin (20 mg) was first dissolved in 500 µL of
a mixture of pyridine and deuterated chloroform (1.6:1 v/v). Afterwards, 100 µL of cholesterol
(10 mg/mL) and 100 µL of chromium (III) acetylacetonate solution (5 mg/mL) were added, as an
internal standard and relaxation agent, respectively. Finally, the solution was mixed with 100 µL of
2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (agent of phosphitylation) for about 10 min and
transferred into a 5 mm NMR tube for subsequent NMR analysis at 25 ◦C on a Bruker Avance 400 MHz
instrument using the pulse program zgig (inverse gated decoupling).

In the aliphatic oxygenated region of the HSQC spectra, the relative abundance of interunit
linkages were estimated using the volume integrals from the Cα–Hα correlations. In the aromatic
region, the C2,6–H2,6 correlations from S units and the C2–H2 from G units were used to estimate the
S/G ratio according with previous works [28].

2.8. High-Performance Size-Exclusion Chromatography (HPSEC)

The average molecular weight (Mw), the number average (Mn) and the polydispersity index
(Mw/Mn) of MWL and the PFL were analyzed by HPSEC. The chromatography equipment employed
was a Jasco LC Net II/ADC (Analog data Can) equipped with a refractive index detector provided with
two Varian Polymer Laboratories PolarGel-M columns in series (300 mm × 7.5 mm). Isolated lignins
were dissolved in the mobile phase which consisted in 0.1% of lithium bromide in dimethylformamide.
The chromatographic conditions were as follows: injection volume 20 µL, a flow of 0.7 mL/min and a
temperature of 40 ◦C. The calibration of the SEC was carried out using polystyrene standards with
different molecular weights (between 62,500 and 266 g/mol) provided by Sigma Aldrich.
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2.9. Thermogravimetric Analysis (TGA)

TGA was carried out on a NETZSH STA 449 F3 Jupiter instruments to investigate the general
characteristics of lignin thermal decomposition. A sample of approximately 2.5 mg lignin was loaded
into alumina pans, where it was gradually heated from 25 to 900 ◦C at a heating rate of 10 ◦C/min
under a nitrogen atmosphere with a constant flow of 60 mL/min. When the Klason lignin was subjected
a calcination process, the content of the ashes was negligible.

2.10. Elemental Analysis

The C, H, and N contents of organosolv lignins were determined in triplicate by elemental analysis
in a Flash EA1112 (ThermoFinnigan). The oxygen content was calculated from the difference between
the sample weight and the C, H, N and S contents.

3. Results and Discussion

3.1. Formosolv Process: Delignification of Paulownia Wood

The formic acid delignification was carried out with the objective to obtain: (i) a high glucan content
in the solid phase, potentially useful in later enzymatic hydrolysis stages, (ii) a high delignification
degree and (iii) a high solubilization of hemicellulosic sugars, leading to a solid phase mainly composed
of glucan.

Paulownia wood was treated with different concentrations of formic and hydrochloric acid.
In order to obtain a quantitative description of the effects of these variables on the fractionation
process, the experiments were carried out according to a second order face-centered factorial design.
The structure of the factorial design, analysis of the pulps and liquors are shown in Table 2, and regression
parameters for the variables’ solid yield, viscosity and glucan in the pretreated pulp are displayed in
Table 3.

Table 3. Regression parameters for the dependent variables: solid yield, viscosity and glucan.

Yield Viscosity Gn

b0 51.680 619.59 65.992
b1, Time −2.260 c 23.94 c 1.893 b

b2, FA −1.960 60.48 a 1.525 c

b3, HA −0.600 2.12 −1.026
b12 −0.737 −41.31 b 1.195
b13 0.763 −32.20 c −1.872 c

b23 −1.463 0.52 0.452
b123 0.388 13.96 2.321 b

b11 −2.415 38.04 0.404
b22 1.185 −50.75 c −0.973
b33 1.185 −49.45 c 1.893

R2 0.6738 0.918 0.8351
a Coefficients significant at 99% confidence level based on the Student’s t-test; b coefficients significant at 95%
confidence level based on the Student’s t-test; c coefficients significant at 90% confidence level based on the
Student’s t-test.

Formic acid treatment produced an important solubilization of Paulownia wood, ranging the
pulp yield between 45.2 (in experiment 1, carried out at the highest values of the three independent
variables, time = 60 min, FA: 95%, HA: 0.1%) and 58.3% (in experiment 14, time = 45 min, FA: 80%,
HA: 0.075%). According to the data of Table 2, the yield decreased when the independent variables
increased, with more influence of time and FA concentration, according to the data of Table 3.

The highest delignification (78.5% of lignin removal) was achieved under the conditions of
experiment 11 (see Table 2), corresponding to a kappa number value of 27.7 (10.6% Klason lignin).
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The most significant variables on the results of the KN were the duration of the treatment and the
concentration of formic acid, but none of them were significant at the 95% confidence level.

Regarding the hemicellulosic sugars recovery in liquors, significant differences were found
between the operational conditions, achieving a concentration of hemicellulosic sugars varying in the
range of 14.3–18.3 g of sugar/100 g of Paulownia. The operational range employed allowed to reach
very similar percentages of dissolution among the experiments (about 17% of hemicelluloses were
solubilized from Paulownia wood during the pretreatment) (Table 2). In the optimum conditions to
remove the maximum lignin content (experiment 11), the distribution of sugars in black liquor was
largely dominated by xylooligosaccharides (66.9% of total dissolved carbohydrates, 2.2 g/L), followed by
glucooligosaccharides (14.3% of total dissolved carbohydrates, 0.47 g/L) and arabinooligosaccharides
(7.5% of total dissolved carbohydrates, 0.24 g/L). The presence of monosaccharides was reduced
up to 11.0% by mass, while their products of decomposition, furfural and hydroxymethylfurfural,
only accounted for 0.3% of the mixture of dissolved carbohydrates.

The high glucan content is directly related to the cellulose purity. In our case, the values were very
close to 70% in the best experimental combinations (experiments 1, 3, 11). The regression equation of
this variable indicates that long treatment times and high FA concentrations promote a high percentage
of glucan in pulp. However, the HA concentration must be low as to partially prevent the hydrolytic
effects on the cellulose. Figure 1 shows the predicted response surface for the content of glucan in the
pulp showing the influences of the more significant variables.

Figure 1. Response surface of glucan in pulp at a constant value of 0.05% HA.

In order to achieve a more precise information about the severity of the treatment over cellulose,
the glucose content of the black liquors was analyzed, as well as the viscosity of the pulps, which is a
measure of the chain length of the cellulose. The maximum value of monomeric glucose solubilized
from glucan in the liquor was 7.2% (the average was 4.0%), indicating a probable hydrolysis of cellulose
to some extent. On the other hand, the viscosities of the pulps, under conditions in which the highest
delignification was achieved, were around 600 mL/g, a relatively low value compared with other pulps
with the same KN. It was confirmed that the cellulose suffered a certain attack resulting in a reduction
of the chain length.
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It should be noted that the analysis of the formic acid content of the pulps (after quantitative acid
hydrolysis) reached a significant mass percentage (~5%), probably due to the incorporation of formates
in the lignin molecule. This fact was determined by several researchers in different treatments with
formic acid [11,29] and is confirmed, in this work, with the spectroscopic data shown below.

A mathematical optimization allowed the definition of the optimal conditions of fractionation
introducing, with the same weight, the following constraints for the composition of the pulp:
the highest possible content in glucose, the lowest KN and the lowest content in hemicelluloses.
These optimal conditions are a time of 60 min, FA concentration of 95%, and a HA concentration of
0.05% (experiment 11).

3.2. Precipitation of the Lignin from Formosolv Black Liquor

In order to collect an adequate amount of lignin for the study of its physicochemical properties,
a larger reactor was used at the optimum conditions. The black liquor was treated with different
proportions of water to evaluate the precipitation rate as a function of the dilution factor. The curve soon
reached an asymptotic value at a dilution factor of 3 mL water/mL liquor. The recovery, gravimetrically
measured, was 104% of the lignin dissolved. This value exceeds 100% because the solids consisted of
not only pure lignin, but also associated carbohydrates (11%) and FA (1.6%).

3.3. FTIR of Paulownia Wood and Residual Solid

FTIR spectroscopy is a fast and simple technique that allows extracting valuable information about
the existence of functional groups and their changes during chemical treatments. Figure 2 shows the
fingerprint region of the FTIR spectra of Paulowia wood (P), and the solid residue after the formosolv
treatment (PFP). The assignment of the bands was made based on data published elsewhere [9,28].

−

−

−

−

−

−

−

δ

Figure 2. FTIR spectra of Paulowia wood (P) and Paulownia formosolv pulp (PFP).

Several typical bands of lignin can be clearly seen in the spectra, which involve aromatic skeleton
vibrations, which disappeared or were greatly diminished in the residual solid of the formosolv
treatment due to extensive delignification. For example: 1594, 1504, 1420 cm−1, and the broad
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band around 1230 cm−1 that contains the contributions of vibration modes from G and S units.
In addition, the band located around 1650 cm−1 reflects some loss of C=O conjugate aryl ketones
in lignin. The absorption band in the Paulownia wood spectrum at 1730 cm−1, attributable to the
presence of acetyl groups of the hemicellulose, disappeared after organosolv treatment, indicating the
solubilization of the majority of the hemicellulose. In addition, a new absorption band appeared in the
spectrum of formosolv pulp, at lower wavelength (1710 cm−1) that is assigned to the incorporation of
formate groups to the propyl chain of lignin [11]. Finally, the bands located at 1325 and 1265 cm−1,
originated by the stretching of C–O bonds in S and G-units, respectively, modified their relative
intensity in an evident way. Although it is not possible to confirm the exclusive contribution of G-units
in the band at 1265 cm−1, its great decrease in intensity seems to indicate an important loss of guaiacyl
structures [30].

3.4. Structural Characterization of Lignins

1H NMR Spectroscopy of MWL and Formosolv Lignin

Figure S1 shows the 1H NMR spectra of MWL and formosolv Paulownia lignin. The 1H NMR
spectra of MWL and PFL showed that the proton signals in non-oxygenated carbons (methyl and
methylene groups, δ = 0.8–1.2 ppm) were fewer, and less intense in the organosolv residue, which
indicates structural modifications in the side chain of the phenylpropane units. The methyl acetate
protons resonated in the range of 1.8–2.1 ppm and disappeared almost completely after the treatment,
due to the hydrolytic effect of the acidic medium in the black liquor. Peaks at 2.50 and 3.33 ppm were
due to residual proton signals in DMSO-d6 and water, respectively [31].

Between 4 and 5.5 ppm, a large number of signals originated from several protons of the propyl
side chain of lignin. In this region of the spectrum, resonances due to the different protons of the
hemicelluloses components also appear, but their contribution should be very low. The areas of these
signals are smaller in the organosolv residue, which indicates the changes in the functionalities of the
side chain. Specifically, the signal at 4.44 ppm (part per million), which originated from the γ protons
in β-O-4′ aryl ether units, decreased drastically in the spectrum of PFL due to delignification.

The range between 6.3 and 7.5 ppm showed the different signals of the aromatic protons,
and between 8 and 9 ppm (part per million), those of the phenolic hydroxyl protons. The sharp peak at
8.1 ppm originated from carboxylic functionalities (formic acid) incorporated into a lignin molecule.

3.5. 13C NMR Spectroscopy

13C NMR spectra of MWL and PFL (Figure 3) provide interesting information about several
functional features of MWL and the changes suffered after the organosolv treatment. The assignment
of signals was made based on previous published works [32–35].

The spectrum of MWL showed the characteristic peaks assigned to methoxy groups (55.9 ppm),
carbonyl carbon in acetates (169.6 ppm), carbons 3 and 5 (C3,5) in etherified syringyl (S) units (152.2 ppm),
C3 in etherified guaiacyl (G) units (149.1 ppm), C4 in etherified G units and C3,5 in non-etherified
S units, and C4 in S units (138.2 ppm). The aromatic carbons 2, 5 and 6 of the G structures resonated
at 111.1, 114.7 and 119.1 ppm, respectively, while the C2,6 in the S units produced a signal around
104 ppm.

Between 70 and 90 ppm, the signals of Cβ in β-O-4′, and Cα in β-5 and β-β′ were overlapped with
those belonging to the carbons of the residual carbohydrates, complicating an accurate assignment,
but probably the sharpest signal in this area (71.9 ppm) could be due to Cα of β-O-4′ linkages.
Other identifiable peaks were: Cγ in units with oxidized Cα (65.6 ppm), Cγ in substructures β-O-4′

(62.9 ppm), methylene carbons in the α,β positions of the side chain (29.1 ppm), the methyl carbon
in acetates (21.1 ppm), and the primary carbon in methyl groups of the propyl chain (15.3 ppm).
The absence of typical p-hydroxyphenyl group signals (167, 161, 158 ppm) agrees with those found in
the literature [36,37] and reflects that the Paulownia hardwood lignin is GS-type [35].

69



Agronomy 2020, 10, 1205

γ
β ′

β β ′ α β β β′

α β ′
γ α γ β ′

α β

0102030405060708090100110120130140150160170180190200210

δ (ppm)

MWL

PFL

Figure 3. 13C NMR spectra of milled wood lignin (MWL) and Paulownia formosolv lignin (PFL).

After the formosolv treatment, the lignin recovered from the liquor (PFL) showed important
changes compared to MWL. The acetate groups were almost completely eliminated from the structure
(absence of signals at 169.6 and 21.1 ppm). At the same time, two intense signals (163.4 and 162.4 ppm),
not appearing in the MWL spectrum, reflected the introduction of formate groups into the molecule [38].
The effects of delignification are clearly reflected in 13C NMR spectrum of PFL. The depolymerization
of lignin through the disruption of β-O-4′ bonds and to some extent, β-5′ and β-β′, was reflected by
the decrease in the intensity of many of the typical signals of these substructures in the 90–52 ppm
range: specifically, 71.9, 65.6, and 62.9, whose assignment was mentioned above. Additionally,
the solubilization of a large proportion of the remaining carbohydrates in the MWL causes this area of
the spectrum to have less signals than MWL. The distribution of aliphatic carbon signals is modified,
appearing more and as different types of signals: more methylenic carbons and less methyl groups.

In the region of aromatic carbons (166–102 ppm), the changes produced by delignification were
clearly visible. The signals of carbons 2, 5 and 6 in the G-units (111.1, 114.7 and 119.1 ppm) were
broader and with a larger area, which is compatible with a partial recondensation of lignin. In addition,
the signals C3,5 in the S-units (152.2 ppm) and C3 in the G-units (149.1 ppm) increased their intensity.
However, this increase was more important in the signal due to guaiacyl groups, indicating a greater
tendency of these groups to undergo recondensation processes. The integration of the clusters due to
the signals of aryl bonds [33] that is C–O (161–141 ppm), C–C (141–124 ppm) and C–H (124–100 ppm)
indicated different percentage between the values of MWL and PFL of−2%, 31% and−21%, respectively.
These values can be explained by the formation of a higher proportion of C–C links and a loss of C–H,
which provide an additional symptom of the existence of lignin condensation reactions.

Table S1 (Supplementary Material) collects the assignments of carbon chemical shifts (δ, ppm) in
the 13C NMR spectrum of MWL and formosolv lignin.

3.6. 1H-13C HSQC NMR Spectroscopy of Lignins

The HSQC spectrum of the MWL of Paulownia wood (Figure 4a,c) shows some prominent signals
that allowed to extract information about the most important features on how phenylpropanoid units
are linked together. The most important correlations correspond to:

• The C–H correlations in aromatic methoxyl between δC–δH: 56.1/3.2–56.2/3.7;
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• Aryglycerol β-aryl ether with β-O-4′ links (label A), which can be seen at δC–δH: 72.5/4.9 and
71.8/4.7 (Cα–Hα in S and G-units respectively), 84.4/4.3 and 86.5/4.1 (Cβ–Hβ in S and G-units,
respectively) and a broad signal, overlapping with others, in 60.2/3.7–60.4/3.2 (Cγ–Hγ);

• Resinol type units (α-O-γ′, β-β′, and γ-O-α′ linkages, label B): their different C–H correlations
are evident at δC–δH: 85.5/4.7 (Cα–Hα), 54.3/3.1 (Cβ–Hβ), 71.6/3.8 and 71.7/4.2 (Cγ–Hγ);

• Phenylcoumaran type structures (α-β-5′, α-O-4′ linkages, label C): only two types of correlations
are visible in the spectrum: Cα–Hα at δC–δH: 87.5/5.5, and Cβ–Hβ at δC–δH: 53.9/3.5, they are
partially overlapped with the correlations of the aromatic methoxyl groups;

• Spirodienone type structures (β-1′, α-O-α′ linkages, label D): they present less intense signals at
δC–δH: 81.80/5.04 (Cα–Hα correlations), and 60.4/2.7 (Cβ-Hβ);

• A weak signal, due to Cβ–Hβ correlation on dibenzodioxocin-like structures (label E), also appears
in the spectrum at δC–δH 86.6/3.8—however, the one corresponding to the Cα–Hα correlation
(83.4/4.8) can only be observed at very low contour levels;

• Low-intensity correlations corresponding to cynnamyl alcohol end-groups (129.15/6.45, 128.89/6.23,
and 62.06/4.10, correlations between carbonhydrogen α, β and γ, respectively, and label I) and
cynnamyl aldehyde end-groups (Cβ–Hβ: 126.72/6.77. Label J) are also present;

• In the area of the spectrum corresponding to aromatic C–H correlations the signals belonging
to S (carbons 2 and 6 δC–δH 104.4/6.7. label S2,6) and G-units (111.6/7.0, carbon 2, label G2;
115.5/6.7-115.8/6.9, carbon 5, label G5, and 119.7/6.8, carbon 6, label G6) are predominant—other
less intense signals belonging to S-units oxidized in the α-carbon (S2,6′) are also observable at
δC–δH 107.1/7.3 and 107.0/7.2;

• Minor signals can be seen due to the cinnamaldehyde end-groups in S-units (J2,6-S) at 106.7/7.0
and H-units (H2,6) at 128.9/7.2;

• Finally, it is worth mentioning that the presence of associated carbohydrate signals, which are
indicated in the figure corresponding to the anomeric positions and some other with acetyl
substituents [39].

Table S2 (Supplementary Material) collects the assignments of the 13C–1H correlation signals in
the HSQC NMR spectrum of the obtained lignin fractions.

HSQC spectrum of PFL (Figure 4b,d) reflects important structural changes after the treatment.
The more apparent difference is the presence of a broad signal (around δC–δH 63.5/4.3) which
corresponds to the β-O-4′ structures with acylated γ-OH, probably as formates. The formylation
of the γ-OH was referred by other researchers [9,28] treating LCM with FA solutions of different
concentrations and at different temperatures. The 13C NMR spectrum reflected this fact (peaks at 163.4
and 162.4 ppm already mentioned), but also the HSQC spectrum of the PFL showed a signal at δC-δH

162.0/8.2 that confirms the formylation of the lignin.
Table 4 presents the quantification of the different types of linkages according to Sun and coworkers

(Sun et al., 2014). In the MWL, β-O-4′ units were predominant and accounted for 57.6% of all identified
linkages, followed by resinols (21.4%), phenylcoumarans (9.4%), and spirodienones (3.7%). In addition,
minor proportions of p-hydroxycinnamyl with alcohol (2.2%) and aldehyde (2.3%) end-groups were
quantified in the spectrum.

All the correlations corresponding to the different linkages between phenylpropane units were
drastically diminished in the spectrum of PFL. The effect of delignification, through the destruction of
the linkages identified in MWL, is very important. The quantification of this breakdown of bonds was
87% of the β-aryl ethers, 78% of the resinol type subunits, 65% of the phenylcoumarans and 70% of the
spirodienones. The cinnamyl alcohol or aldehyde-type units completely disappeared in PFL.

Moreover, the signals derived from the aromatic nucleus (G2, G5, G6 and S2,6) were less intense
and extended towards smaller chemical shifts in both dimensions, which is indicative of the existence
of condensation in the lignin [9,40].
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Figure 4. HSQC spectra of MWL (a,c) and PFL (b,d).
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Table 4. Properties of MWL and PFL.

MWL PFL

Structural units/C9
by HSQC

Arylglycerol β-O-4′ aryl ethers 0.41 0.13
Resinols 0.15 0.11
Phenylcoumarans 0.07 0.07
Spirodienones 0.04 0
Dibenzidioxocins 0.02 0
p-OH-cinnamyl alcohol end-groups 0.03 0
p-OH-cinnamyl aldehyde end-groups 0.02 0
S/G 0.63 0.83

OH groups by 31P NMR
(mmol/g)

Aliphatic OH 5.66 2.21
OH in 5-substituted units 0.17 0.83
Guaiacyl OH 0.34 0.57
Total OH 6.16 3.6
Carboxyl (COOH) 0.01 0.23

Elemental analysis (%)

C 55.04 59.99
H 5.96 5.33
O 35.67 34.37
N 0.33 0.31

C9 formulae
C9H10.5O3.5N0.05(OHPh.)0.10

(OHAl.)1.11(COOH)0.002

C9H8.9O3.2N0.04(OHPh.)0.27
(OHAl.)0.38(COOH)0.05

SEC (Da)

Mn 9145 3589
Mw 22792 44458
D (Mn/Mw) 2.5 12.4

TGA/DTG *

T5% (◦C) 171 251
Residue at 900◦C (% mass) 35.2 53
DTGmax (%/◦C) 0.31 0.29
T of DTGmax. (◦C) 291 370

* DTG: first derivative of the TGA curve.

Table 4 also shows the S/G ratio calculated based on the volume integrals of signals S2,6 and G2,
according to previously published works [28]. The value of S/G for MWL (0.63) was in accordance to
that measured by Rencoret et al. [21] for Paulownia fortunei (0.66). The corresponding value for PFL
(0.83) indicated that G-units have suffered more degradation than S-units.

Figure S2 (Supplementary Material) shows the main substructures identified in MWL and PFL
of Paulownia.

3.7. 31P NMR Spectroscopy of Lignins

Figure 5 shows the 31P NMR spectra of the phosphitylated MWL and PFL, and Table 4 shows
the calculated distribution of the different OH groups. According to the bibliography [25–27],
the signals can be classified according to the different resonances of each type of the phosphitylated
hydroxyl groups present in the molecule (Figure 5). Thus, the signals corresponding to aliphatic
OH (150.6–145.2 ppm) of the PFL decreased very significantly (61%) after the organosolv treatment.
Several mechanisms of esterification (formylation) and acid-catalyzed dehydration can explain this
decrease [6,7,41]. The signals produced by G and S-type units were much broader in the PFL due
to recondensation, as was also reflected in the HSQC spectra. In fact, the area of signals increased
almost four times after the formosolv treatment due to the presences of 5-substituted structures which
include syringyl, and β-5′, 4-O-5′ and 5-5′ linked units. The signals due to G-units also showed
condensation processes since the spectrum reflected similar qualitatively similar characteristics to
those of the S-units. At 135.8 ppm a signal, absent in MWL, appeared due to the formic acid carboxyl
group [42]. The spectrum area corresponding to the carboxyl groups (136.3–134.21 ppm) revealed
more intense signals in PFL. Table 4 reflects the content of the different hydroxyl, in mmol OH/mg
lignin, depending on the content of the internal standard (cholesterol) and according to the methods
already published [27].
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Figure 5. 31P NMR spectra of MWL and PFL.

3.8. Molecular Weights of Lignins

The SEC analysis on the lignin samples (Figure 6) was used to evaluate its molecular size
distribution. Table 4 shows the most important parameters calculated from the chromatograms.
Compared with MWL, the molar mass distribution of PFL showed a lower Mn but a higher Mw.
In order to explain this, in PFL a larger number of small and big molecules should be present in
relation to MWL; that is, a much higher polydispersity than that of MWL. In fact, it is almost five
times higher (2.5 vs. 12.4), according to the SEC data. This points out that there was a concurrent
depolymerization and recondensation of lignin in the reaction medium. Taking as reference the simple
C9 formulas (Table 4) to calculate the molecular mass of each C9 unit and the value of Mw as an average
representative of the lignin molecular size, values of 116.5 and 246.2 units C9/lignin molecule for MWL
and PFL, respectively, were calculated.

 

Figure 6. SEC chromatograms of MWL and PFL (the molecular weight is estimated relative to
polystyrene standards).
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3.9. Thermogravimetric Analysis of Lignins (TGA)

The TGA was used to determine the basic behavior and thermal stability of the MWL and PFL.
The processes of pyrolytic decomposition can be divided into three stages: the release of water and
volatiles (from approximately 100 to 200 ◦C), the rapid decomposition of the bonds that form the
structure of lignin (200 to 500 ◦C), and a last slow carbonization to form charry residue (500 to 900 ◦C).
The TGA and DTG curves are shown in Figure S3 (Supplementary Material).

The first step in the thermal decomposition was qualitatively similar for both samples, although
the process in MWL was faster and produced greater weight loss. The weight loss in this stage came
from the release of volatile compounds and water from the samples, and their values were 7.2%
and 2.8% for MWL and PFL, respectively. The most important mass change corresponded to the
temperatures between 200 and 500 ◦C, approximately, which accounted for the additional weight loss
values of 32.2% for MWL and 37.5% for PFL. In this stage, the bonds forming the structure of the lignin
molecule were progressively modified, starting with the fragmentation of the interunit links [43] that
were broken to release volatile oxygen compounds (CO, CO2, formaldehyde, formic acid, and some
simple ethers and alkanes, among others) leaving a solid with a higher degree of unsaturation [44,45].
In this period, the maximum weight loss rate was located at 291 ◦C (0.31%/◦C) for MWL and 375 ◦C
(0.29%/◦C) for PFL. The significant difference between these values clearly reflected the structural
changes already mentioned, suffered by the lignin in the process of delignification. The residual phase
of pyrolysis (500–900 ◦C) was very slow and generated a very low rate of volatile compounds: in this
phase, mass losses of 6.8 and 6.7% were measured for MWL and PFL, respectively. The percentage
of non-volatilized material at 900 ◦C was higher in the case of PFL (53.0%) than in MWL (35.2%).
A greater amount of non-volatile residue was related to a more branched structure (more condensed)
which agreed with the spectroscopic data of the lignins studied in this work [45,46].

3.10. High Added-Value Applications for Lignin

As an overview, the lignin obtained from the formosolv fractionation of Paulownia wood results
in a high decrease in labile ether bonds, with an increase in its polydispersity, and also reflecting
recondensation phenomena. However, some works reflected the chance of employing this kind of
lignin for several purposes. Some applications, via a further upgrading of the lignin, may be its use as
an adsorbent for heavy metal such as Pd or Cr [47] in the form of lignin nanoparticles, as well as for
the manufacture of polymeric resins, polyurethanes and polyesters [48,49]. In addition, this lignin
may also be used as a flocculant, cement additive, etc. On the other hand, if the lignin is employed for
consequent catalytic depolymerization, it can be subjected to pyrolysis or other kinds of treatment
for the production of aromatic monomers, or for the obtainment of biofuels [47]. All of these may be
attractive applications for the exploitation of lignin.

4. Conclusions

Formosolv treatments of Paulownia, under optimum conditions, produced a cellulose-enriched
pulp (80%) and a solubilization of the 78.5% of the initial lignin in the solid. The physicochemical and
spectroscopic characteristics of the formosolv lignin and its comparison with the MWL showed that
the lignin underwent depolymerization phenomena but also recondensation, leading to a molecular
weight distribution with high polydispersity. Delignification proceeded mainly by the breaking of
β-O-4′ linkages from arylglycerol β-aryl ether units. Other bonds were also affected but resisted better
the solvolytic treatment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/8/1205/
s1, Figure S1. Main substructures identified in the MWL and PFL of Paulownia. (A) Aryglycerol β-aryl
ethers; (A’) γ-OH acylated aryglycerol β-aryl ethers; (B) resinols; (C) phenylcoumarans; (D) spirodienones;
(E) dibenzodioxocins; (I) cinnamyl alcohol end-groups; (J) cinnamaldehyde end-groups; (G) guaiacyl units;
(S) syringyl units; (S’), oxidized syringyl units bearing a carbonyl group at Cα; Figure S2. 1H NMR spectra of
MWL and formosolv Paulownia lignin; Figure S3. TGA (dashed) and DTG (bold) curves of MWL and PFL; and
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Table S1. Assignments of carbon chemical shifts (δ, ppm) in 13C NMR spectrum of MWL and formosolv lignin;
Table S2. Assignments of 13C-1H correlation signals in the HSQC NMR spectrum of the obtained lignin fractions.
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Abstract: Hazelnut industries generate a large amount of byproducts. Among them, waste hazelnut
shells (which account for about 50% of the nut weight), are potential raw materials to produce value
added products. Hydrothermal pretreatment enables the solubilization of hemicelluloses, while cellulose
and lignin remain in the solid phase almost unaltered, allowing their subsequent processing for an
integral valorization of the feedstock. When the reaction was performed at the optimal temperature
(210 ◦C), hemicelluloses were mainly converted into soluble substituted oligosaccharides (OS). Further
membrane processing of the liquid phase from hydrothermal pretreatment enabled the refining of the OS,
which accounted for up to 90.87 wt% of the nonvolatile solutes (NVC) in the refined solution, which also
contained 5 g of natural bound phenolics/100 g NVC. The target products showed a dose-dependent
antioxidant activity, conferred by the phenolic components. Substituted OS were made up of xylose
backbones with a wide degree of polymerization distribution, and showed structures highly substituted
by acetyl and uronic groups. The data included in this study provide the basis for assessing the large-scale
manufacture of substituted oligosaccharides with bound phenolics as bioactive components of functional
use in foods, cosmetics, or pharmaceuticals.

Keywords: biorefinery; hazelnut shells; hydrothermal pretreatment; hemicelluloses; oligosaccharides;
antioxidant activity

1. Introduction

The current model of industrial development, based on an intensive usage of nonrenewable
fossil resources, results in a number of negative effects, including health risks and global warming.
Therefore, a gradual transition into sustainable alternatives based on cleaner and renewable raw materials
is imperative [1]. In this sense, the biorefinery concept, based on the selective separation of the major
feedstock components into “fractions” made up of compounds with similar properties, provides a
framework for the integral conversion of biomass into a wide scope of fuels, chemicals, and materials.
Lignocellulose biorefineries are expected to play a key role in the sustainable development of the industrial
sector in the near future, and offer a sustainable path towards a bio-based economy through an efficient
conversion of feedstocks from agriculture or forestry, including agroindustrial residues [2]. It can be noted
that extracting value from wastes is compatible with the “circular economy” paradigm, which can be
complemented with the utilization of green processing technologies.
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Hazelnut (Corylus avellana L.) is a fruit made up of a shell with a kernel inside, which is used as
a food. Corylus avellana originated from the Mediterranean region, and is one of the world’s major
commercial nut crops. Turkey is the main producer of Corylus avellana, covering approximately 70 percent
of the world’s production, followed by Italy, China, Spain, and USA. According to Food and Agriculture
Organization (FAO) [3], more than one million tons of hazelnuts (with shell) were produced worldwide
in 2017. Hazelnut shells (HS) account for more than 50% of the total nut weight, becoming an important
byproduct in the hazelnut industry. HS are currently employed as low-value fuel [4,5]. However, HS is an
abundant and low-cost raw material with a large potential as a raw material for biorefineries, where it can
yield a number of value added products [6]. Some target products reported are xylooligosaccharides [7],
phenolic antioxidants [4,5], bioethanol [8], materials for composites [9], levulinic acid, char [10], and
furfural [11].

Nevertheless, the immense complexity of biomass together with the polymeric nature of its structural
components makes fractionation almost inevitable. In this sense, decreasing the recalcitrance of the
lignocellulosic matrix through cost effective and environmentally friendly technologies is a crucial
objective [1]. Pretreatment is an essential processing step that entails the deconstruction of the lignocellulosic
biomass by the disarray of lignin and the exposure of polysaccharides (cellulose and hemicelluloses) to
hydrolytic reactions [12].

A number of biorefinery pretreatments are proposed in literature [2,13]. Some of them are used
for obtaining products with industrial interest from HS as feedstock: hydrothermal [5,7,14], acid [15],
alkaline [15,16] or the double step acid/alkaline pretreatments [17], oxidative (i.e., ozonolysis) [18],
organosolv [19], or the combined effect of delignification pretreatments before acid hydrolysis [8].

Hydrothermal processing (also called autohydrolysis) is a pretreatment in which biomass is subjected
to reaction with compressed hot water, enabling an extensive solubilization of hemicelluloses [20].
The reaction is catalyzed by hydronium ions resulting from water autoionization and in situ generated
organic acids (mainly acetic acid coming from the hydrolysis of acetyl groups in hemicelluloses). As a result,
hemicelluloses are depolymerized into low molecular weight polysaccharides, oligosaccharides (OS),
monosaccharides, and minor amounts of other products. Additionally, the hydrothermal pretreatment
increases the surface area and decreases the crystallinity of cellulose, resulting in an improved susceptibility
toward the enzymatic hydrolysis. Additionally, lignin can be solubilized in subsequent processing stages.

In HS, hemicelluloses account for 24.6–30 wt% of the raw material. The major hemicellulose constituent
is heteroxylan, made up of a backbone of linked xylose units substituted with acetyl and uronic groups,
and bound phenolic compounds [5]. Consequently, optimal conditions of hydrothermal processing can
result in relevant proportions of hemicellulose-derived xylooligosaccharides (XOS), which can be obtained
at a reasonable yield and purity [21].

The implementation of an additional refining stage is necessary when high purity XOS are required,
i.e., food-grade OS [22]. This point is important when OS are produced by hydrothermal pretreatment,
because a variety of byproducts (monosaccharides, acetic acid, sugar degradation products, extractives,
or acid soluble lignin) can be present in the reaction media. Membrane technology is an interesting
alternative for XOS purification—the size-dependent separation achieved leads to concentrated solutions
of purified XOS, while low molecular weight contaminants are removed in permeate. Some examples of
XOS refining by membrane processing were reported for different agricultural residues, i.e., rice husks [23],
peanut shells [24], and almond shells [25,26].

XOS are potential prebiotics, defined as nondigestible food ingredients that allow specific changes in
both the composition and activity of the gastrointestinal microbiota, as stimulation of the growth of probiotic
bifidobacteria and lactic acid bacteria, conferring benefits in the human health [27]. Some beneficial effects
described in literature including the maintenance of the human health, the prevention of diseases, and the
decreased risk of chronic diseases [22].
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XOS containing esterified phenolic compounds are natural antioxidants, with potential applications
in food, cosmetic, pharmacy, and nutraceutical industries. This type of XOS is considered as emerging
prebiotics [7], and antioxidant activity [28] is derived from the presence of bound phenolics [27]. Therefore,
this type of XOS could contribute to satisfying the increasing demand for ingredients of functional foods,
whose demand is expected to reach more than 440 billion USD in 2022 [27].

In this work, hydrothermal pretreatment of waste HS was proposed as an initial step of a multistage
process allowing the complete utilization of HS. This step aimed at the solubilization of hemicelluloses,
leaving a treated solid made up of cellulose and lignin that could be valorized by further processing.
HS were processed at different temperatures, and the solid and liquid phases were assayed for composition
and yields to allow the formulation of material balances. The liquid phase from hydrothermal processing
performed under optimal reaction was refined by membrane processing to yield a final product meeting
the purity degree required for commercial food grade OS. The purified OS were assayed for monomeric
constituents and structural features. Additionally, the total phenolic content and the in vitro antioxidant
properties were considered to assess the potential of OS as ingredients for functional foods.

2. Materials and Methods

2.1. Raw Material

Hazelnuts were purchased in a local market (Ourense, Spain). HS were milled, sieved to obtain a
particle size between 0.250–1 mm, homogenized, and stored.

2.2. Hydrothermal Pretreatment (Autohydrolysis) of Hazelnut Shells

HS samples were treated in a 600 mL stainless steel reactor (Parr Instrument Company, Moline,
IL, USA). The raw material was mixed with distilled water at a liquid to solid ratio of 10 kg water/kg of dry
HS, heated under nonisothermal conditions up to reach the target temperature (in the range 190–225 ◦C),
and then cooled by circulating water through an internal loop. Figure 1 shows the heating and cooling
profiles that provide the reaction time to reach the temperatures of the experiments performed in this study.
At the end of the treatments, liquid and solid phases were separated by vacuum filtration. Solids were
washed with distilled water, and air dried. The solids from hydrothermal pretreatment (autohydrolyzed
solids, AS) and autohydrolysis liquors (AL) were characterized for moisture, solid yield, and composition,
as described in Section 2.4.

–

–

Figure 1. Heating and cooling profiles obtained for the autohydrolysis experiments performed at the
assayed temperatures.
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2.3. Refining of Oligosaccharides by Membrane Processing

AL obtained under optimal conditions for OS production was refined by discontinuous diafiltration
(DD). Assays were performed in a stirred Amicon cell (Millipore) operating at a transmembrane pressure
of 3.5 bar and room temperature. Water was added to AL at 2:1 volume ratio, diafiltered through a 0.3 kDa
cutoffmembrane (GE Osmonics Inc., Minnetonka, MN, USA) up to achieve a retentate volume equal to
one of the feed. Samples from retentate and permeate were assayed for composition (using the same
methodology as described in Section 2.4) and structural features.

2.4. Analytical Procedures

The moisture contents of HS and AS were assayed according to the T-264-cm-97 standard method [29].
The T-249-cm-85 method [30] was employed for measuring the contents of structural carbohydrates and
Klason lignin. This method consisted of a two step quantitative acid hydrolysis performed with 72% and
4% H2SO4, respectively. The method led to an insoluble lignin residue (Klason lignin) and to a liquid phase.
Samples from the liquid phase were filtered through 0.45 µm cellulose acetate membranes and analyzed
by High Performance Liquid Chromatography (HPLC) using an Agilent 1200 series instrument (Agilent
Technologies, Santa Clara, CA, USA), fitted with a refraction index detector (RID). Samples were assayed
for monosaccharides (glucose, xylose, and arabinose), organic acids (acetic acid), and furans (furfural and
hydroxymethylfurfural) using a 300 × 7.8 Aminex HPX-87H column (BioRad Life Science Group, Hercules,
CA, USA) kept at 50 ◦C and eluted with 0.003 N H2SO4 at a 0.6 mL·min−1 flow rate. The ash content was
assayed according to the T-211-om-02 method [31].

Samples of AL were filtered through 0.45 µm cellulose acetate membranes and assayed by HPLC as
described above. Aliquots of AL were subjected to quantitative posthydrolysis (4% of H2SO4 at 121 ◦C for
20 min). The increases in the concentrations of monosaccharides and acetic acid caused by posthydrolysis
provided the measure of oligomers concentration and their degree of substitution with acetyl groups.
The content of total nonvolatile compounds (NVC) was measured by oven-drying samples at 105 ◦C until
constant weight. All the analytical determinations were performed in triplicate.

Uronic acids were determined spectrophotometrically at 520 nm, using galacturonic acid as a
standard [32].

High Performance Anion-Exchange Chromatography with Pulsed Amperometric Detection
(HPAED–PAD) was used to assess the types of oligomers present in the reaction media. The analyses
were performed using an ICS300 instrument (Dionex, Sunnyvale, CA, USA) equipped with a 250 × 2 mm
CarboPac PA-1 column in combination with a 25 × 2 mm CarboPac PA guard column [33]. Matrix-Assisted
Laser Desorption and Ionization Time-of-Flight Mass Spectrometry (MALDI TOF–MS) analyses were
employed to allow a detailed structural characterization of the oligomers contained in AL. Assays were
performed using an Autoflex III smartbeam instrument (Bruker Daltonics, Bremen, Germany) operating in
linear positive ion mode. Spectra were acquired and treated using the Flex Control 3.0 and Flex-Analysis 3.0
software (Bruker Daltonics), respectively [34]. Commercial XOS (degree of polymerization, DP 2-6) from
Megazyme (Wicklow, Ireland) were used as standards for HPAED–PAD and MALDI TOF–MS analyses.

The total phenolic content (TPC) was determined using the Folin–Ciocalteu assay [35], and the results
are expressed as Gallic Acid Equivalents (GAE). The determination of antioxidant activities was carried
out using the 2,2-diphenyl-1-picrylhydrazyl assay ((DPPH) [36], Trolox-Equivalent Antioxidant Capacity
assay (TEAC) [37], and Ferric Reducing Ability of Plasma assay (FRAP) [38] methods. Identification of
phenolic compounds was carried out by High Performance Liquid Chromatography with Diode Array
Detection (HPLC–DAD) [39].
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3. Results and Discussion

3.1. Composition of HS

The average composition of HS, listed in Table 1, was the same reported in a previous work
performed with the same HS lot [5]. The major structural component of HS was lignin (40.08 wt%
in oven-dry basis). Higher lignin contents, in the range 46–51.3 wt%, were reported for the same
substrate [7,40,41]. Hemicelluloses accounted for 32.28% of the dry mass of HS, and were mainly constituted
by xylan (22.69%), followed by uronic and acetyl substituents (overall content, 8.93%). Minor amounts
of arabinan were also detected. Aydinli and Caglar (2012) [42] reported 28.9% of hemicelluloses, a
value markedly higher that the 18.7% reported by Surek and Buyukkileci (2017) [7]. The glucan content
of HS accounted 26.49% of the raw material, in the range reported by Aydinli and Caglar (2012) [42],
and considerably higher than the 18.7% determined by Surek and Buyukkileci (2017) [7].

Table 1. Composition of HS expressed as g of component per 100 g of oven-dried raw material. The values
are reported as the average of triplicate measurements ± standard deviation.

Component Content (g/100 g of Dry HS)

Glucan 26.49 ±0.26
Xylan 22.69 ±0.23

Arabinan 0.65 ±0.01
Acetyl groups 4.37 ±0.04
Uronic groups 4.56 ±0.17
Klason Lignin 40.08 ±0.21

Ash 0.78 ±0.05

Total Identified (%) 98.85

3.2. Hydrothermal Pretreatment

The hydrothermal pretreatments were carried out under nonisothermal conditions up to reach
temperatures in the range 190–225 ◦C. Once the target temperatures were reached, the reaction media
were cooled immediately and filtered. The aqueous phases contained hemicellulose-derived oligomers,
monosaccharides, sugar decomposition products, and acetic acid. The generation rate of these
compounds depended on the severity of the autohydrolysis conditions [20,43,44], here measured by
the maximal temperature.

Table 2 shows data regarding the effects of the hydrothermal pretreatments performed at diverse
temperatures on both the solid yield and the composition of liquid phases. The solid yield decreased
steadily with temperature, a trend that was more marked up to 210 ◦C. This behavior can be explained
because increasing temperatures promote the progressive solubilization of xylan and acetyl and uronic
groups in hemicelluloses. Although arabinan also makes part of hemicelluloses, its practical importance is
limited owing to the low contents. The progressive removal of hemicelluloses from the raw material led
to the production of AS with increased glucan and lignin content. At the highest temperature assayed
(225 ◦C), the content of both lignin and glucan accounted for 93.13% of AS. The glucan and lignin contents
of AS varied in the ranges of 25.47%–38.70% and 41.08%–54.43%, respectively, corresponding to recovery
yields of glucan and Klason lignin in solid phase higher than 90% and 85%, respectively. These results are
favorable for the subsequent processing of AS by other methods, thus enabling the integral valorization of
the raw material [2,13,20].
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Table 2. Solid yields (measured as g of oven-dry AS/100 g of oven-dry HS) and composition of AS (measured
as g component/100 g of oven-dry AS) obtained in experiments performed up to the desired temperatures.
The results are reported as the average of triplicate measurements ± standard deviation.

Temperature
(◦C)

Solid Yield (g of
AS/100 g of Dry

HS)

Composition (g of Component/100 g of AS)

Glucan Xylan Arabinan
Acetyl
Groups

Uronic
Groups

Klason
Lignin

Others (by
Difference)

190 88.92 25.47 ± 0.16 20.7 ± 0.09 0.16 ± 0.02 3.96 ± 0.26 3.34 ± 0.03 41.08 ± 0.15 5.29
200 78.5 31.42 ± 0.19 15.44 ± 0.64 0.09 ± 0.00 3.01 ± 0.05 2.31 ± 0.13 43.90 ± 0.22 3.92
210 70.85 33.67 ± 0.21 9.70 ± 0.04 0.08 ± 0.00 1.76 ± 0.06 2.12 ± 0.22 49.65 ± 0.16 3.02
220 66.23 37.51 ± 0.19 6.66 ± 0.18 0.00 1.20 ± 0.10 0.64 ± 0.04 52.14 ± 0.21 1.86
225 64.84 38.70 ± 0.41 4.62 ± 0.33 0.00 0.71 ± 0.04 0.48 ± 0.02 54.43 ± 0.39 1.05

Table 3 lists the results determined for the composition of the reaction media in the same set of
experiments. When the hydrothermal pretreatments were carried out at temperatures below 210 ◦C,
the concentration of nonvolatile compounds (NVC) increased up to 26.46 g/L. This concentration remained
fairly constant in the range 210–220 ◦C, and dropped at the highest temperature assayed. The data
are expressed in terms of the identified NVC (INVC), calculated as the joint contributions of OS and
monosaccharides. XOS, the most abundant components in AL, reached their highest concentration
(16.24 g/L, accounting for 73.67% of the xylan present in the feedstock) at 210 ◦C. Harsher conditions
resulted in decreased XOS concentrations, owing to the generation of xylose (and furfural under the most
severe conditions assayed). Arabinooligosaccharides (ArOS) were only found (in little concentrations)
in assays performed under mild conditions. The corresponding monomer (arabinose) reached its
highest concentration (0.45 g/L) at 210 ◦C. Glucooligosaccharides (GOS) and glucose also reached limited
concentrations, revealing the solubilization of a small fraction of glucan under the most severe conditions.
Concerning the substituents, the concentration of acetyl groups (AG) bound to OS reached concentrations
up to 3.55 g/L at 220 ◦C (corresponding to 77.05% of the amount present in the feedstock), whereas the
maximal concentrations of uronic groups linked to OS (U) were found at a milder temperature (200 ◦C).
From the results shown in Table 3, it can be calculated that the maximum concentration of substituted OS
(including GOS, XOS, ArOS, AG, and U) was achieved at 210 ◦C, and reached 20.49 g/L. The concentrations
of monosaccharides (maximum value, 2.68 g/L achieved at 220 ◦C) were comparatively low.

Table 3. Concentrations of products present in the liquid phase of hydrothermal treatments performed at
temperatures ranging from 190 to 225 ◦C. Data are expressed in g/L.

Temperature (◦C)

190 200 210 220 225

INVC Glucose 0.06 0.08 0.12 0.02 0.08
Xylose 0.15 0.31 1.44 2.06 2.32

Arabinose 0.17 0.25 0.45 0.34 0.28
GOS 0.14 0.11 0.11 0.09 0.20
XOS 3.18 9.35 16.24 15.71 14.33

ArOS 0.22 0.17 0.01 0.00 0.00
AG 0.74 2.24 3.09 3.55 3.32
U 1.39 1.12 1.07 0.94 0.89

Others * 2.48 3.15 3.92 3.75 4.41
Total
NVC

8.51 16.78 26.46 26.45 25.82

VC
Acetic
acid

0.20 0.36 0.90 1.42 2.08

Furfural 0.02 0.01 0.20 0.40 0.81
HMF 0.00 0.00 0.01 0.02 0.03

GOS: glucooligosaccharides; XOS: xylooligosaccharides; ArOS: arabinooligosaccharides; AG, acetyl groups linked to
oligosaccharides; U: uronic acid linked to oligosaccharides; HMF: hydroxymethylfurfural. NVC: total nonvolatile
compounds; INVC: identified nonvolatile components; VC: volatile compounds. * Others: measured as the difference of
the total NVC and the INVC.
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The concentrations of volatile compounds (VC) increased smoothly up to 210 ◦C, and then increased
markedly as a result of reactions taking place under severe conditions (for example, cleavage of AG into
acetic acid and furfural generation from pentoses).

3.3. Refining of Oligosaccharides by Membrane Treatment

Based on the results discussed above, 210 ◦C was selected as the optimal temperature because
this experiment (denoted AL210) led to the highest concentration of substituted OS. However,
unwanted compounds (including monosaccharides or nonsaccharide compounds) were also present
in the liquid phase, and could limit the application of the NVC fraction in the food, cosmetic,
or pharmaceutical industries. OS refining of can be achieved using a number of separation
techniques, including solvent extraction [21,45], adsorption [23,33], chromatography [45], and membrane
filtration [21,23,25–27]. Membrane processing is currently seen as the most promising technology for
the industrial manufacture of high purity, owing to the low energy requirements, easy manipulation of
operational variables, and relatively easy scale up [25,45].

Figure 2 shows the scheme of the purification method used in this work, including data regarding
the chemical characterization of streams and material balances. The solution AL210 (content of total OS,
20.49 g/L, accounting for 77.41% of the NVC) was employed as a feed. This stream also contained some
unwanted components that should be removed, including monosaccharides (2.01 g/L), ONVC (3.97 g/L),
and VC (1.11 g/L). The feed solution was refined by DD, which led to a retentate (containing 17.44 g NVC/L)
and permeate (NVC concentration, 4.02 g/L). As expected, the retentate showed an increased proportion of
nonvolatile solutes corresponding to OS (90.87 g/100 g of NVC, in comparison to 77.41 g OS/100 g of NVC
determined for the feed solution AL210). This finding confirmed the suitability of membrane processing
for OS purification, keeping a good balance between the concentrations of the target products in retentate
(15.85 g/L) and in permeate (1.76 g/L). It can be noted that most unwanted compounds were present in
permeate (i.e., 1.63 g ONVC/L and 0.63 g monosaccharides/L).

The available data allow the comparison of the molar ratios of oligomer components (XOS:AG:U)
between the feed and the retentate (1:0.47:0.05 and 1:0.43:0.04, respectively). The molar ratio XOS:AG
was slightly higher than the one reported in literature for autohydrolysis liquors from hazelnut shells [7].
A comparative molar ratio XOS:AG of 1:0.56 was also reported for membrane processing of autohydrolysis
liquors from peanut shells [24].

AL210 also contained VC (1.11 g/L), a fraction mainly made up of acetic acid (0.90 g/L) and minor
amounts of HMF and furfural. The VC concentration decreased considerably in the retentate (0.29 g/L)
relative to the feed content.

From the above data, it can be concluded that DD of AL210 allowed a selective recovery of substituted
OS in retentate, in which the target products accounted for 90.87% of the NVC fraction, while most ONVC,
monosaccharides, and VC were removed in the permeate. This finding is in agreement with the results
reported in literature [24], with an increasing purity of oligomers from autohydrolysis liquors of peanut
shells from 55.70% up to 72.4% using DD. In a related study, Singh et al. (2019) [26] obtained XOS of low
degree of polymerization from almond shells using enzymatic treatments and membrane assisted refining.
To our knowledge, no previous studies reported on the membrane refining of HS-derived OS.
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MEMBRANE PROCESSING 
(Discontinuous Diafiltration) 

0.3 KDa, P = 3.5 bar 

Water 
2000 mL 

A210 
 1000 mL 

NVC: 26.47 g/L 
OS (*including AcG and UA): 20.49 g/L 
 - GOS: 0.11 g/L 
 - XOS: 16.24 g/L 
 - ArOS: 0.01 g/L 
 - AG: 3.06 g/L 
 - UA: 1.07 g/L 
Monosaccharides: 2.01 g/L 
 - Glucose: 0.12 g/L 
 - Xylose: 1.44 g/L 
 - Arabinose: 0.45 g/L 
ONVC: 3.97g/L 
VC: 1.11 g/L 
 - Acetic acid: 0.90 g/L 
 - HMF: 0.01 g/L 
 - Furfural: 0.20 g/L 

Permeate 
2000 mL 

NVC: 4.02 g/L 
OS (*including AcG and UA): 1.76 g/L 
 - GOS: 0.02 g/L 
 - XOS: 1.16 4g/L 
 - ArOS: 0.00 g/L 
 - AG: 0.38 g/L 
 - UA: 0.20 g/L 
Monosaccharides: 0.63 g/L 
 - Glucose: 0.03 g/L 
 - Xylose: 0.48 g/L 
 - Arabinose: 0.12 g/L 
ONVC: 1.63 g/L 
VC: 0.34 g/L 
 - Acetic acid: 0.29 g/L 
 - HMF: 0.00 g/L 
 - Furfural: 0.05 g/L 

Retentate 
1000 mL 

NVC: 17.44 g/L 
OS (*including AcG and UA): 15.85 g/L 
 - GOS: 0.07 g/L 
 - XOS: 12.92 g/L 
 - ArOS: 0.00 g/L 
 - AG: 2.19 g/L 
 - UA: 0.67 g/L 
Monosaccharides: .063 g/L 
 - Glucose: 0.05 g/L 
 - Xylose: 0.41 g/L 
 - Arabinose: 0.17 g/L 
ONVC: 0.95 g/L 
VC: 0.33 g/L 
 - Acetic acid: 0.27 g/L 
 - HMF: 0.00 g/L 
 - Furfural: 0.06 g/L 

Figure 2. Diagram of membrane processing and composition of the involved streams: AL210, retentate, and permeate.
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3.4. Structural Characterization of OS

Figure 3 shows the HPAEC–PAD elution profiles corresponding to AL210 and retentate.
Data concerning commercial XOS in the range 2–6 are also included for comparison. It must be noted that
the alkaline mobile phase used for HPAEC–PAD analysis caused the saponification of AG. Because of this,
this technique provided useful information about the DP distribution of the oligomers, but not about
the substitution pattern [33,43]. The elution profiles of AL210 and retentate showed similar patterns for
compounds with DP > 3, peaks of oligomers with the same size. Oppositely, the peaks observed for DP2
and DP3 compounds were smaller in the case of retentate. This finding is in agreement the high recovery
of XOS in the retentate, as discussed above.
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Figure 3. HPAEC–PAD elution profiles for the autohydrolysis liquors at 210 ◦C and retentate.

Additional information on the structures of oligomeric saccharides contained in retentate was obtained
using MALDI–TOF MS (see Table 4). This technique is a powerful tool widely used for carbohydrate
characterization, as oligomers can be investigated with minimal fragmentation [45,46]. The experimental
data allowed the assessment of the pentose chain lengths, as well as their substitution pattern. The data
reported correspond to sodium and potassium adducts. As 2,5 dihydroxybenzoic acid (DHB) was used in
the analyses as a matrix, the components with m/z < 500 could not be identified with this method [23,24,34].

Based on the compositional information shown in Figure 2, the OS in the retentate were constituted
mainly by pentose units. Based on the HPLC data obtained for arabinose and xylose, it can be concluded that
the pentoses in OS backbones corresponded to xylose. The pentose chains were highly substituted by acetyl
groups (AG) and/or O-methylglucuronic groups (U), following the patterns [mP nAG] or [mP nAG oU].
The spectra confirmed the presence of OS composed by pentose chains with DP in the range 3–16,
containing up to 6 AG groups, and 1 or 2 U groups. These results are in agreement with the compositional
data and with the molar ratios XOS:AG:U discussed above.
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Table 4. OS structures in the retentate stream identified by MALDI–TOF MS.

m/z Structure m/z Structure m/z Structure

537.14 3P 2AG+K+ 1133.37 7P 4AG+Na+ 1529.54 7P 4AG U+K+/10P 4AG+Na+

627.19 4P AG+K+ 1149.33 6P 3AG U+Na+ 1545.51 9P 3AG U+Na+

653.23 4P 2AG+Na+ 1191.36 6P 4AG U+Na+ 1587.53 10P 5AG+K+/9P 4AG U+Na+

669.19 3P AG U+Na+ 1197.37 8P 2AG+K+/7P AG U+Na+ 1629.55 10P 6AG+K+

711.20 4P 3AG+K+ 1207.34 5P 3AG 2U+Na+ 1635.59 11P 3AG+K+

801.23 5P 2AG+K+/4P AG U+Na+ 1223.42 8P 3AG+Na+ 1645.55 9P 5AG U+K+

843.24 5P 3AG+K+/4P 2AG U+Na+ 1233.36 7P 6AG+K+ 1661.60 8P 4AG U+K+

885.25 5P 4AG+K+ 1239.37 7P 2AG U+Na+ 1677.59 10P 3AG U+Na+

901.25 4P 3AG U+K+ 1265.42 8P 4AG+Na+ 1719.59 10P 4AG U+Na+

917.33 6P 2AG+Na+ 1281.39 7P 3AG U+Na+ 1809.65 11P 3AG U+Na+

933.26 5P AG U+Na+ 1297.39 7P 3AG U+K+ 1851.63 11P 4AG U+Na+

959.31 6P 3AG+Na+ 1323.41 8P 5AG+K+ 1941.70 13P 4AG+K+

9752.70 5P 2AG U+Na+ 1339.41 7P 4AG U+Na+ 1983.67 12P 4AG U+Na+

991.28 4P AG 2U+Na+ 1371.43 9P 3AG+K+/8P 2AG U+Na+ 1993.65 11P 6AG+K+

1017.29 6P 4AG+K+/5P 3AG U+Na+ 1381.41 7P 5AG U+K+ 2067.69 13P 6AG+K+

1033.29 5P 3AG U+K+ 1397.48 9P 4AG+Na+ 2115.74 14P 5AG+K+

1059.31 5P 4AG U+Na+ 1413.45 8P 3AG U+Na+ 2199.70 14P 6AG+K+

1065.31 7P 2AG+K+/6P AG U+Na+ 1455.46 9P 5AG+K+ 2289.72 14P 5AG U+Na+

1075.30 5P 4AG U+K+ 1471.46 8P 4AG U+K+ 2331.71 15P 6AG+K+

1091.36 7P 3AG+Na+ 1503.50 10P 3AG+K+/9P 2AG U+Na+ 2421.73 15P 5AG U+Na+

1107.32 6P 2AG U+Na+ 1513.47 7P 4AG 2U+Na+ 2463.70 16P 6AG+K+

P: pentoses; AG: acetyl groups; U: uronic groups. Na+: sodium; K+: potassium.

3.5. Total Phenolic Content and Antioxidant Activity

Pérez-Armada et al. (2019) [5] indicated that HS show a great potential as a source of
natural antioxidants. These authors solubilized a part of the phenolics in HS by autohydrolysis,
and recovered the target products using polymeric resins. In our work, the retentate from DD was
subjected to acid hydrolysis to release a number of valuable compounds, including gallic, vanillic,
and p-coumaric acids; aldehydes such as vanillin; and flavonoids such as catechin and (-) epicatechin.

Figure 4 shows the results achieved for the three streams involved in the membrane processing.
The methods employed for this purpose included the total phenolic content (TPC, expressed as gallic
acid equivalents/L or GAE/L), antioxidant activities determined using the methods TEAC (measured
as g Trolox/L), FRAP (measured as g FeSO4·7H2O/L), and DPPH (measured as g GAE/L needed for
EC50) [35–38].

The composition of phenolics (TPC) in AL210 was 1.63 g GAE/L, which is in the range reported for
AL of other biomasses, i.e., eucalypt (1.64–1.98 g GAE/L) [47], vine shoots (1.33 g/L) [48], or peanut shells
(1.58 g/L) [24]. The TPC of retentate decreased by 53.74% relative to the AL210 stream, and followed a
behavior in agreement with reported literature concerning OS purification by membrane processes [23,24,27].
The TPC in the retentate accounted for 0.87 g/L, which implies a contribution of 5.00% relative to the NVC
(17.44 g/L).

Despite the decreased phenolic content of retentate, the presence of phenolics is interesting due
to their antioxidant activity, as these provide additional value to the target products as functional
food ingredients [23,24,27]. According to the data in Figure 4, AL210 showed acceptable FRAP, TEAC,
and DPPH activities. Interestingly, the DPPH radical scavenging capacity was not affected by DD,
leading to the same EC50 value in feed and retentate. On the contrary, the ABTS radical scavenging
activity determined by the TEAC assay dropped by 58.19% in retentate relative to the value measured
for AL210. However, this antioxidant activity is still an interesting contribution to the functional properties
of the retentate.
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The assays based on radical scavenging reactions frequently show a dose-dependent
response [23,49,50]. The data in Figure 5 show that the DPPH assay presented this type of behavior in the
AL210 and retentate streams.
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Figure 4. Total phenolic content (TPC) and antioxidant activity determined by TEAC, DPPH, and FRAP
assays of AL210, retentate, and permeate. TPC, expressed as g GAE/L; TEAC, as g Trolox/L; FRAP, as g
FeSO4·7H2O/L; DPPH (EC50), as g GAE/L.
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Figure 5. Effects of the concentration on the DPPH radical scavenging activity, expressed as percentage of
inhibition, PI (%), for autohydrolysis liquors at 210 ◦C (AL210) and retentate.

In general terms, the data obtained in this work for antioxidant activities follow general trends similar
to the ones reported in studies dealing with other lignocellulosic feedstocks (such as rice husks, pine and
eucalypt woods, peanut shells or almond shells) [23,24,26].
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4. Conclusions

This study deals with the hydrothermal pretreatment (autohydrolysis) of HS, conceived as the
first step of an overall utilization of this feedstock in the scope of biorefineries. Operating at the
temperature considered as optimal (210 ◦C), most hemicelluloses were broken down into soluble fragments,
appearing in liquid phase as oligosaccharides. Unwanted, nonsaccharide products present in the liquid
phase from autohydrolysis treatments were removed by DD. The target products (refined OS present in
the retentate) accounted for 90.87% of the NVC fraction. OS presented a wide DP distribution, and the
backbones were made up of xylose structural units substituted with acetyl and uronic groups. Phenolics
bound to OS accounted for 5% of the total NVC, and showed dose-dependent antioxidant activity.
The phenolics identified included gallic, vanillic, and p-coumaric acids; vanillin; and catechin. These results
confirm the potential of the target products obtained in this study for applications in a number of fields,
including the food, cosmetic, and pharmaceutical industries.

The autohydrolysis stage also produced solids containing up to 93.13% of glucan and Klason lignin,
which represented recovery yields of these components above 90% and 85%, respectively. These data
confirm the interest of hydrothermal processing as a first stage of an integrated process for the global
valorization of HS.
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Abstract: Hazelnut shells are an important waste from the hazelnut processing industry that could
be valorized in a multi-product biorefinery. Individual or combined pretreatments may be integrated
in processes enabling the integral fractionation of biomass. In this study, fractionation methods based
on alkaline, alkaline-organosolv, organosolv, or acid-catalyzed organosolv treatments were applied to
raw or autohydrolyzed hazelnut shells. A comparative analysis of results confirmed that the highest
lignin removal was achieved with the acid-catalyzed organosolv delignification, which also allowed
limited cellulose losses. When this treatment was applied to raw hazelnut shells, 65.3% of the lignin
was removed, valuable hemicellulose-derived products were obtained, and the cellulose content of
the processed solids increased up to 54%. Autohydrolysis of hazelnut shells resulted in the partial
solubilization of hemicelluloses (mainly in the form of soluble oligosaccharides). Consecutive stages
of autohydrolysis and acid-catalyzed organosolv delignification resulted in 47.9% lignin removal,
yielding solids of increased cellulose content (55.4%) and very low content of residual hemicelluloses.
The suitability of selected delignified and autohydrolyzed-delignified hazelnut shells as substrates
for enzymatic hydrolysis was assessed in additional experiments. The most susceptible substrates
(from acid-catalyzed organosolv treatments) reached 74.2% cellulose conversion into glucose, with a
concentration of 28.52 g glucose/L.

Keywords: biorefinery; hazelnut shells; hydrothermal pretreatment; delignification; enzymatic
hydrolysis; fractionation; cellulose; hemicelluloses

1. Introduction

Lignocellulosic biomass (LB) is a key resource for the sustainable manufacture of bio-based
chemicals and fuels. LB can be processed according to the biorefinery concept, which involves
consecutive treatment stages to achieve an integral benefit of the feedstock, with minimal or
no waste generation [1]. The success of biorefineries also depends on the right application of
technology methodologies for obtaining multi-products [2]. The contribution of biorefineries to a
future bio-economy inspires business opportunities based on product diversification while improving
environmental performance [3].

In the field of biomass valorization, the biorefinery acts as a platform for chemicals and energy
production through the inclusion of diverse conversion technologies [3,4].

The complexity of biomass utilization lies in both the polymeric nature of its main constituents
(cellulose, hemicelluloses, and lignin) and their different chemical reactivities. In the last few decades,
several fractionation methods have been developed, as summarized in recent literature reviews [2,5–8].
Galbe and Wallberg [6] classified the conventional methods according to their mode of action:
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mechanical treatments (e.g., milling or grinding) reduce the particle size of biomass, increasing the
surface area of the particles and improving the enzyme accessibility; dilute acid pretreatments (with
H2SO4, H3PO4 or other strong acids), and hydrothermal pretreatments (with hot, compressed water or
steam) promote the hydrolysis of hemicelluloses; whereas alkaline and organosolv processing enable
the extraction of lignin.

Hydrothermal pretreatments (autohydrolysis, performed with hot, compressed water) causes
the selective solubilization of hemicelluloses by depolymerization into soluble compounds of lower
molecular weight. Soluble, low molecular weight polymers from hemicelluloses show potential for
applications in the manufacture of barrier films or hydrogels [6]; oligosaccharides show prebiotic
properties with potential in the pharmaceutical and food markets [9,10]; and monosaccharides can be
transformed into value-added chemicals such as xylitol and furfural [11]. Additionally, autohydrolysis
increases the biomass surface area and decreases the crystallinity of the cellulosic fraction remaining in
the solid phase, facilitating its further hydrolysis.

Solutions of alkalis (such as NaOH, KOH, or ammonia) are suitable for removing lignin by
saponification of intermolecular ester bonds, and for increasing the digestibility of cellulose [5].
Alternatively, delignification can be achieved by organosolv treatments with organic solvents (e.g.,
ethanol) or solvent-water mixtures, in the presence or absence of catalysts. From an environmental
point of view, the separation of lignin from the organosolv media by precipitation with water facilitates
the wastewater treatment. From an economic perspective, organosolv lignin is a valuable product
with potential applications in diverse fields, including the manufacture of adhesives, fibers, films,
biodegradable polymers [12], and natural antioxidants [13].

The solids from delignification treatments, with increased cellulose contents, may show increased
susceptibility to enzymatic saccharification [1,14,15], or serve as substrates for manufacturing cellulose
nanocrystals [16]. In the first case, glucose can be transformed in value-added compounds (e.g.,
bioethanol or lactic acid) [15,17]; whereas in the second one, cellulose nanocrystals are used in a number
of fields, including biological applications.

“Conventional” pretreatments (or their combinations) are expected to play an important role
in the future full-scale biorefineries [6]. Combined pretreatments may allow process designs
enabling an improved fractionation and an efficient processing into a spectrum of multi-products [8].
For example, consecutive stages of autohydrolysis and delignification allow the separate recovery of
hemicellulose-derived saccharides, lignin, and cellulose [18], enabling the integral fractionation of
biomass, an aspect of crucial importance for a successful biorefinery approach [19].

Hazelnut (Corylus avellana L.) is a commercial crop, whose fruit is widely used in food industries [20].
Turkey is the main producer and exporter of hazelnut, followed by Italy, Azerbaijan, USA, China,
Georgia, Iran, France, Chile, and Spain. According to the Food and Agriculture Organization (FAO),
863,888 tons of hazelnuts (with shell) were produced worldwide in 2018 [21]. Hazelnut shells (HS) are
the most important byproduct of the hazelnut processing industry, representing more than half of the
total nut weight. HS are a low–cost byproduct, usually burned, but could be valorized on the basis
of their lignocellulosic nature. Recently, getting value from selected biochemicals in HS has become
a motivation for research, due to the compelling economic benefits [3,22]. In terms of composition,
HS are mainly made up of lignin: Perez-Armada et al. [23] reported 40.1 wt% of lignin, whereas
Demirbas [24] and Surek and Buyukkileci [25] found around 46%, and Hoşgün and Bozan [20] near 50%.
HS hemicelluloses are mainly made up of xylan, acetyl, and uronic moieties, which accounted jointly
for 25–32.5% of the dry weight, whereas the reported cellulose contents are about 26–27% [10,23,26].

Based on the above ideas, this work deals with the development of HS fractionation methods
suitable for a multi-product biorefinery. HS and solids resulting from HS autohydrolysis (denoted
AS) were subjected to diverse delignification treatments to assess their efficiency. The soluble
hemicellulose-derived products were identified, and the solids from selected delignification stages
were assayed as substrates for enzymatic hydrolysis. In summary, this work provides an experimental
assessment on biorefinery schemes enabling an integral valorization of HS.
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2. Materials and Methods

2.1. Raw Material

Hazelnuts were purchased locally (Ourense, Spain). The shells (HS) were separated, milled to
particle sizes within the range 0.250–1 mm, and subjected to analysis and chemical processing as
described below.

2.2. Autohydrolysis of Hazelnut Shells

HS autohydrolysis was performed in a stirred 600 mL stainless steel reactor (Parr Instrument
Company, Moline, IL, USA). HS were mixed with distilled water at a liquid to solid ratio (LSR) of 10 g/g
of dry HS, heated up to 210 ◦C, and cooled immediately. Heating profiles previously reported for
non-isothermal autohydrolysis shown the reaction time to reach the target temperature. Then, heating
up from 60 ◦C to 210 ◦C lasted 16 min. These conditions were reported as optimal in literature [10,23].
The autohydrolyzed solids (AS) were separated by vacuum filtration, washed with distilled water,
and air-dried before chemical characterization and solid yield determination. The autohydrolysis
liquors (AL) were assayed for composition as described in Section 2.5.

2.3. Delignification Pretreatments

HS and AS were subjected to different delignification treatments. All experiments were performed
at a LSR of 8 g/g, under the following conditions:

1. Alkaline delignification experiments of HS and AS were performed in an autoclave at 121 ◦C
for 60 min using 2, 4, or 8 wt% NaOH solutions. The alkaline solutions and the operational
conditions were selected according to the literature [20,27–29].

2. Alkaline-organosolv pretreatments of HS and AS were carried out in an autoclave at 121 ◦C or
135 ◦C for 60 min, in media with equal amounts of ethanol and alkaline solutions, containing
2–8 wt% NaOH with respect to the total solution.

3. Organosolv pretreatments were carried out in a stirred, 600 mL stainless steel reactor (Parr
Instrument Company, Moline, IL, USA). HS and AS were treated with a mixture of ethanol/water
(55/45 w/w) at 200 C for 60 or 120 min, according to the conditions reported in the literature [1,15].

4. Acid-catalyzed organosolv treatments of HS and AS were performed in the Parr reactor indicated
above. The media contained a mixture of ethanol/aqueous H2SO4 (60/40 w/w), where the amount
of H2SO4 corresponded 1 g H2SO4/100 g substrate. The reaction media were kept at 160–180 ◦C
for 60–120 min.

Table 1 sumarizes the different delignification experiments performed in this work.
The solid and liquid phases from treatments were separated by vacuum filtration. The treated

solids were washed first with solutions of the same composition as the ones used in the respective
pretreatments, and then with distilled water. The solid phases from treatments were assayed for
composition and solid yield. From the experimental data, the percentages of delignification, cellulose
removal and hemicellulose removal were calculated as follows:

% Solid Yield (SY) = 100 ×
DSAD

DSBD
(1)

where DSAD and DSBD are the dry weights of the solid before and after delignification, respectively;

% delignification = 100 ×
TLBD − TLAD ×

SY
100

TLBD
(2)

where TLBD and TLAD are the percentages of total lignin present in the solids before and after
delignification, respectively;
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% cellulose removal = 100 ×
CBD −CAD ×

SY
100

CBD
(3)

where CBD and CAD are the percentages of cellulose present in the solids before and after delignification,
respectively;

% hemicelluloses removal = 100 ×
HBD −HAD ×

SY
100

HBD
(4)

where HBD and HAD are the percentages of hemicelluloses (measured as the overall contributions of
xylan, arabinan and acetyl groups) present in the solids before and after delignification, respectively.

The lignin present in the liquid phases from treatments performed under selected conditions
was precipitated by adding HCl 5M to pH = 2, kept overnight at 4 ◦C, recovered by filtration,
and dried in a vacuum oven at 40 ◦C. Aliquots of the liquid phases from treatments were analyzed
for hemicellulose-derived compounds (oligosaccharides, monosaccharides, acetic acid, and furans)
following the methods listed in Section 2.5.

Table 1. Set of experiments performed in this work for the delignification of HS and AS (LSR = 8 g/g).

Delignification Method Experiment Substrate and Operational Conditions

Alkaline
(NaOH-water)

1 HS 121 ◦C 60 min, 2% NaOH

2 AS 121 ◦C 60 min, 2% NaOH

3 HS 121 ◦C 60 min, 4% NaOH

4 AS 121 ◦C 60 min, 4% NaOH

5 HS 121 ◦C 60 min, 8% NaOH

6 AS 121 ◦C 60 min, 8% NaOH

Alkaline-organosolv
(ethanol-aqueous NaOH)

7 HS 121 ◦C 60 min, 50/50 ethanol/aqueous NaOH, 2% total solution

8 AS 121 ◦C 60 min, 50/50 ethanol/aqueous NaOH, 2% total solution

9 HS 121 ◦C 60 min, 50/50 ethanol/aqueous NaOH, 4% total solution

10 AS 121 ◦C 60 min, 50/50 ethanol/aqueous NaOH, 4% total solution

11 HS 121 ◦C 60 min, 50/50 ethanol/aqueous NaOH, 8% total solution

12 AS 121 ◦C 60 min, 50/50 ethanol/aqueous NaOH, 8% total solution

13 HS 135 ◦C 60 min, 50/50 ethanol/ aqueous NaOH, 4% total solution

14 AS 135 ◦C 60 min, 50/50 ethanol/aqueous NaOH, 4% total solution

Organosolv
(ethanol-water)

15 HS 200 ◦C 60 min, 55/45 ethanol/water

16 AS 200 ◦C 60 min, 55/45 ethanol/water

17 AS 200 ◦C 120 min, 55/45 ethanol/water

Acid-catalyzed organosolv
(ethanol/aqueous H2SO4)

18 HS 180 ◦C 60 min, 60/40 ethanol/aqueous H2SO4,

19 AS 180 ◦C 60 min, 60/40 ethanol/aqueous H2SO4,

20 AS 180 ◦C 120 min, 60/40 ethanol/aqueous H2SO4,

21 HS 160 ◦C 120 min, 60/40 ethanol/aqueous H2SO4,

22 AS 160 ◦C 120 min, 60/40 ethanol/aqueous H2SO4,

2.4. Enzymatic Hydrolysis

Solids resulting from consecutive stages of autohydrolysis (AS) and delignification under selected
conditions were subjected to hydrolysis using the enzymatic complex Cellic CTec2 (Novozymes,
Denmark). The enzymatic activity of Cellic CTec2 was 137 FPU (Filter Paper Units)/g of enzyme [30].
Hydrolysis assays were performed in Erlenmeyer flasks kept at 50 ◦C in an orbital incubator (150 rpm).
The pH of media was adjusted to 4.8 by adding 50 mM citrate buffer. Experiments were performed
for 0–96 h at LSR = 15 g/g using an enzyme to solid ratio (ESR) of 15 FPU/g substrate. All assays
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were performed by triplicate. Aliquots of samples were withdrawn at selected times, centrifuged,
filtered, diluted and assayed for glucose by HPLC as described in Section 2.5. Cellulose conversion
into glucose, and xylan conversion into xylose were calculated as follows:

% cellulose conversion into glucose = 100 ×
[Glu]

[GluPot]
(5)

where [Glu] is the glucose concentration and [GluPot] is the potential glucose concentration (calculated
assuming total conversion of the cellulose contained in the substrate);

% xylan conversion to xylose = 100 ×
[Xyl]

[XylPot]
(6)

where [Xyl] is the xylose concentration and [XylPot] is the potential xylose concentration (calculated
assuming total conversion of the xylan contained in the substrate).

2.5. Analytical Procedures

The chemical composition of HS, AS, and solids from delignification were analyzed using the
following TAPPI standard methods: moisture: T-264-cm-97, ash: T-211-om-02, structural carbohydrates,
and Klason lignin: T-249-cm-85 [31–33]. The latter method is based on a two-step quantitative acid
hydrolysis (QAH) performed with 72 and 4% H2SO4, respectively. The insoluble residue from QAH
was oven-dried and weighed for Klason lignin determination. The liquid phase from QAH was
assayed for glucose, xylose, arabinose, acetic acid, furfural, and hydroxymethylfurfural by HPLC,
using a 1200 series instrument (Agilent Technologies, Santa Clara, CA, USA) fitted with a refractive
index detector) and a 300 × 7.8 Aminex HPX-87H column (BioRad Life Science Group Hercules, CA,
USA). The instrument detector was kept at 50 ◦C. The mobile phase was 0.003 N H2SO4 eluted at
0.6 mL·min−1. The results allowed the determination of cellulose, xylan, arabinan, and acetyl groups
present in the solid substrates. The acid-soluble lignin (ASL) was quantified spectrophotometrically at
205 nm. The total lignin was calculated as the sum of Klason lignin and ASL. All the analyses were
performed in triplicate.

Aliquots from autohydrolysis and liquid phases from delignification assays were subjected to
quantitative posthydrolysis (4% of H2SO4 at 121 ◦C for 20 min), and the increase in the concentrations
of monosaccharides and acetic acid caused by posthydrolysis measured the amounts oligomers and
their degree of substitution with acetyl groups. All the analyses were performed in triplicate.

3. Results and Discussion

3.1. Autohydrolysis and Composition of HS and AS

In previous studies reported by our research group, 210 ◦C was identified as the
optimal autohydrolysis temperature for producing soluble hemicellulosic oligosaccharides [10].
Under the same conditions, soluble antioxidant compounds were extracted from the substrate [23].
Both oligosaccharides and antioxidant compounds find applications in a number of fields, including
the food, cosmetic and pharmaceutical industries. Based on this information, HS autohydrolysis assays
were performed at 210 ◦C, and the corresponding AS were selected for assessing the separation of
cellulose from lignin.

Upon autohydrolysis, 35.4% of the dry HS mass was dissolved, yielding an aqueous phase with the
following composition (in g/L): xylooligosaccharides, 16.15; glucooligosaccharides, 0.07; acetyl groups,
3.65; xylose, 1.02; arabinose, 0.31; acetic acid, 0.86; and total phenolic content, 1.60 g equivalent gallic
acid/L. The average compositions of HS and AS are presented in Table 2. As expected, autohydrolysis
causes the selective separation of hemicelluloses resulted in AS with increased percentages of cellulose
(38.7%) and total lignin (50.4%).
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Table 2. HS and AS composition, expressed as g of component/100 g of dry HS or AS, respectively.
Data reported as average values ± standard deviations.

Component HS (g/100 g of dry HS) AS (g/100 g of AS)

Cellulose 24.2 ± 0.1 38.7 ± 0.2
Xylan 23.2 ± 0.1 7.5 ± 0.2

Arabinan 0.3 ± 0.0 0.0 ± 0.0
Acetyl groups 4.6 ± 0.1 1.6 ± 0.1
Klason lignin 38.5 ± 0.6 49.7 ± 0.7

Acid Soluble Lignin (ASL) 1.2 ± 0.1 0.7 ± 0.1
Other components 8.0 1.80

3.2. Delignification Treatments

Table 3 lists data concerning the HS and AS delignification treatments, including SY and the removal
percentages of the structural components (lignin, cellulose, and hemicelluloses). For comparative
purposes, Table 4 lists results reported for the delignification of hazelnut shells and other biomasses.
Little information has been reported on the delignification of native or pretreated HS, with alkaline
delignification being the most studied processing method [20,27,28].

Table 3. Solid yield and removal percentages of lignin, cellulose, and hemicelluloses achieved in the
experiments 1–22 in Table 1. The removal percentages were calculated from their source (HS and AS,
respectively).

Experiment
Solid Yield

(%)
Lignin Removal

(%)
Cellulose Removal

(%)
Hemicellulose Removal

(%)

1 91.7 7.2 10.0 26.6
2 81.8 12.7 22.5 74.7
3 88.0 15.7 9.0 38.8
4 78.1 20.7 22.3 76.7
5 76.1 19.2 7.4 47.8
6 76.9 24.3 20.3 79.2
7 86.8 11.3 11.5 27.5
8 82.3 17.2 20.0 70.6
9 82.4 18.0 10.9 42.5

10 88.0 22.4 13.8 62.2
11 82.7 18.9 10.3 52.4
12 85.5 29.1 24.9 69.1
13 73.5 21.2 11.0 49.2
14 75.8 26.6 16.2 70.1
15 53.6 53.3 0.0 67.5
16 76.8 35.2 2.6 42.0
17 75.8 32.8 5.2 51.0
18 46.2 65.3 0.0 76.0
19 64.9 47.9 7.1 87.7
20 57.9 50.5 17.3 93.2
21 61.4 47.9 0.0 56.2
22 73.2 37.2 5.6 62.1
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Table 4. Literature reported on the delignification of diverse types of biomass using operational conditions related to the ones used in this work.

Raw Material Reagents T (◦C) Time LSR
%

Deligni-fication
Pre-Processing Reference

Hazelnut shell NaOH 4% (w/v) 121 60 min 10/1 (v/w) 32 Steam explosion, 5 min, 198–200 ◦C [27]
NaOH 4% (w/v) 121 90 min 10/1 (v/w) 42.5 Steam explosion, 5 min, 198–200 ◦C [27]
H2O2 4% (w/v) 121 30 min 10/1 (v/w) 36 Steam explosion, 5 min, 198–200 ◦C [27]

NaBH4 4% (w/v) 121 60 min 10/1 (v/w) 48 Steam explosion, 5 min, 198–200 ◦C [27]
NaOH 5% (w/v) 121 60 min 10/1 (v/w) 19.7 - [28]

NaOH 2.25% 120 60 min 10/1 (v/w) 60 - [20]
NaOH 2.25% 200 60 min 10/1 (v/w) 73.28 - [20]

Almond shell Ethanol 70/30 (v/v) 200 90 min 6/1 10.8 Autohydrolysis, 180 ◦C, 30 min, LSR 8/1 [34]
NaOH 7.5 wt.% 121 90 min 6/1 18.4 Autohydrolysis. 180 ◦C, 30 min, LSR 8/1 [34]

Rice husks Ethanol 54/46, NaOH 8% (w/w on solid) 160 60 min 10/1 90.1 Acid, 0.3% H2SO4 (w/v), 152 ◦C, 33 min [35]
Ethanol 54/46, NaOH 8% (w/w on solid) 160 100 min 10/1 91.47 Acid, 0.3% H2SO4 (w/v), 152 ◦C, 33 min [36]

Hazelnut tree
prunings

NaOH 2% 121 60 min 10/1 30.7 - [37]

NaOH 2% 121 60 min 10/1 51.2 Hydrothermal, 190 ◦C, 45 min, LSR 10/1 (v/w) [37]
Olive tree pruning Ethanol 70/30 (v/v) 200 90 min 6/1 31.2 Autohydrolysis, 180 ◦C, 30 min, LSR 8/1 [34]

NaOH 7.5 wt.% 121 90 min 6/1 14.6 Autohydrolysis, 180 ◦C, 30 min, LSR 8/1 [34]

Sugarcane bagasse
Ethanol 50/50 (v/v), NaOH 1.5% on dry

fiber (w/w)
175 60 min 5/1 (v/w) 44.3 - [38]

Ethanol 30/70 (v/v), NaOH 3% on dry
fiber (w/w)

195 60 min 7/1 (w/w) 17.1 Acid, 0.2 M H2SO4, LSR 5/1 (w/w), 40 min, 120 ◦C [39]

Miscanthus
biomass

Ethanol 80/20 (v/v), H2SO4 1% (w/w,
based on solid)

170 60 min 8/1 84 - [40]

Ethanol 80/20 (v/v), H2SO4 1% (w/w,
on solid)

170 60 min 8/1 88.5 Autohydrolysis. LSR 9/1. 150 ◦C, 8h [40]

Eucalyptus globulus Ethanol 60:40 (w/w) 180–200 60 min 8/1 (w/w) 81 Autohydrolysis. LSR 8/1 (w/w), Severity) 3.65–3.94 [1]
Eucalyptus nitens

bark
Ethanol 52-65% 192–200 60–86 min 8/1 (w/w) 49–52 - [15]

Wheat straw Ethanol 60/40 (w/w) 200 60 min 10/1 (v/w) 67 - [41]
Ethanol 60/40 (w/w) 200 60 min 10/1 (v/w) 64.3 Acid, LSR 7.5/1 (v/w), 160 ◦C, 30 min [41]
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Alkaline treatments of HS performed with 2–8% NaOH solutions (experiments 1, 3, and 5) did
not exceed 19.2% delignification. These results are in agreement with the data reported by Uzuner et
al. [28], who assessed the effects of NaOH concentration on delignification, and achieved a limited
delignification degree (20%). The data were justified on the basis of the high recalcitrance of HS lignin
to depolymerization. Hoşgün and Bozan [20] reported 60% of lignin removal operating at 120 ◦C for
60 min in media containing 2.25% NaOH, conditions that allowed almost complete cellulose recovery.

In this study, as a general trend, the solid dissolution and delignification effects reached in
experiments performed with AS (exp. 2, 4, and 6) increased with the NaOH concentration more than
they did in assays using HS (exp. 1, 3, and 5). The highest lignin removal on the delignification
stage (24.3%) was reached when AS was treated with 8% NaOH at 121 ◦C for 60 min (experiment
6). These results are in accordance with literature using steam-exploded substrates, taking into
account both delignification and autohydrolysis (31.6% of lignin removal for the experiment 4) but
are below for experiments containing NaOH during longer times or NaBH4 (42.5 and 48% lignin
removal, respectively) [27]. The alkaline delignification of hazelnut tree prunings (before and after
hydrothermal processing) was also assessed in media containing 2% NaOH, with a substantially
improved delignification when the pretreated biomass was used as a substrate [37].

In the set of experiments performed with aqueous alkaline solutions (exp 1–6), AS led to higher
hemicellulose removal than the ones carried out with HS. For example, 79.2% hemicellulose removal
was achieved when AS was treated with 8% of NaOH at 121 ◦C for 60 min (exp. 6), conditions under
which more than 20% of cellulose was removed (revealing poor selectivity).

The comparison between experiments performed with aqueous alkaline solutions and
alkaline-organosolv mixtures (7–12) showed that the presence of ethanol resulted in limited additional
delignification (11.3–26.6% of lignin removal). Related results were observed for the solubilization of
cellulose and hemicelluloses. The experiments performed at higher temperatures (exp. 13 and 14) led
to improved delignification degrees. In related studies, alkaline-organosolv methods were successfully
applied to rice husks [35,36]. Native and pretreated sugarcane bagasse were also delignified by
alkaline-organosolv delignification, resulting in a significantly higher lignin removal in the native
samples [38,39].

Fernández-Rodríguez et al. [34] compared organosolv and alkaline delignification treatments of
pre-processed biomass, looking at the manufacture of lignin isolates suitable for valorization alkaline
methods led to the best results for almond shell delignification, whereas the opposite behavior was
observed for olive tree pruning. In our study, as a general trend, organosolv treatments (exp. 15–17)
and acid-catalyzed organosolv assays (exp. 18–22) showed that the amount of cellulose remaining in
the solid phase was hardly altered. In assays using HS as a substrate, the delignification increased with
respect to the ones performed with AS. This conclusion can be confirmed by comparing the results
obtained in assays free from the catalyst (for example, 53.3% lignin removal in exp. 15 in comparison
with 35.2% in experiment 16), and also by data analysis of experiments performed in H2SO4 containing
media (65.3% delignification in exp. 18 in comparison with 47.9% in exp. 19).

Coupling stages of autohydrolysis and organosolv delignification has been reported as a
suitable strategy for the complete fractionation of biomass [1,15,37], providing an alternative
to conventional, single-stage delignification. In a related study, Huijgen et al. [41] compared
organosolv and prehydrolysis-organosolv treatments of wheat straw, concluding that the prehydrolysis
before organosolv resulted in decreased lignin recovery yields, a fact ascribed to the formation of
“pseudo-lignin” and to lignin recondensation during prehydrolysis. El Hage et al. [42] found that
the severity of the autohydrolysis modifies the lignin structure, affecting the subsequent organosolv
delignification. Obama et al. [40] reported lignin alteration upon autohydrolysis, with the participation
of repolymerization reactions (C-C linkages) that negatively affect the further delignification.

In this study, enhanced removal of hemicelluloses from HS and AS was observed in experiments
performed in acid-catalyzed organosolv assays. In runs with AS, high degrees of hemicellulose removal
(87.7% in exp. 19, performed at 180 ◦C for 60 min; or 93.2% in exp. 20, which lasted 120 min) were
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achieved in acid-catalyzed organosolv treatments. These results are significantly higher than the
ones observed for HS (76% hemicellulose removal in exp. 18). However, it can be noted that the AS
hemicellulose content (9.1%) was significantly lower than the one of HS (28.1%). An opposite pattern
was observed in experiments performed in the absence ofan acid catalyst, in which HS reached higher
hemicellulose removal.

According to the above ideas, SY (which is affected by the contents of lignin and hemicelluloses)
were lower for acid-catalyzed experiments. In experiment 18, the limited SY (46.2%) corresponded
to 65.3% lignin removal and 76% hemicellulose removal from HS. Using AS as a substrate under the
same conditions (exp. 19), the SY (64.9%) corresponded to 47.9% and 87.7% removal of lignin and
hemicelluloses, respectively.

A comparative analysis of results confirmed that the conditions of experiments 18 and 19 (dealing
with HS and AS, respectively) were the best ones identified in this study. The liquid phase from HS in
exp. 18 contained the following hemicellulose-derived compounds: xylooligosaccharides, 10.01 g/L;
arabinooligosaccharides, 0.28 g/L; glucooligosaccharides, 0.07 g/L; acetyl groups, 2.25 g/L; xylose,
10.74 g/L; glucose, 0.07 g/L; acetic acid, 2.29 g/L; furfural 1.38 g/L. In comparison, the composition of
the liquid resulting from the acid-catalyzed delignification of AS (exp. 19) contained the following
hemicellulose-derived compounds: glucooligosaccharides, 2.34 g/L; xylooligosaccharides, 1.25 g/L;
acetyl groups, 0.28 g/L; xylose, 4.20 g/L; glucose, 1.98 g/L; acetic acid, 1.06 g/L; furfural 2.06 g/L;
hydroxymethylfurfural, 0.24 g/L.

3.3. Enzymatic Hydrolysis

The results included in this section provide a quantitative assessment of the susceptibility of selected
delignified and autohydrolyzed-delignified solids towards enzymatic hydrolysis. The composition of
the solids is listed in Table 5. The experimental plan included acid-catalyzed organosolv treatments
(assays 18–19), and experiments in ethanol/NaOH media (runs 13–14).

Table 5. Substrates and composition of solids employed as substrates for enzymatic hydrolysis. Data
expressed as average values ± standard deviations.

Substrate for Enzymatic
Hydrolysis

Delignified HS
(from exp. 13)

Delignified AS
(from exp. 14)

Delignified HS
(from exp. 18)

Delignified AS
(from exp. 19)

Solid composition (g/100 g of delignified solid)
Cellulose 29.3 ± 0.5 42.8 ± 0.7 54.0 ± 1.2 55.4 ± 1.9
Xylan 19.3 ± 0.8 3.6 ± 0.1 11.9 ± 0.9 1.7 ± 0.3
Arabinan 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Acetyl groups 0.0 ± 0.0 0.0 ± 0.0 2.0 ± 0.2 0.1 ± 0.1
Klason lignin 41.5 ± 3.5 48.3 ± 2.5 29.0 ± 0.7 40.1 ± 1.2
Acid soluble lignin (ASL) 1.1 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.4 ± 0.0
Other 8.7 4.7 2.5 2.3

Both AS and the solids obtained under the conditions listed in Table 5 presented different behavior
as hydrolysis substrates. Figure 1a shows the cellulose conversions into glucose achieved at selected
reaction times. The highest cellulose conversion (74.2%, corresponding to a volumetric glucose
concentration of 28.52 g/L) was reached when the solids from exp. 18 (HS subjected to acid organosolv
delignification) were hydrolyzed for 96 h. In comparison, the solid from exp. 19 (AS delignified under
the same conditions) was poorly hydrolyzed (conversion below 15%, or 5.62 g glucose/L). HS delignified
with aqueous NaOH/ethanol under the conditions of exp. 13 showed higher hydrolysis conversion
(52.5%) than the one achieved using AS delignified under the same conditions (exp. 14). Despite the low
conversions reached in the experiments performed with autohydrolyzed or autohydrolyzed-delignified
solids (obtained in exp. 14 and 19), the highest enzymatic susceptibility was observed for the substrate
from exp. 14, carried out in aqueous NaOH/ethanol media. In comparative terms, the susceptibility of
the diverse substrates to hydrolysis varied as follows: AS < acid-catalyzed-organosolv AS (exp. 19) <
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aqueous NaOH-organosolv AS (exp. 14) < aqueous NaOH-organosolv HS (exp. 13) < acid-catalysed
organosolv HS (exp. 18).

Literature data reports that the lignin content affects the enzymatic hydrolysis, since cellulases
may bound to lignin irreversibly [40]. In our study, the solid from exp. 18 (which showed the highest
conversion into glucose) presented the highest cellulose/lignin ratio (1.86). In comparison, the solid
from exp. 19 (cellulose/lignin ratio, 1.36) reached considerably lower conversion into glucose than
the solids from exp. 13 and 14 (which presented cellulose/lignin ratios of 0.68 and 0.87, respectively).
Çöpür et al. [27] reported the behavior of different pretreatment techniques on regard to their efficiencies
for the subsequent enzymatic hydrolysis of glucan into glucose from hazelnut husks. The highest
glucan to lignin ratio of pretreated solids was used as criteria for the subsequent saccharification.
Then, they reported a glucan to lignin ratio of 0.99 when HS were treated with combined steam
explosion-NaOH delignification, and a high conversion of glucan into glucose (74.7%) in enzymatic
hydrolysis performed at LSR 20. Hoşgün and Bozan [20] compared the enzymatic susceptibility of HS
treated by different methods (acid, alkali, and steam) and found that the maximum glucose recovery
(58.7%) corresponded to samples pretreated with NaOH. Similar results were reported with alkali
delignified HS when solids were enzymatically hydrolyzed at higher LSR and ESR than were used in
this work [28].

Hallac et al. [43] reported that the relationship between the lignin content of pretreated Buddleja

davidii samples and their enzymatic susceptibility was not proportional. Huijgen et al. [41] compared
the digestibility of delignified and prehydrolyzed-delignified wheat straw, and concluded that
prehydrolysis prior to organosolv improved the enzymatic cellulose digestibility, despite the low lignin
removal in delignification. Yang and Pan [44] discussed some aspects of the complexity of lignin
effects on the enzymatic hydrolysis: a) high lignin content does not necessarily predict poor enzymatic
digestibility; b) not all lignins have the same inhibitory effect on enzymatic hydrolysis of cellulose,
since lignin from different sources had varying inhibitory effects, greatly related to lignin structures
and properties; c) not all the lignin in the same substrate has the same inhibitory effect. On the basis of
these observations, they studied the inhibitory effect of lignin with varied physicochemical properties
from different biomass sources on the enzymatic hydrolysis of cellulose, and concluded that the lignin
inhibition to enzymatic hydrolysis of cellulose was related to the hydrophobicity or the phenolic
hydroxyl groups of lignin.

The data in Figure 1b show that the residual xylan in the hydrolysis substrates was extensively
hydrolyzed into xylose. For example, in exp. 18, 80% of xylan was converted into xylose, which reached
7.03 g/L. Sun et al. [30] reported that some accessory enzymes in the enzymatic hydrolysis of natural
lignocellulosic substrates favored an efficient conversion, and underlined the role of the high specific
xylanase activity of the complex Cellic CTec2.
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Figure 1. Effect of the enzymatic hydrolysis in the conversion of: (a) cellulose to glucose; (b) xylan to
xylose, of spent solids from HS and AS processed under selected conditions of alkaline-organosolv,
acid-catalyzed organosolv, and AS.

4. Conclusions

This study deals with the integral fractionation of HS, based on selected delignification methods
(in alkaline, alkaline-organosolv, organosolv or acid-catalyzed organosolv media). Both HS and
autohydrolyzed HS (AS) were used as substrates for delignification.

HS treated in acid-catalyzed organosolv media reached the highest delignification degree
(65.3%), enabling the production of valuable hemicellulose-derived products (about half of them
in the form of oligosaccharides), with limited cellulose losses from the solid phase. Alternatively,
autohydrolysis led to the partial solubilization of hemicelluloses (mainly as oligosaccharides), and
the subsequent acid-catalyzed organosolv of AS resulted in the simultaneous solubilization of the
remaining hemicelluloses (87.7%) and lignin (47.9%).

The enzymatic hydrolysis of solids from delignification or autohydrolysis-delignification
treatments confirmed that acid-catalyzed organosolv of HS provided the best substrate for
enzymatic hydrolysis (74.2% cellulose conversion into glucose, with a volumetric concentration
of 28.52 g glucose/L).
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Then, the strategy approaches reported in this work can be considered as “conventional” but
promising alternatives for the integral fractionation of HS in the scope of biorefinery.
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20. Hoşgün, E.Z.; Bozan, B. Effect of different types of thermochemical pretreatment on the enzymatic hydrolysis

and the composition of hazelnut shells. Waste Biomass Valorization 2020, 11, 3739–3748. [CrossRef]

21. FAO. Hazelnut Production. 2018. Available online: http://www.fao.org/faostat/en/#data/QC/visualize

(accessed on 9 October 2020).

22. Yuan, B.; Lu, M.; Eskridge, K.M.; Isom, L.D.; Hanna, M.A. Extraction, identification and quantification of

antioxidant phenolics from hazelnut (Corylus avellana L.) shells. Food Chem. 2018, 244, 7–15. [CrossRef]

[PubMed]

23. Pérez-Armada, L.; Rivas, S.; González, B.; Moure, A. Extraction of phenolic compounds from hazelnut shells

by green processes. J. Food Eng. 2019, 255, 1–8. [CrossRef]

24. Demirbas, A. Oils from hazelnut shell and hazelnut kernel husk for biodiesel production. Energy Sources Part

A Recovery Util. Environ. 2008, 30, 1870–1875. [CrossRef]

25. Surek, E.; Buyukkileci, A.O. Production of xylooligosaccharides by autohydrolysis of hazelnut (Corylus

avellana L.) shell. Carbohyd. Polym. 2017, 174, 565–571. [CrossRef] [PubMed]

26. Aydinli, B.; Caglar, A. The investigation of the effects of two different polymers and three catalysts on

pyrolysis of hazelnut shell. Fuel Process. Technol. 2012, 93, 1–7. [CrossRef]

27. Çöpür, Y.; Tozluoglu, A.; Özkan, M. Evaluating pretreatment techniques for converting hazelnut husks to

bioethanol. Bioresour. Technol. 2013, 129, 182–190. [CrossRef]

28. Uzuner, S.; Sharma-Shivappa, R.R.; Cekmecelioglu, D. Bioconversion of alkali pretreated hazelnut shells

to fermentable sugars for generation of high value products. Waste Biomass Valorization 2017, 8, 407–416.

[CrossRef]

29. Hoşgün, E.Z.; Berikten, D.; Kivanç, M.; Bozan, B. Ethanol production from hazelnut shells through enzymatic

saccharification and fermentation by low-temperature alkali pretreatment. Fuel 2017, 196, 280–287. [CrossRef]

30. Sun, F.F.; Hong, J.; Hu, J.; Saddler, J.N.; Fang, X.; Zhang, Z.; Shen, S. Accesory enzymes influence cellulase

hydrolysis of the model substrate and the realistic lignocellulosic biomass. Enzym. Microb. Technol. 2015, 79,

42–48. [CrossRef]

31. TAPPI Method T 264 cm-07. Preparation of wood for chemical analysis. Available online: https://imisrise.

tappi.org/TAPPI/Products/01/T/0104T264.aspx (accessed on 21 January 2020).

32. TAPPI Method T 211 om-07. Ash in wood, pulp, paper and paperboard: Combustion at 525 ◦C. Available

online: https://imisrise.tappi.org/TAPPI/Products/01/T/0104T211.aspx (accessed on 21 January 2020).

33. TAPPI Method T 249 cm-00. Carbohydrate composition of extractive free wood and wood pulp by gas–liquid

chromatography. Available online: https://imisrise.tappi.org/TAPPI/Products/01/T/0104T249.aspx (accessed

on 21 January 2020).

34. Fernández-Rodríguez, J.; Erdocia, X.; Sánchez, C.; González Alriols, M.; Labidi, J. Lignin depolymerization

for phenolic monomers production by sustainable processes. J. Energy Chem. 2017, 26, 622–631. [CrossRef]

35. Dagnino, E.P.; Felissia, F.E.; Chamorro, E.; Area, M.C. Optimization of the soda-ethanol delignification stage

for a rice husk biorefinery. Ind. Crop. Prod. 2017, 97, 156–165. [CrossRef]

36. Dagnino, E.P.; Felissia, F.E.; Chamorro, E.; Area, M.C. Studies on lignin extraction from rice husk by a

soda-ethanol treatment: Kinetics, separation, and characterization of products. Chem. Eng. Res. Des. 2018,

129, 209–216. [CrossRef]

37. Sabanci, K.; Buyukkileci, A.O. Comparision of liquid hot water, very dilute acid and alkali treatments for

enhancing enzymatic digestibility of hazelnut tree pruning residues. Bioresour. Technol. 2018, 261, 158–165.

[CrossRef] [PubMed]

105



Agronomy 2020, 10, 1568

38. Mesa, L.; González, E.; Ruiz, E.; Romero, I.; Cara, C.; Felissia, F.; Castro, E. Preliminary evaluation of

organosolv pre-treatment of sugar cane bagasse for glucose production: Application of 23 experimental

design. Appl. Energy 2010, 87, 109–114. [CrossRef]

39. Mesa, L.; González, E.; Cara, C.; González, M.; Castro, E.; Mussatto, S.I. The effect of organosolv pretreatment

variables on enzymatic hydrolysis of sugarcane bagasse. Chem. Eng. J. 2011, 168, 1157–1162. [CrossRef]

40. Obama, P.; Ricochon, G.; Muniglia, L.; Brosse, N. Combination of enzymatic hydrolysis and ethanol organosolv

pretreatments: Effect on lignin structures, delignification yields and cellulose-to-glucose conversion. Bioresour.

Technol. 2012, 112, 156–163. [CrossRef] [PubMed]

41. Huijgen, W.J.J.; Smit, A.T.; de Wild, P.J.; den Uil, H. Fractionation of wheat straw by prehydrolysis, organosolv

delignification and enzymatic hydrolysis for production of sugars and lignin. Bioresour. Technol. 2012, 114,

389–398. [CrossRef]

42. El Hage, R.; Chrusciel, L.; Desharnais, L.; Brosse, N. Effect of autohydrolysis of Miscanthus x giganteus on

lignin structure and organosolv delignification. Bioresour. Technol. 2010, 101, 9321–9329. [CrossRef]

43. Hallac, B.B.; Sannigrahi, P.; Pu, Y.; Ray, M.; Murphy, R.J.; Ragauskas, A.J. Effect of ethanol organosolv

pretreatment on enzymatic hydrolysis of Buddleja davidii Stem Biomass. Ind. Eng. Chem. Res. 2010, 49,

1467–1472. [CrossRef]

44. Yang, Q.; Pan, X. Correlation between lignin physicochemical properties and inhibition to enzymatic

hydrolysis of cellulose. Biotechnol. Bioeng. 2016, 113, 1213–1224. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access

article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

106



agronomy

Article

Production of Cellulose Nanofibers from Olive Tree
Harvest—A Residue with Wide Applications

Mónica Sánchez-Gutiérrez 1,2 , Eduardo Espinosa 1,* , Isabel Bascón-Villegas 1,2 ,

Fernando Pérez-Rodríguez 2, Elena Carrasco 2 and Alejandro Rodríguez 1,*

1 Bioagres Group, Chemical Engineering Department, Universidad de Córdoba, Marie-Curie Building,
14014 Córdoba, Spain; v02sagum@uco.es (M.S.-G.); q12bavii@uco.es (I.B.-V.)

2 Food Science and Technology Department, Universidad de Córdoba, Darwin Building, 14014 Córdoba,
Spain; b42perof@uco.es (F.P.-R.); bt2cajie@uco.es (E.C.)

* Correspondence: eduardo.espinosa@uco.es (E.E.); a.rodriguez@uco.es (A.R.)

Received: 20 April 2020; Accepted: 11 May 2020; Published: 13 May 2020
����������
�������

Abstract: With the aim of identifying new sources to produce cellulose nanofibers, olive tree pruning
biomass (OTPB) was proposed for valorization as a sustainable source of cellulose. OTPB was
subjected to a soda pulping process for cellulose purification and to facilitate the delamination of
the fiber in the nanofibrillation process. Unbleached and bleached pulp were used to study the
effect of lignin in the production of cellulose nanofibers through different pretreatments (mechanical
and TEMPO-mediated oxidation). High-pressure homogenization was used as the nanofibrillation
treatment. It was observed that for mechanical pretreatment, the presence of lignin in the fiber
produces a greater fibrillation, resulting in a smaller width than that achieved with bleached fiber.
In the case of TEMPO-mediated oxidation, the cellulose nanofiber characteristics show that the
presence of lignin has an adverse effect on fiber oxidation, resulting in lower nanofibrillation. It was
observed that the crystallinity of the nanofibers is lower than that of the original fiber, especially
for unbleached nanofibers. The residual lignin content resulted in a greater thermal stability of the
cellulose nanofibers, especially for those obtained by TEMPO-mediated oxidation. The characteristics
of the cellulose nanofibers obtained in this work identify a gateway to many possibilities for
reinforcement agents in paper suspension and polymeric matrices.

Keywords: olive tree harvest; lignocellulose nanofibers; circular economy; valorization; pretreatments;
high-pressure homogenization

1. Introduction

The concept of the circular economy—a system where waste generation is minimized by
reintroducing residues and by-products into the production cycle—can be applied, to a large extent, to
production processes that use natural resources. This is one of the bases that support the so-called
bioeconomy, the need for the integral valorization of natural resources. In Europe, agriculture
constitutes approximately 63% of the total biomass supply; forestry, about 36%; and fisheries, less than
1% [1]. It is therefore essential to focus on the recovery of waste generated by the agricultural sector in
order to guide the economic strategy towards a circular economy and bioeconomy.

Spain is the leading country in olive and olive oil production with an average annual output
of 9.8 million tons of olives, more than five times that of the second largest producer, Italy, with 1.8
million tons per year [2]. Spain represents 47% of worldwide olive production and 72% of European
production. As consequence of this production, after harvest, a large number of different types of
lignocellulosic materials are generated (pruning, leaves, stones, pomace, etc.), which generally have no
industrial application and must be discarded. It is estimated that for the production of one kg of fruit,
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more than 0.8 kg of waste is generated, meaning more than 7.5 million tons of olive harvest waste per
year, waste that could be valorized in Spain. Olive tree pruning biomass (OTPB), in common with any
lignocellulosic material, mainly consists of cellulose, lignin and hemicellulose; and other non-structural
minority compounds such as pigments, proteins, ashes, etc. This biomass can be fractionated into
its various components by means of biorefinery processes. This fractionation of the OTPB into its
lignocellulosic components has been widely studied by the scientific community, testing its application
as a source of sugar [3], substrate for ethanol production [4], lignin [5], energy [6], building materials [7]
and cellulose fibers for paper and cardboard production [8].

One of the most interesting avenues for the valorization of the agricultural residues is the
production of nanocellulose as an alternative to wood sources [9]. Nanocellulose presents unique
properties such as a high surface area, unique optical properties, lightweightness, stiffness and a high
strength, in addition to its inherent properties in common with cellulose (renewable, biodegradable and
sustainable) [10]. These properties allow the possibility of using this nanomaterial in many industrial
sectors, expecting to reach a global turnover around 10,000 M€ in 2020 [11]. The wide range of
applications of nanocellulose-based materials include the paper and cardboard industry [12], electronic
devices [13], energy [14], cosmetics [15], composites [16], wastewater treatment [17], catalysts [18],
construction [19], drug carriers [20] and biomedicine [21]. The use of agricultural residues, such as
OTPB, as a source for the local, renewable and sustainable production of nanocellulose will allow
countries with insufficient forest resources to produce these high value-added products.

Cellulose nanofibers (CNFs), also known as nanofibrillated cellulose, are one of the existing types
of nanocellulose (along with cellulose nanocrystals and bacterial cellulose). CNFs are long (several
microns), flexible (presenting both types of cellulose region, crystalline and amorphous), nanometric
(1–100 nm in width) and are extracted from cellulosic fibers by mechanical methods [22]. The mechanical
treatment aims at the isolation of the cellulose nanofibers by the delamination of the fibers. Several
mechanical treatments have been studied, including high pressure homogenization [23], twin-screw
extrusion [24], micro-fluidization [25] and ultrafine-friction grinding [26], the most commonly used.
One of the great disadvantages of these treatments is the large number of passes that the fibers
have to undergo and the long time required to produce delamination. Therefore, to facilitate and
increase the effectiveness of the treatment, fibers are subjected to a previous process, known as
pretreatment. Likewise, there are many pretreatments, but the most widely used and most effective are
mechanical pretreatment [27], enzymatical pretreatment [28], TEMPO-mediated oxidation [29] and
surface functionalization [30]. To study the effectiveness of the different treatments, it is crucial to
determine the chemical composition of the source, to optimize the process of fiber obtention and to
adequately characterize the final product.

In this work, olive tree pruning biomass has been valorized as a lignocellulosic source for the
obtention of cellulose nanofibers as a high value-added product. The suitability of the chemical
composition of the raw material and the fiber in cellulose nanofiber production has been studied.
In order to study the effect of lignin on the effectiveness of nanofibrillation and its properties, the
cellulose fiber was subjected to a bleaching process. Both types of fiber, bleached and unbleached,
were subjected to two independent pretreatments, mechanical pretreatment and TEMPO-mediated
oxidation, followed by high pressure homogenization treatment. The cellulose nanofibers obtained
were widely characterized in terms of their chemical composition, morphology, thermal stability
and crystallinity.

2. Materials and Methods

2.1. Sample Preparation

In this study, the raw material was obtained after the annual pruning of an olive tree plantation in
the province of Córdoba (Spain), following olive harvest. The olive tree prunings were air-dried at
room temperature until their moisture content was below 8% and stored until use. Before the raw
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material was subjected to the pulping process, it was chipped in an automatic grinder to obtain chips
of 4–5 cm length to facilitate the fractioning of the lignocellulosic components.

2.2. Pulping Process

The olive chips were subjected to a pulping process in a 15 L capacity reactor, heated by an
external heating jacket and rotated by means of a horizontal axis. The process carried out was a soda
pulping process using 16% NaOH (on dry matter) as a reaction agent, at 170 ◦C for 60 min and a
liquid/solid ratio of 8:1. The conditions were selected according to previous studies and the experience
of the research group for the production of cellulose pulp for paper production [31,32] After pulping,
the treated chips were dispersed in a pulp disintegrator for 30 min at 1200 rpm. Once the chips were
disintegrated, the fiber was passed through a Sprout-Bauer beater and separated by sieving through a
netting of 0.14 mm mesh size. The cellulosic pulp was centrifuged to remove excess water and left to
dry at room temperature until use. Afterwards, the unbleached pulp was subjected to a bleaching
process. For this purpose, 0.3 g of sodium chlorite per gram of pulp was incubated in a 0.3% pulp
suspension in water at 80 ◦C for 3 h. After cooling, the pulp was filtered and washed with acetone and
several cycles of distilled water (Figure S1). This bleaching process allows the removal of practically all
the lignin present in the fiber, maintaining the entire carbohydrate composition [33]. This makes it
possible to study the effect of lignin on the production of cellulose nanofibers and their characteristics.

2.3. Raw Material and Cellulosic Pulp Characterization

The olive tree pruning biomass and the cellulosic pulp obtained were characterized in terms of
the chemical composition of the lignocellulose matrix. Both were characterized according to their
content of ethanol extractables, hot water extractables, ashes, lignin, hemicelluloses and α-cellulose
according to the TAPPI standards T-204, T-435, T-211, T-222, T-9m-54 and T-203 cm-09, respectively.
The determination of each component of the chemical characterization was performed in triplicate and
the means and standard deviations were calculated.

2.4. Cellulose Nanofiber Production

To obtain cellulose nanofibers (CNFs), two independent pretreatments were used, mechanical
beating and TEMPO-mediated oxidation, both followed by a high-pressure homogenization treatment.

The mechanical pretreatment consisted of a mechanical refining (PFI beater) according to the
ISO 5264-2:2002 standard, during 40,000 revolutions, to reach a Schopper–Riegler Degree (ºSR) of
90 [26]. This pretreatment allows the fibrillation of the cellulose fibers by shear forces to facilitate
nanofibrillation in the subsequent treatment. The TEMPO-mediated oxidation was carried out
following the methodology described by Saito et al. [29]. The reaction was carried out at pH 10 and
started with the addition of a specific amount of NaClO solution in order to obtain an oxidative power
of 5 mmol per g of fiber. Once the addition of NaClO was complete, the pH was maintained by adding
a 0.5 M NaOH solution. The reaction was finished when the pH remained stable.

A 1% pretreated fiber suspension was subjected to a nanofibrillation process in a high-pressure
homogenizer (PandaPlus 2000, GEA Niro, Düsseldorf, Germany) in order to isolate the nanofibers
that form the cellulose fibers. To avoid the occlusion of the homogenizer, gradual fibrillation was
performed in the following sequence: 4 passes at 300 bars, 3 passes at 600 bars and 3 passes at 900 bars.
This treatment has been demonstrated as an effective way of obtaining cellulose nanofibers from
different raw materials and pretreatments [34].

By means of the mechanical and TEMPO-mediated oxidation pretreatments, CNFs were obtained,
although in the case of unbleached pulp, residual lignin content remained in the final product
(lignocellulose nanofibers; LCNF).
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2.5. Cellulose Nanofiber Characterization

In order to evaluate the suitability of the different pretreatments and the effect of the residual
lignin in the final products, the CNFs/LCNFs obtained were deeply characterized. The nanofibrillation
yield, which determines the nanometric fraction of the CNF suspension by the separation of the
non-nanometric material by centrifugation, was determined according to the methodology described
by Besbes et al. [35]. For this, a 0.1% cellulose nanofiber suspension was centrifuged at 11,000 × g for
12 min. The dry weight of the non-nanometric material precipitated during centrifugation compared
to the dry weight of the initial suspension was used to inversely determine the nanofibrillation yield.
The optical transmittance at 800 nm of the 0.1% cellulose nanofiber suspension was measured using
a Lambda 25 UV-Spectrometer. The carboxyl content (CC) was determined using conductimetric
titration as described by Besbes et al. [35]. The cationic demand (CD) was determined using a particle
charge detector Mütek PCD 05 following the protocol described by Espinosa et al. [23]. The values of
cationic demand and carboxyl content are used for the theoretical calculation of the specific surface area
of the cellulose nanofibers assuming a simultaneous interaction between the hydroxyl and carboxyl
groups of the cellulose nanofiber surface and PolyDADMAC in the monolayer coating [23]. Assuming
the cylindrical geometry of the cellulose nanofiber and using the specific surface, it is possible to
determine the width of the nanofibers. This method has been evaluated in previous publications, and
the theoretical values are very good approximations to the values observed by electron microscopy [23].

2.6. Viscosity, Degree of Polymerization and Length
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The length of the cellulose nanofiber was estimated from the degree of polymerization values
using the equation proposed by Shinoda et al. [37]:

Length (nm) = 4.286 × DP-757 (3)

The measurements were made in triplicate, and the mean value and standard deviation
were calculated.

2.7. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

The chemical structure of the cellulose nanofiber was analyzed by FTIR analysis. A FTIR-ATR
Perkin-Elmer Spectrum Two was used to collect 20 infrared spectra in the range of 450–4000 cm−1 with
a resolution of 4 cm−1. The analysis was performed on a CNF film prepared by hot-drying the cellulose
nanofiber suspension.

2.8. X-Ray Diffraction (XRD) Analysis

The X-ray diffraction patterns of the cellulosic pulp and CNFs were obtained using a Bruker D8
Discover with a monochromatic source CuKα1 with an angular range of 5◦–50◦ at a 1.56◦/min scan
speed. The crystallinity index (CI) was calculated following the equation proposed by Segal et al. [38].

2.9. Thermogravimetric Analysis (TGA)

The thermal stability of the cellulosic fiber and cellulose nanofibers were measured using a Mettler
Toledo Thermogravimetric analyzer (TGA/DSC 1). The measurements were performed by heating the
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samples (10.0 ± 1.0 mg) from room temperature to 600 ◦C at a heating rate of 10 ◦C/min under a nitrogen
atmosphere with a nitrogen gas flow of 50 mL·min−1. The temperature at which the degradation rate
was at its maximum (Tmax) was evaluated analyzing the TGA equivalent derivate (DTG).

3. Results and Discussion

3.1. Cellulosic Fiber Production and Characterization

The chemical composition of the OTPB and the cellulosic pulp obtained is shown in Table 1.
This composition is similar to that reported in previous work [39]. OTPB was subjected to a soda
pulping process to facilitate the deconstruction of the cellulose fiber and the purification of the
lignocellulosic components. The soda pulping process showed a yield of 32.0%, similar to other more
polluting processes such as kraft pulping (33%) [40].

Table 1. Chemical composition of olive tree pruning biomass and cellulosic pulp.

Ext. EtOH (%) Ext. AQ (%) Ashes (%) Lignin (%) Hemicellulose (%) α-Cellulose (%)

Olive tree
pruning
biomass

10.11 ± 0.74 6.2 ± 0.46 1.20 ± 0.04 21.80 ± 1.10 25.70 ± 0.47 41.41 ± 0.76

Olive cellulosic
pulp

1.18 ± 0.02 0.02 ± 0.01 2.20 ± 0.01 14.60 ± 0.52 25.68 ± 0.08 59.67 ± 0.02

As can be observed, the non-structural elements (Ext. EtOH and Ext. AQ) were drastically reduced
after the pulping process. In addition, the lignin content in the fiber was reduced to 14.6%. On the
other hand, the cellulosic fraction was purified and concentrated to almost 60% (similar to the value
achieved by the kraft process) [40]. The hemicellulose content is a key parameter in the effectiveness of
the nanofibrillation process. This component acts as a hydrated steric barrier to microfibril aggregation,
preventing the re-agglomeration of the delaminated fiber. Chacker et al. [41] analyzed the role of
hemicelluloses in the nanofibrillation process, determining that a hemicellulose content of about 25%
in fiber is the ideal value to obtain the maximum efficiency in nanofibrillation. In pulps with a 12% of
hemicellulose content, the fibrillation yield decreases by half in comparison with higher hemicellulose
content pulps. The OTPB pulp obtained in this work retains most of the hemicelluloses present in the
initial raw material, showing a content of 25.68%, higher than that in the OTBP kraft pulp studied in
previous work [37]. Compared to other cellulosic pulps successfully used in the production of cellulose
nanofibers, OTPB showed a higher hemicellulose content than Eucalyptus kraft pulp (19.40%), kraft
pine pulp (14%) and other agricultural residues such as corn (20%), wheat (23.30%), barley (18.30%),
oat (16.40%), banana leaves (20.28%), tomato (11%) and lime residues (10%), oil palm empty fruit
bunches (22%) and Brazilian satintail plants (9%) [40,42–46]. It is therefore concluded that the pulping
process carried out produces cellulose pulp with an optimum chemical composition for the production
of cellulose nanofibers.

The cellulosic pulp obtained was characterized in terms of thermal stability and crystallinity.
Figure 1a shows the thermal degradation behavior of the OTBP cellulosic pulp. The OTBP pulp showed
a multi-step degradation process by the presence of several components such as lignin, hemicellulose
and cellulose that are degraded at different temperatures in the range studied. The initial weight loss
step in the region of 30–120 ◦C is associated with the evaporation of the absorbed and bound water in
the fiber. The thermal degradation in the temperature range 120–350 ◦C is related to the breaking of
glycosidic bonds, the pyrolysis of polysaccharides and the depolymerization of lignin, hemicellulose
and cellulose. In the last region at 350–600 ◦C, the weight loss is due to the pyrolysis of cellulose
fibers and the remaining carbonaceous residue [47]. The DTG peak shows that the temperature of
the maximum degradation (Tmax) of fiber is observed at 348 ◦C. Figure 1b shows the X-ray diffraction
patterns of the fiber structure. It is possible to observe that it presents two major diffractions peaks
at 2θ = 16.1◦ and 22.5◦ corresponding to the 110 and 200 reflection planes of cellulose I’s structure.
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The crystallinity index of the cellulosic fiber can be calculated by comparing the reflection intensity of
the peak at 22.5◦ (crystalline region) and the valley region between the two peaks associated with the
amorphous region [38]. The CI observed for the OTPB pup was 60.26%. Considering that the only
lignocellulosic element that can present crystallinity is α-cellulose, it is deduced that all of the cellulose
present in the fiber (59.67 ± 0.02) shows a crystalline disposition, compared to the amorphous elements,
hemicellulose and lignin, which do not provide crystallinity to the sample.
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Figure 1. (a) Thermogravimetric analysis (TGA) and TGA equivalent derivate (DTG) curves and (b) the
XRD pattern of OTBP pulp.

3.2. Cellulose Nanofiber Isolation and Characterization

The OTPB pulp was bleached to eliminate the lignin content while maintaining the carbohydrates
in the fiber (hemicellulose and cellulose) and thus study the effect of lignin on the production of
cellulose nanofibers through different pretreatments. Unbleached and bleached pulp were used for
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the production of lignocellulose nanofibers (LCNF) and cellulose nanofibers (CNF), respectively,
through two different pretreatments, mechanical (Mec) and TEMPO-mediated oxidation (TO).
The characterization of the different cellulose nanofibers in terms of nanofibrillation yield, transmittance,
cationic demand, carboxyl content and morphology is shown in Table 2.

Table 2. Lignocellulose nanofiber and cellulose nanofiber characterization.
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c .33
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(%) T800 (%) CD (µeq/g) CC (µmols/g) σ (m2/g) Width (nm) Length (nm)

LCNF-Mec 15.33 ± 0.47 9.12 253.33 ± 18.64 150.72 ± 15.17 49.97 50 4671
LCNF-TO 17.98 ± 0.89 13.74 223.85 ± 18.62 152.43 ± 6.63 34.78 71 1478
CNF-Mec 13.34 ± 0.02 18.27 240.06 ± 18.86 147.83 ± 3.63 44.78 55 3331
CNF-TO 26.44 ± 4.15 50.59 521.27 ± 9.33 311.95 ± 19.02 101.93 24 705
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) for the LCNF and CNF ranges from 13.34% to 26.44%. These low
yields in comparison with those for cellulose nanofibers obtained by enzymatic hydrolysis or the
TEMPO-mediated oxidation of CNF from fully bleached wood pulp show that the obtained suspension
is composed of cellulose nanofibers with large widths and cellulose microfibers [48,49]. The optical
transmittance (T800) of the cellulose nanofiber suspension is an indirect indicator of the nanofibrillation
yield. The cellulose microfibers contained in the suspension produce a higher light scattering compared
to the nanofibers, so this parameter is highly related to yield and nanometric width. As with
nanofibrillation yield, only slight differences in T800 are observed between the various nanofibers,
except for CNF-TO. Since the chemical compositions of LCNF and CNF are different, the transmittance
of the suspensions should not be considered as a key parameter in the characterization of the suspensions
since lignin affects the refractive index. It is observed that CNF-TO presents a higher transmittance
due to the fact that it presents a significantly higher nanofibrillation yield than the rest of nanofibers,
and in addition, it does not contain lignin in its composition.

Cationic demand (CD) refers to the ability of the anionic surface of nanofibers to capture and
interact with cationic substances. This value is highly related to the specific surface of the nanofiber;
the larger the surface, the greater the capacity for interaction and the carboxyl content on that surface.
The values of both parameters for LCNF-Mec, LCNF-TO and CNF-Mec are similar or even higher
than what has been reported in the literature for CNF obtained by mechanical pretreatment or
TEMPO-mediated oxidation from fibers with high lignin content [34,50–53]. It is observed again
that there are not great differences in the cationic demand and carboxyl content, except for CNF-TO.
In CNF-TO, TEMPO-mediated oxidation is much more effective that when it is performed on LCNF, as
revealed by the increase in carboxyl content. It is observed that CNF-TO increases the carboxyl content
by more than double compared to CNF-Mec. This increase is produced by the conversion of hydroxyl
groups at the C6 positions on the surface of the cellulose fibers into carboxyl groups, enabling the
delamination of the fiber by the electrostatic repulsion of the charged fiber surface [54]. On the other
hand, in the case of LCNF, differences between both pretreatments are negligible. The presence of
lignin in the fiber can affect the effectiveness of the oxidation reaction because the reaction activator,
NaClO, is also consumed as the bleaching agent, producing the oxidation and dissolution of the lignin,
thus preventing the selective activation of the catalyst. In fibers previously reported in literature with
a lignin content lower than 10%, a partial oxidation of the -OH groups of the cellulose is produced,
reaching maximum values of 300 µmol/g, higher than those reached for LCNF-TO described in this
work (152.34 µmols/g), but not as high as those obtained for bleached wood pulps that can reach 1000
µmol/g [34,49,52].

The specific surface values, again, show differences in CNF-TO, which shows a considerably
higher result than the other cellulose nanofibers. This is a very important parameter when using
cellulose nanofibers as a reinforcing agent in materials produced from lignocellulosic materials such
as paper, cardboard or fiberboards [12,55]. A larger specific surface area allows for a higher bonding
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capacity with adjacent fibers, thus improving the mechanical properties of the final product. Cellulose
nanofibers with similar specific surface areas produce an increase about 100% in the mechanical
properties of paper and carboard with low amounts of LCNF addition (3%) [53].

Nanofiber width, despite being within the nanometric range (24–71 nm), presents some differences
that are discussed. For mechanical pretreatment, the presence of lignin in the fiber (LCNF-Mec)
produces greater fibrillation in the fiber, producing a smaller width than CNF-Mec. This could be due
to the lignin antioxidant action that prevents the re-bonding of the covalent bonds broken during the
mechanical treatments [56]. Regarding TEMPO-mediated oxidation, differences are shown with the
presence of lignin, being adverse because of the effect explained above. The length of nanofibers is an
important parameter when analyzing the suitability of the application of cellulose nanofibers. The lignin
content can affect the effectiveness of the method used for length determination through intrinsic
viscosity. However, this method allows an estimation of the effect of the different pretreatments on the
length parameter. In a generalized way, decreases in the lengths were observed when the fiber was
subjected to TEMPO-mediated oxidation of 68.4% and 78.8% for LCNF-TO and CNF-TO, respectively,
with respect to those following mechanical pretreatment. It is caused by the degradation of the cellulose
amorphous regions into gluconic acid or cellulose-derived small fragments by depolymerization and
β-elimination [57]. The length of the nanofibers is strongly related to the mechanical properties of the
final composites made of cellulose nanofibers. It is therefore necessary to achieve a balance between
the nanometric size reached during the nanofibrillation process and the shortening of the fiber due to
its degradation. The aspect ratio (L/D) is a parameter that shows the relationship between length and
width. It is observed that the different cellulose nanofibers showed aspect ratios of 93.44, 20.82, 60.56
and 29.38 for LCNF-Mec, LCNF-TO, CNF-Mec and CNF-TO, respectively. It is shown that although
the mechanically pretreated nanofibers present a higher width than CNF-TO, they had a higher aspect
ratio due to the low degradation that they underwent in the production process. Therefore, even
though CNF-TO has a larger specific surface area and is thus more suitable for application in products
made from lignocellulosic material (paper, cardboard, etc.), LCNF-Mec and CNF-Mec would show
better behavior when added as a reinforcing agent on polymeric matrices [58].

The chemical composition of the different cellulose nanofibers was analyzed by a FTIR technique
(Figure 2). All analyzed samples, as expected, show a spectrum typical of lignocellulosic materials.
The peaks at 3300 and 2900 cm−1 are associated with the stretching vibration of the OH and CH groups
present in the cellulose chains. The peaks in the range of 1350–1250 cm−1 are attributed to the presence
of chemical groups of the hemicelluloses. The peaks at 1190, 1070 and 890 cm−1 are associated with the
stretching and rocking vibrations of the C-O, C-H and CH2 groups of cellulose [52]. However, there
are some differences between the various cellulose nanofibers. It is observed that cellulose nanofibers
obtained from OTPB bleached pulp (CNF-Mec and CNF-TO) do not show the peak at 1510 cm−1 that is
observed in lignocellulose nanofibers (LCNF). This peak is related to the C=C symmetrical stretching of
the aromatic rings, characteristic of the lignin. As expected, due to the nearly total elimination of lignin
content in the bleached pulp, this peak is not observed in CNF. Another difference is observed in the
peak at 1610 cm−1, corresponding to the C = O stretching vibration in carboxyl groups. An important
increase in the intensity of the peak is observed in the CNF-TO due to the regioselective conversion of
C6 primary hydroxyl groups to carboxyl groups by the TEMPO-mediated oxidation.

The effects of the different pretreatments on the crystallinity of the cellulose nanofibers are
shown in Figure 3. It is observed that the same peaks related to the 110 and 200 reflection planes of
cellulose I are observed again, implying that the crystalline structure of the original fiber is maintained.
The crystallinity index (CI) was calculated in the same way as for OTPB pulp. It shows that cellulose
nanofibers present a lower CI (24%–49%) than the original fiber (60.26%). With regards to nanofibers
obtained by mechanical pretreatment, they are produced by the disordering of the crystalline regions
of the cellulose chain by the shear forces produced in the high-pressure homogenization process and
during mechanical pretreatment. For TEMPO-mediated oxidized nanofibers, they are produced by
the conversion of ordered cellulose structures into disordered structures by the sodium glucuronosyl
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units during the oxidation reaction [59]. CNF is observed to have a greater crystallinity than LCNF.
This is due to the lignin elimination during the bleaching process and the consequent elimination of
the amorphous component of the lignocellulose matrix, increasing the total crystallinity of the fiber.
In addition, it is observed that mechanical pretreatment produced a greater disordering in the cellulose
chain than the TEMPO-mediated oxidation.
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Figure 2. FTIR spectra of the different cellulose nanofibers.
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The thermal stability of the different cellulose nanofibers was studied through the analysis of
the TGA and DTG curves (Figure 4). The thermal degradation behavior shows three degradation
stages observed in the initial fiber: (i) moisture loss, (ii) glycosidic bond degradation and (iii) cellulose
pyrolysis. It is observed that LCNF (Figure 4a) and CNF (Figure 4b) present lower values for maximum
thermal degradation, i.e., a lower Tmax, than that obtained for OTPB pulp (348 ◦C). This is due to
the larger specific surface of the nanometric-size fibers, which means that they are more exposed
to heat, and degradation occurs more quickly than in the original fiber. It can be seen that for
cellulose nanofibers obtained by mechanical pretreatment, there are no differences according to the
presence or absence of lignin, both showing a Tmax = 343 ◦C. However, analyzing the total mass
loss, it is observed that a residual mass at 600 ◦C of 15.14% remains for LCNF-Mec compared to
8.95% for the CNF-Mec. This fact is not indicative of a higher thermal stability, but it indicates that a
greater carbonaceous residue is produced after the pyrolysis of the lignocellulosic components due to
the aromatic structure of lignin. Regarding the cellulose nanofibers obtained by TEMPO-mediated
oxidation, noticeable differences are observed, showing maximum degradations at 325 ◦C and 298 ◦C
for LCNF-TO and CNF-TO, respectively. CNF-TO presents worse thermal stability than LCNF-TO
and the products obtained by mechanical pretreatment, since in addition to the nanometric size, it has
a greater number of free ends (higher cationic demand and carboxyl content), which favors thermal
degradation [60]. In addition, contrarily to what has been observed in the nanofibers obtained by
mechanical pretreatment, a large increase in the residual mass was produced in CNF-TO (29.76%) in
comparison with the values obtained for LCNF-TO (16.54%). This fact is produced by the introduction
of carboxyl groups on the surface of the fiber during TEMPO-mediated oxidation, increasing the
carboxyl content, especially for CNF-TO (311.95 µmol/g) as observed through its characterization. It is
therefore concluded that CNF-Mec and LCNF-Mec, in addition to presenting higher aspect ratios that
can result in greater reinforcement effects in polymeric matrices, can be used in polymers with higher
transition temperatures compared to CNF-TO and LCNF-TO due to their greater thermal stability.
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Figure 4. TGA and DTG curves for the different cellulose nanofibers: (a) lignocellulose nanofibers
(LCNF) and (b) cellulose nanofibers (CNF). Black curves for those obtained by TEMPO-mediated
oxidation and grey from mechanical pretreatment.

4. Conclusions

Olive tree pruning biomass (OTPB) was identified as a lignocellulosic source for the production of
cellulose nanofibers from cellulosic pulps obtained by a sustainable pulping process. The cellulose
nanofibers were produced by two different pretreatments, mechanical and TEMPO-mediated oxidation,
followed by high-pressure homogenization. The influence of the residual lignin content on the
effectiveness of the different pretreatments was analyzed by the thorough characterization of the
cellulose nanofibers produced. All the cellulose nanofibers produced in this work were in the
nanometric range; however, important differences were observed. TEMPO-mediated oxidation is more
effective with bleached pulp; however, mechanical pretreatment was favored by the presence of lignin.
The presence of lignin results in cellulose nanofibers with low crystallinity indices following mechanical
pretreatment and TEMPO-mediated oxidation (24.69% and 39.13%) in comparison with those produced
from bleached nanofibers (39.13% and 48.99%). The thermal stability of the cellulose nanofibers
produced by mechanical treatment shows similar values regardless of the presence of lignin (343 ◦C);
however, in the TEMPO-mediated oxidation, the lignin content produces a greater thermal stability
(325 ◦C) in comparison with that obtained with bleached nanofibers (298 ◦C). The characteristics of the
cellulose nanofibers obtained are of great interest for their application in different sectors.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/5/696/s1,
Figure S1: Cellulose pulp images.

Author Contributions: The article was conceptualized by A.R. and F.P.-R. The experimental work was realized by
M.S.-G., I.B.-V. and E.C. The article was written by E.E. The article was reviewer by A.R. All authors have read and
agreed to the published version of the manuscript.

Funding: The authors are grateful to Spain’s DGICyT, MICINN for funding this research within the framework of
the Project CTQ2016-78729-R.

Acknowledgments: The authors wish to acknowledge the support of the Central Service for Research Support
(SCAI) at the university of Córdoba.

Conflicts of Interest: The authors declare no conflict of interest

117



Agronomy 2020, 10, 696

References

1. Gurría, P.; Ronzon, T.; Tamosiunas, S.; López, R.; García Condado, S.; Guillén, J.; Cazzaniga, N.E.; Jonsson, R.;

Banja, M.; Fiore, G.; et al. Biomass Flows in the European Union; Publications Office of the European Union:

Luxembourg, Luxembourg, 2017.

2. Food and Agriculture Organization of the United Nations (FAO). 2018 FAOSTAT. Available online: http:

//www.fao.org/faostat/en/#data (accessed on 2 April 2020).

3. Miranda, I.; Simões, R.; Medeiros, B.; Nampoothiri, K.M.; Sukumaran, R.K.; Rajan, D.; Pereira, H.;

Ferreira-Dias, S. Valorization of lignocellulosic residues from the olive oil industry by production of

lignin, glucose and functional sugars. Bioresource Technol. 2019, 292, 121936. [CrossRef] [PubMed]

4. Fernandes-Klajn, F.; Romero-García, J.M.; Díaz, M.J.; Castro, E. Comparison of fermentation strategies for

ethanol production from olive tree pruning biomass. Ind. Crop. Prod. 2018, 122, 98–106. [CrossRef]

5. Santos, J.I.; Fillat, Ú.; Martín-Sampedro, R.; Eugenio, M.E.; Negro, M.J.; Ballesteros, I.; Rodríguez, A.; Ibarra, D.

Evaluation of lignins from side-streams generated in an olive tree pruning-based biorefinery: Bioethanol

production and alkaline pulping. Int. J. Biol. Macromol. 2017, 105, 238–251. [CrossRef]

6. Suardi, A.; Latterini, F.; Alfano, V.; Palmieri, N.; Bergonzoli, S.; Pari, L. Analysis of the Work Productivity and

Costs of a Stationary Chipper Applied to the Harvesting of Olive Tree Pruning for Bio-Energy Production.

Energies 2020, 13, 1359. [CrossRef]

7. Liuzzi, S.; Rubino, C.; Martellotta, F.; Stefanizzi, P.; Casavola, C.; Pappalettera, G. Characterization of

biomass-based materials for building applications: The case of straw and olive tree waste. Ind. Crop. Prod.

2020, 147, 112229. [CrossRef]

8. Mutjé, P.; Pèlach, M.A.; Vilaseca, F.; García, J.C.; Jiménez, L. A comparative study of the effect of refining on

organosolv pulp from olive trimmings and kraft pulp from eucalyptus wood. Bioresource Technol. 2005, 96,

1125–1129. [CrossRef]

9. García, A.; Gandini, A.; Labidi, J.; Belgacem, N.; Bras, J. Industrial and crop wastes: A new source for

nanocellulose biorefinery. Ind. Crop. Prod. 2016, 93, 26–38. [CrossRef]

10. Balea, A.; Fuente, E.; Monte, C.M.; Merayo, N.; Campano, C.; Negro, C.; Blanco, A. Industrial Application of

Nanocelluloses in Papermaking: A Review of Challenges, Technical Solutions, and Market Perspectives.

Molecules 2020, 25, 526. [CrossRef]

11. Inshakova, E.; Inshakov, O. World market for nanomaterials: Structure and trends. MATEC Web Conf. 2017,

129, 02013. [CrossRef]

12. Boufi, S.; González, I.; Delgado-Aguilar, M.; Tarrès, Q.; Pèlach, M.À.; Mutjé, P. Nanofibrillated cellulose as an

additive in papermaking process: A review. Carbohyd. Polym. 2016, 154, 151–166. [CrossRef]

13. Tayeb, P.H.; Tayeb, A. Nanocellulose applications in sustainable electrochemical and piezoelectric systems:

A review. Carbohyd. Polym. 2019, 224, 115149. [CrossRef] [PubMed]

14. Hsu, H.H.; Zhong, W. Nanocellulose-Based Conductive Membranes for Free-Standing Supercapacitors:

A Review. Membranes 2019, 9, 74. [CrossRef] [PubMed]

15. Bongao, H.C.; Gabatino, R.R.A.; Arias, C.F.H.; Magdaluyo, E.R. Micro/nanocellulose from waste Pili

(Canarium ovatum) pulp as a potential anti-ageing ingredient for cosmetic formulations. Mater. Today-Proc.

2020, 22, 275–280. [CrossRef]

16. Klemm, D.; Cranston, E.D.; Fischer, D.; Gama, M.; Kedzior, S.A.; Kralisch, D.; Kramer, F.; Kondo, T.;

Lindström, T.; Nietzsche, S.; et al. Nanocellulose as a natural source for groundbreaking applications in

materials science: Today’s state. Mater. Today 2018, 21, 720–748. [CrossRef]

17. Putro, J.N.; Kurniawan, A.; Ismadji, S.; Ju, Y.-H. Nanocellulose based biosorbents for wastewater treatment:

Study of isotherm, kinetic, thermodynamic and reusability. Environ. Nanotechnol. Monit. Manage. 2017, 8,

134–149. [CrossRef]

18. Zhang, C.; Feng, X.; Wang, B.; Mao, Z.; Xu, H.; Zhong, Y.; Zhang, L.; Chen, X.; Sui, X. Nanocellulose sponges

as efficient continuous flow reactors. Carbohyd. Polym. 2019, 224, 115184. [CrossRef]
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Abstract: Castor, a non-edible oil crop that flourishes even under extreme cultivation conditions,
can be cultivated in wastewater with a lower cultivation cost than similar plants, e.g., rapeseed and
soybean. This plant, containing seeds and lignocellulosic residues, has a promising perspective for
biofuel production. The oil extracted from the seeds is inexpensive and can be efficiently converted
to biodiesel, while the lignocellulosic parts are suitable for ethanol production after pretreatment
with NaOH. Biodiesel typically produced from the fossil-based methanol; however, it can also be
produced from the ethanol. In this study, ethanol used for biodiesel production is produced from
the lignocellulosic residues (scenario 1), which are more sustainable and environmentally friendly;
the process was compared with that of the methanol (scenario 2). In this study, techno-economic
analyses were used to compare the technical and economic aspects of producing biodiesel from
methanol and the produced ethanol. Simulations of the processes were carried out by Aspen plus
software, and economic studies were conducted by Aspen Economic Analyzer. The prices of produced
ethanol as a byproduct in scenarios 1 and 2 were USD 0.701 and 0.693 per liter, respectively, which are
greater than that of gasoline. The prices of biodiesel produced as a primary product for scenarios 1 and
2 are USD 0.410 and 0.323/L, lower than the price of diesel in the Middle East region. The profitability
indices for scenarios 1 and 2 are 1.29 and 1.41, respectively. Therefore, despite environmental benefits,
the biorefinery based on producing biodiesel from methanol is more economically feasible than that
produced from ethanol.

Keywords: biorefinery; techno-economic study; castor plant; biodiesel; bioethanol; alkali pretreatment

1. Introduction

To prevent environmental issues caused by the use of fossil fuels, research on renewable sources
of energy has increased. In this regard, biodiesel, bioethanol, and biogas are among the promising
alternatives [1]. Biodiesel—the monoalkyl ester of vegetable, algal, and animal oils—is nowadays
employed as a replacement to diesel. It is produced from edible oils and non-edible oils, while non-edible
oils are more sustainable and promising resources [2–5]. Among the renewable liquid biofuels, ethanol
currently plays a major role as a blend for the improvement of gasoline properties. Ethanol production
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from lignocelluloses has received significant attention due to its low price and availability in large
quantities without food and energy conflict [6,7].

Energy crops that are specifically cultivated for energy production are among the most important
sources of energy. These plants are divided into three groups of oily, cellulosic, and sugar-rich plants.
These plants, e.g., castor plant, are suggested to supply a major part of future energy in the form of
liquid and gaseous biofuels [8].

The castor plant is among the oily crops, containing seeds with 47–49% (w/w) non-edible oil,
mainly include ricinoleic acid [9]. The castor plant can be cultivated under different climate conditions
and in wastewater. The cultivation cost of this plant is lower than the other oily plants, such as jatropha
and rapeseed. Moreover, castor seeds and seed cake are restricted to be used as human and animal
feeds, as they are highly poisonous [10]. The castor plant’s residues, including stem, leaves, and seed
processing residues (seed cake), are potential sources for bioethanol and biogas production and its oil
is suitable for biodiesel production with high efficiency [9].

Biofuel production from lignocellulosic feedstocks and energy crops has different technical and
economic bottlenecks. The biorefinery concept is suggested to address the process’s drawbacks and
make the bioenergy from lignocelluloses competitive with the current forms of energy. Biorefineries are
referred to as facilities to produce biofuels, energy, and biochemicals from renewable feedstocks.
Recently, the biorefinery based on using energy crops as feedstock received significant attention.
This has been predicted to have a significant role in addressing climate change and decreasing
dependence on fossil fuels in economically feasible pathways [11,12].

An essential factor in biorefinery development is the consumption versus produced energy.
The energy produced in the form of heat, power, and liquid or gaseous fuels through the biorefinery
should be higher than the energy consumption in different units of processes. Therefore, the energy
analysis for these processes is very important. To predict the feasibility of the biorefinery, technical
and economic studies are necessary. The technical and economic analyses are methods that identify
the strengths and weaknesses of each process and show future plans and perspectives of biorefinery
development [13].

In recent years, techno-economic analyses were used as a tool to evaluate the feasibility of biodiesel,
bioethanol, and biogas production from lignocellulosic materials. The economics of biodiesel production
from edible, non-edible, and waste oil by different plants showed that the most effective factors on
biodiesel price and economic parameters are raw oil cost and plant scale [14–22]. The techno-economic
analyses showed that the raw material cost, type of byproducts, plant scales, and tax policies in the
varied area have the greatest effect on economic factors of ethanol production from lignocelluloses.
In addition, these studies showed that bioethanol production in a biorefinery in large scales is a
profitable state [13,23–25]. In another study, we evaluated the potential of biodiesel, biogas, and heat
production from the castor plant. The results showed that biogas production from the lignocellulosic
part is not economically feasible [26]. The experimental results also showed that ethanol with high
efficiency could be obtained from the lignocellulosic residues of castor plant. This lignoethanol was
then successfully used for the transesterification process for biodiesel production [9,27]. This biodiesel
is produced from two renewable feedstocks, i.e., castor oil and bioethanol, and thus is much more
eco-friendly compared with the biodiesel produced from the fossil-based methanol [28,29]. To our
knowledge, no references were detected for techno-economic study for the biorefinery based on castor
plant for the production of bioethanol and biodiesel from lignoethanol.

The potential of castor plant for biofuel production is approved experimentally [9,27]. Based on
experimental data, the economy of biorefinery for biodiesel and bioethanol production based on castor
plant was investigated for the first time in this study. Two different processes, i.e., biodiesel production
using lignoethanol (scenario 1) and methanol (scenario 2), were studied. Aspen Plus was used for the
simulation of processes, Aspen Process Economic Analyzer (APEA) was employed to evaluate the
economic parameters, and sensitivity analyses were conducted to determine the effective factors.
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2. Methods

Two scenarios for biodiesel and bioethanol production in a biorefinery based on castor plant
using NaOH pretreatment were developed. These processes were designed based on the promising
experimental data previously obtained [9,27]. Aspen Plus simulated all the processes, and then APEA
evaluated the economic features.

2.1. Process Development

In the first scenario, castor oil is used to produce biodiesel by transesterification with ethanol that
is produced from the lignocellulosic materials of castor plant, including leaves, stem, and seed cake.
In the second scenario, castor oil is used to produce biodiesel by transesterification with methanol and
the lignocellulosic materials used for bioethanol production similar to scenario 1.

2.1.1. Scenario 1: The Biorefinery for Biodiesel (from Oil and Ethanol), Bioethanol, and Heat Production

This process includes feed handling, transesterification, biodiesel purification, pretreatment,
ethanol production via simultaneous saccharification and fermentation (SSF), purification of bioethanol
by distillation, and fuel grade production of ethanol by dehydration, heat production, wastewater
treatment (WWT), and utility services units. The block flow diagram (BFD) of this scenario is shown in
Figure 1.

 

 

℃

Figure 1. The block flow diagram (BFD) of biorefining of an environmentally friendly process for
biodiesel and ethanol production (scenario 1).

In the harvest time, the seeds are separated, and seeds and residues were then sent to plant
with trucks. In the feed handling unit, oil is extracted from the seeds by a cold mechanical press,
filtered, kept for 24 h at 80 ◦C in the tank storage to remove extra moisture, and then sent to the
transesterification reactor. Seed cake, stem, and leaves are crushed and dumped into storage piles until
transfer to the pretreatment unit. Similar units for feed handling are considered for both scenarios [30].

Biodiesel is produced in a 25 m3 ransesterification reactor at 62.5 ◦C for 3.46 h by using 1 g
potassium hydroxide (KOH) per kg oil and 0.29:1 ethanol to oil mass ratio to obtain 85% biodiesel
efficiency. The two-phase stream, i.e., fatty acid esters (biodiesel) rich and glycerol rich streams,
is removed from the reactor [1,9,20,27,31].

In the separation unit, the excess alcohol (here ethanol) contents of both biodiesel and glycerin
are first recovered. The ethanol recovery is carried out by using a three-phase distillation tower,
containing 22 sieve trays with 80% efficiency and operates under vacuum pressure of 0.2 bar (absolute).
The product is finally sent to the dehydration unit for water separation, and the bottom stream of the
tower sends to the biodiesel purification unit [31].

To help the phase separation, water is added to the process in the centrifuge. The products of
transesterification are contaminated by the remaining raw material (i.e., oil), ethanol, catalyst (KOH),
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and soap. Thus, according to ASTM D6751 or EN 14214, the produced biodiesel is purified to contain
less than 0.05% v/v impurities. A distillation tower containing 22 trays (sieve trays, 80% efficiency,
operates at 0.1 bar pressure) is used for biodiesel purification. The purified biodiesel (99.95% v/v)
obtained from the distillate is sent to the storage tanks, and the unreacted oil that exits from the bottom
is sent back to the transesterification reactor. The glycerin-rich stream is first neutralized by the sulfuric
acid and then purified in a distillation column with 4 sieve trays (80% efficiency, 0.4 bar pressure).
The process flow diagram of the biodiesel production unit is presented in Figure 2 [1,24].
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Figure 2. Process flow diagram of biodiesel production (transesterification and biodiesel purification
units) (cf. Table 1 for process conditions).

Table 1. The process conditions for equipment for biodiesel production in scenario 1 in Figure 2.

Equipment/Conditions
Transesterification

Reactor (R-201)
Distillation

Tower 1 (T-201)
Distillation

Tower 2 (T-202)
Distillation

Tower 3 (T-203)

Input T (◦C) 62.5 62.5 50 25
Upper output T (◦C) 62.5 216.7 517 244
Lower output T (◦C) - 42.1 148.3 75

Input P (bar) 1 1 1 1
Upper output P (bar) - 0.2 0.1 0.4
Lower output P (bar) 1 0.2 0.2 0.5

Number of theoretical stages - 17 17 3

The pretreatment of castor residues is conducted with 8% w/v NaOH (100 ◦C, 60 min, 22% solid
loading). The pretreated residues are then filtered and washed in a 9-stage counter current solid washer
to minimize the freshwater consumption. Water containing the impurities is then sent to WWT unit.

SSF is used for ethanol production by hydrolysis of the pretreated solids (13% solid loading)
with Cellic CTec3 enzyme (1.8% w/w of cellulose, Novozymes, Denmark [32]) and fermentation
with Saccharomyces cerevisiae at 37 ◦C for 72 h under anaerobic conditions [25.33]. The nine main
fermenters are designed with a volume of 350 m3. The seed yeast is prepared in a series of fermenters
(stainless steel 304), starting from 5 L to 300 m3 final volume with 1:10 scale-up ratio. The beer
(fermentation broth) stream, leaving the fermenters, contains 3.86% v/v ethanol, unfermented hexoses
and pentoses, and lignin. The beer is stored in a 150 m3 tank and then sent to distillation step.

The purification of ethanol is conducted using stripper, rectifier, and scrubber columns (Table 2).
The produced carbon dioxide is separated in a flash drum stage, and degassed beer is preheated to
enter the second stage of stripper (24 sieve trays, 80% efficiency, 0.2 absolute bar). The vapor side-draw
from the third stage, comprising 40.17% v/v ethanol, is fed to the rectifier column (32 sieve trays,
80% efficiency, 1.8 absolute bar). This column produced ethanol in 94% v/v concentration in vapor
form. The vent from the top of the beer column, as well as the vents from beer stream storage and
fermenters, is sent to the third column that is a water scrubber. The scrubber is a simple packed column
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that recovered 99% of vented ethanol by washing with water. The ethanol is exiting from the bottom
and returned to the beer column [33]. The solid containing the unconverted residues of the substrate,
e.g., lignin, is presented in the wastewater that leaves the distillation. It is sent to the wastewater
treatment and used for heat production.

Saturated vapor from the rectifier column, along with the recovered ethanol from biodiesel
separation unit, is superheated and fed to the molecular sieve unit for purification to 99.9% v/v

concentration of ethanol. This unit includes two adsorption columns. They are used alternatively in
adsorbing and regenerating operation. The regeneration of the adsorption columns is performed by
pure hot ethanol vapor. The final product, i.e., pure ethanol, is cooled and a part of it (40%) is sent to
the biodiesel production unit, and the remaining ethanol pumped to storage to be sold as a fuel [33].

Table 2. The process conditions for the equipment of distillation and dehydration in Figure 3.

Equipment/Conditions Beer Column Rectifier Column Scrubber Column Dehydration Section

Input temperature (◦C) 100 120 38.4 92.1
Highest output T (◦C) 122.2 119.7 36.2 25
Lowest output T (◦C) 115.7 92.1 36 -

Input P (bar) 4.8 2 1 1.7
Highest output P (bar) 1.9 1.7 0.9 1
Lowest output P (bar) 2.1 2 0.9 -

Number of theoretical stages 19 25 9 -
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Figure 3. Process flow diagram of distillation and dehydration unit.

The bottom product of the rectifier column is pure water (>99% w/w) that is added to clean process
water. The bottom product of the beer column, i.e., stillage, mainly contains non-fermentable sugars
and lignin. Lignin is separated from this stream by filtration and is sent to the WWT unit. The liquor
that is removed from the lignin separation step and the liquid effluent from the pretreatment unit is sent
to the filtration and electrodialysis for the removal of dissolved compounds and NaOH that remained
in the liquid. To reduce the COD and produce biogas, an anaerobic digester is used. The produced
biogas consists of 44% carbon dioxide and 54% v/v biomethane. The rest of the organic materials are
converted to CO2, water, and sludge, using aerobic digestion. A clarifier is used to settle the sludge,
and the water is treated and added to clean process water. Biogas, lignin, and dewatered sludge are
combusted, and heat is produced as a valuable byproduct in the heat production unit.

2.1.2. Scenario 2: The Biorefinery for Biodiesel (from Oil and Methanol), Bioethanol, and Heat Production

The overview of the process used in scenario 2 is presented in Figure 4. The castor plant seed
and residual handling, oil extraction, and ethanol production units are similar to scenario 1. However,
the transesterification of oil and process parameters are different. In this process, methanol is used
for the transesterification in 10 m3 reactor (40 ◦C, 1.5 h, 1.5 g KOH/kg oil catalyst, 0.4:1 methanol to
oil ratio). The excess alcohol is separated in the methanol recovery and recycled.
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Figure 4. The BFD of biorefining of the fossil-based process for biodiesel and ethanol production
(scenario 2).

2.2. Plant Location and Capacity

In this study, Iran is selected as a place for the biorefinery, where fossil fuel resources and methanol
are widely available. However, the area has water shortages and is dealing with severe environmental
impacts. Therefore, castor, as a low water demanding plant that can be cultivated in wastewater,
is used. Considering the total world production of castor [9,27], a plant with the capacity of handling
120,000 tons of castor plant per year (based on the dry weight) is used.

2.3. Process Simulation and Economic Calculations

The main processes of the biorefineries are simulated by Aspen Plus to obtain the composition
and properties of streams. The physical properties databank of NREL (National Renewable Energy
Laboratory, Golden, CO, USA) is used for the definition of lignocellulosic components [34]. The sizing
and cost of all equipment are estimated by Aspen PEA. The assumptions are: plant capacity,
120,000 tons/year castor plant (dry basis); plant location, Asia (Iran); costs index, 2019; depreciation,
straight-line for 7 years with zero salvage value; contingency factor, 18%; construction period, two years
with a 6-month start-up; working capital, 5% of the total investment cost; project life, 30 years; tax rate,
0% based on Iran regulation for biofuel production.

The sensitivity analysis to identify the factors affecting the profitability and final price of biodiesel
is carried out.

3. Results

Experimental data [9,27] showed promising results for the production of bioenergy from castor
plant oil and residues. The residues are used for ethanol production, and ethanol is used as an
alternative to methol for biodiesel production. The economic feasibility of this process is evaluated
through the simulation by Aspen plus and analysis by Aspen PEA.

3.1. Material and Energy Balance

The amounts of feedstocks, products, and utilities are calculated and shown in Table 3. The primary
raw materials used in the two scenarios (i.e., NaOH, nutrients, pH control agents, and enzymes)
are equal. However, in the biodiesel production unit of scenario 2, based on experimental data,
KOH consumption is more than scenario 1, and therefore, the amount of H2SO4 that is used for catalyst
neutralization in scenario 2 is more than that in scenario 1. In scenario 1, a part of ethanol produced
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from the residues is used in the transesterification unit. Based on the experimental data, the conversion
of this reaction in scenario 1 is 85.0%, while it is 88.2% in scenario 2. In scenario 1, 15% of raw oil is
unreacted and recycled to the transesterification reactor, resulting in higher biodiesel production than
that in scenario 2. Moreover, the biodiesel composition in each scenario is different. It is in the form
of fatty acid ethyl ester in scenario 1, while it is fatty acid methyl ester in scenario 2. Consequently,
the energy content of biodiesel in each scenario is different from another.

Table 3. Energy and material balances for each scenario based on simulation results.

Components Scenario 1 Scenario 2 Price (USD/kg)

Raw materials (ton/year)
Solid residuals 63,840 63,840 0.02

Seed 56,160 56,160 0.04
NaOH 1 6530 6530 0.19

Nutrient 2 4460 4460 0.31
Methanol - 2130 0.25

H2SO4 170 240 0.02
KOH 1 180 270 0.84

pH control 3 170 170 0.18
Enzyme 7 7 7.5

Products (ton/year)
Biodiesel 10,490 7400
Ethanol 7950 16,140 0.94 (USD/L)
Glycerol 2200 1850 0.85

Heat 30 30 5.7 (USD/MJ)
CO2

4 6,292,000 6,292,000 0.06 (USD/m3)
Salts 150 340 0.59

Utilities
Make up water 1,171,440 1,240,043 0.03 (USD/m3)

High pressure steam 69,305 77,706 13.07 (USD/ton)
Low pressure steam 87,611 87,611 13.07 (USD/ton)

Fuel 6.32 5.41 11.86 (USD/MWh)
Power 5 5295 5289 6.38 × 10−6 (USD/kWh)

1 The purity of NaOH is 60% weight per volume and used KOH is solid. 2 The nutrients are a mixture of 60%
(w/w) of super triple phosphate and 40% (w/w) of urea. 3 The pH controls with Na2CO3. 4 m3 per year. 5 Megawatt
per year.

The main difference in the scenarios is the production of net ethanol. In scenario 1, about 40% of
produced ethanol is used for biodiesel production, resulting in a much lower net ethanol production
yield than that in scenario 2.

The prices of all components are shown in Table 3. Based on the price and amount of each
component, seeds and solid residuals are the primary feeds of biorefinery. The price of NaOH (due to
high consumption) and nutrients, which are expensive, is in the next position.

The distribution of raw material cost and product sales is shown in Figure 5. In scenario 1,
the highest income is from biodiesel sale; in scenario 2, the transesterification reaction is conducted
with methanol, and the highest revenue is from bioethanol sale.

The type and amount of utilities are shown in Table 3 for the two scenarios. The water is mainly
used as makeup in the cooling system, in the pretreatment unit for washing the solid material, and to
regulate NaOH concentration and in the fermentation step for adjusting the total solid in the fermenters.
High pressure steam is used in distillation towers and also for heating. Low pressure steam is used to
regulate the temperature and preheat the feeds. Fuel and hot oil are used for heating the oil streams in
the biodiesel production unit in each scenario [33].
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Figure 5. The distribution of raw material cost and product sales.

The breakdown of energy consumption in different units of each scenario is shown in Figure 6.
Distillation towers in ethanol purification and energy consumption in biodiesel production are the most
energy demanding units. Pretreatment of lignocellulosic materials at 100 ◦C and the anaerobic digestion
at 55 ◦C, as well as the filtration system in the wastewater treatment unit, also need considerable
amounts of energy.
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Figure 6. Breakdown of energy consumption in units of each scenario. Dark and light green represent
scenarios 1 and 2, respectively.

3.2. Energy Efficiency

The ratio of energy outputs to inputs in the process is defined as energy efficiency [32]. The energy
outputs involve the energy available in biodiesel, bioethanol, and glycerol as well as produced heat.
The energy inputs comprise the energy available in raw materials as well as steam, electricity, and fuel.

The energy consumptions of the scenarios are presented in Figure 6. The lower heating values are
used to calculate the energy content of raw materials and products. The energy efficiency of scenarios
1 and 2 are 64.8% and 64.1%, respectively. In scenario 2, the energy consumption of the biodiesel
production unit is more than that in scenario 1. On the other hand, the energy content of biodiesel is
higher than that of ethanol, and in scenario 1, the amount of produced biodiesel is considerably higher
than scenario 2. Thus, for the production of a higher amount of energy, transesterification with ethanol
is preferred.
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3.3. Total Capital Cost

Based on the simulation results, economic analysis was conducted by Aspen PEA for each scenario.
Total project investments are USD 51.69 million and USD 48.90 million for scenarios 1 and 2, respectively.
The retention times for transesterification reactions in scenarios 1 and 2 are 3.64 and 1.5 h, respectively.
The volume of equipment in scenario 1 is much higher than those in scenario 2, which results in the
higher total capital cost of the plant in scenario 1 [31].

The most expensive units of plants are SSF and wastewater treatment (WWT) (Figure 7). SSF needs
a long retention time (24 h) and a relatively high number of equipment, and the WWT unit needs
filtration together with large anaerobic digesters with a long retention time [13].
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Figure 7. Breakdown of capital investment in units. The empty and filled columns represent scenarios
1 and 2, respectively.

3.4. Operating Cost

The breakdown of the operating costs is summarised in Figure 8. The direct manufacturing costs
include the expenses for labor, supervisory, raw materials, utilities, and equipment maintenance and
repairs. Tax and overhead are the fixed charges, while the expenditures for research and development,
financing, and administrative form the general expenses [33]. The coziest raw materials are castor
seed, plant residues, and sodium hydroxide. The byproducts of plants are bioethanol, glycerin,
potassium phosphate, heat, and carbon dioxide. The highest revenue from the byproducts is obtained
from bioethanol.
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3.5. Manufacturing and Equivalent Costs

The manufacturing costs of biodiesel and bioethanol are calculated by considering the operating
cost for all scenarios, and the breakdown is shown in Figure 8. The manufacturing costs of biodiesel
for scenarios 1 and 2 are 0.328 and 0.271 USD/L, respectively. The final price of biodiesel is 0.336 and
0.279 USD/L, respectively. In spite of more biodiesel production in scenario 1, the final price is higher
than that in scenario 2, which is due to the higher operating and total investment costs. The final price
of biodiesel in the two scenarios is lower than the diesel fuel price (Table 4). The diesel equivalent
prices of biodiesel, as the main product in each scenario, are presented Table 4. This parameter in
scenario 2 is lower than the diesel price; thus, this process is more economically feasible and can
compete with fossil-fuel-based diesel.

Table 4. The manufacturing cost and final price of biofuels.

Product
Manufacturing Cost

(USD/L)
Final Price

(USD/L)
Final Price (Gasoline Equivalent)

(USD/L)

Biodiesel
Scenario 1 0.328 0.336 0.410
Scenario 2 0.271 0.279 0.323

Bioethanol
Scenario 1 0.474 0.482 0.701
Scenario 2 0.468 0.476 0.693

Gasoline * - 0.400 0.400
Diesel fuel * - 0.380 0.380

Medical
Ethanol

- 0.940 1.370

* The price of fossil fuels is based on the price offered by Organization of the Petroleum Exporting Countries (OPEC)
for the Middle East region on December 2016.

The manufacturing cost, final price, and gasoline-equivalent price were calculated for bioethanol
in each scenario (Table 4). In the two scenarios, the gasoline equivalent price of bioethanol is more than
the gasoline price. Therefore, bioethanol in Iran could not be an appropriate substitute for gasoline.
The amount of ethanol produced in scenario 2 is higher than that in scenario 2.

3.6. Profitability Parameters

Considering the interest rate and money time value in the operating costs and total capital
investment, discounted cash flow and the profitability parameters, i.e., profitability index, net return
rate on investment, and payout period are calculated (Table 5) [33].

Table 5. The profitability parameters of four scenarios.

Scenario 1 2

Payout period (year) 5.21 4.64
Net return rate (NRR) 29.21 41.69
Profitability index (PI) 1.29 1.41

The payout period is the minimum time to get back the total capital investment. The minimum
time is calculated for scenario 2 because of the lowest capital investment requirement and higher
revenue. Net return rate is the ratio of the net present value and the present value (PV) of cumulative
outflows. NRR of the two scenarios is positive, indicating the profitability of the two processes.

The relative profitability of processes was evaluated by the profitability index (PI), which is
calculated by dividing the income value by the costs. The results (Table 5) show that both scenarios
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are profitable since the project is profitable when PI is greater than one. However, scenario 2 is more
profitable, which is due to the production of higher amounts of ethanol.

3.7. Sensitivity Analysis

The effects of changes in the price of the most expensive raw materials (Figure 5), i.e., seed, castor plant
residues, methanol, and NaOH, on bioethanol and biodiesel price are presented in Figure 9. The results
indicate that seed oil and methanol prices significantly affect the manufacturing price of biodiesel.
For example, 13% and 23% increases in the biodiesel manufacturing cost for scenarios 1 and 2 are
observable after a 50% increase in seed oil price, respectively. The next effective parameter is the
methanol price. Increasing the methanol price by 50% leads to a 5% increase in the manufacturing cost
of biodiesel in scenario 2.
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Figure 9. The effect of NaOH price on bioethanol price in scenario 1 (•) (A), effect of the price of plant
residuals on the bioethanol manufacturing cost in scenarios 1 (N) and 2 (�) (B), and effect of methanol
price on biodiesel price in scenario 2 (�) (C). The empty sign represents the base case values of the
profitability index.

The price of plant residuals and NaOH had a direct effect on the bioethanol cost. As shown
in Figure 9A,B by increasing the price of plant residuals and NaOH, the bioethanol manufacturing
cost is increased and has a secure margin compared with the ethanol in the Iranian market. In both
scenarios, bioethanol is the main byproduct. The biodiesel price is calculated by dividing the net
yearly production expenses into the annual biodiesel production rate. The net yearly production
expenses are calculated by subtraction of ethanol revenues from total production costs of the plant.
Thus, the biodiesel manufacturing cost is decreased by increasing the ethanol production price.

The effects of bioethanol and heat prices, the main byproducts, on the biodiesel manufacturing
cost are presented in Figure 10. The results indicate that there is no revenue from the byproduct by
50% increase in the byproduct price in the base cases. The price and amount of glycerol, CO2, and
salts have minimal effects and do not significantly affect the process economy. Moreover, the effects of
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bioethanol and heat price on biodiesel price are also investigated. For both scenarios, the credit from
bioethanol significantly affected the manufacturing cost of biodiesel.
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Figure 10. The effects of bioethanol and heat prices on the biodiesel manufacturing cost.

The effects of the primary feedstock (castor seeds) price on the profitability index of each scenario
are investigated (Figure 11). Increasing the seed oil price leads to decreasing the profitability index.
By changing the price of seed oil in the range of 0–400%, the profitability index is larger than one for
both scenarios, indicating a wide safe margin for PI.
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Figure 11. The effects of seed oil cost on the profitability index in scenarios 1 (N) and 2 (�). The empty
sign represents the base case values of the profitability index.

4. Conclusions

Using ethanol produced from the lignocellulosic waste for biodiesel production from castor
oil has excellent environmental benefits. However, the results of this study showed that the
production of biodiesel from the castor oil by transesterification with fossil-based methanol is more
economically profitable. In other words, there is a trade-off between economic aspects of the process
and environmental issues. Moreover, the sensitivity analysis performed on the price of the main
product showed that the price of the primary seed oil is the most important determinant of the price of
the final product. This analysis also showed that the production of ethanol has an enormous effect on
the price of the final product, i.e., biodiesel.
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Abstract: This study aimed at evaluating different enzyme combinations in the saccharification of
sugarcane bagasse (SCB), soybean husks (SBH) and oil palm empty fruit bunches (EFB) submitted
to mild acid and alkaline pretreatments. Enzyme pools were represented by B1 host (crude
cellulase/xylanase complexes of Penicillium verruculosum); B1-XylA (Penicillium canescens xylanase
A expressed in P. verruculosum B1 host strain); and F10 (Aspergillus niger β-glucosidase expressed
in B1 host strain). Enzyme loading was 10 mg protein/g dry substrate and 40 U/g of β-glucosidase
(F10) activity. SCB was efficiently hydrolyzed by B1 host after alkaline pretreatment, yielding glucose
and reducing sugars at 71 g/L or 65 g/100 g of dry pretreated substrate and 91 g/L or 83 g/100 g,
respectively. B1 host performed better also for EFB, regardless of the pretreatment method, but yields
were lower (glucose 27–30 g/L, 25–27 g/100 g; reducing sugars 37–42 g/L, 34–38 g/100 g). SBH was
efficiently saccharified by the combination of B1 host and B1-XylA, yielding similar concentrations of
reducing sugars for both pretreatments (92–96 g/L, 84–87 g/100 g); glucose recovery, however, was
higher with alkaline pretreatment (81 g/L, 74 g/100 g). Glucose and reducing sugar yields from initial
substrate mass were 42% and 54% for SCB, 36% and 42–47% for SBH and 16–18% and 21–26% for
EFB, respectively.

Keywords: sugarcane bagasse; soybean husks; palm empty fruit bunches; recombinant enzymes;
pretreatment

1. Introduction

Agro-industrial residues are important sources of lignocellulosic biomass, the main feedstock to
be used as a substitute for petrol in a circular bioeconomy. These organic materials are generated in
large volumes as a result of agricultural and agro-industrial activities and are in great part subtilized,
especially in developing countries that are the main suppliers of commodities. According to Magalhães
Jr. et al. [1], around 900 million tons of biomass from agro-industrial residues such as sugarcane
bagasse, cereal straws and oil palm solid wastes will be generated in South America in 2025, and their
most probable destination, if not left in the field, is burning for energy generation and composting,
the most traditional processing methods. However, considering that more than 60% of their mass can
be converted to fermentable sugars, these residues could be valorized through microbial processes

Agronomy 2020, 10, 1348; doi:10.3390/agronomy10091348 www.mdpi.com/journal/agronomy135
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to produce second generation (2G) ethanol and other biofuels, organic acids, biomaterials and many
other commercial bioproducts.

Nowadays, 2G ethanol is the product with the most mature stage of technological development
obtained in lignocellulose biorefineries. However, the cost of 2G ethanol is still not competitive with
that of petroleum-based liquid fuels [2], in part because of the cost of enzymes that are necessary to
convert fibrous carbohydrates into fermentable sugars. Another step that impacts the overall cost
and lacks technological maturity is the pretreatment, necessary to prepare the recalcitrant structure
of lignocellulosic biomass to enzymatic hydrolysis or saccharification. In general, the aim of the
pretreatment is to enhance the recovery of glucose and other reducing sugars from lignocellulosic
biomass in the saccharification step, and this is usually accomplished through the decrease of the
crystallinity of cellulose, degree of polymerization, lignin content and moisture content, associated to
an increase of available surface area [3].

Several methods have been reported to pretreat lignocellulosic biomass, most of them
thermochemical processes. These include steam explosion with or without alkali washing, dilute
acid hydrolysis, alkaline pretreatment, organosolv, ammonia fiber expansion, liquid hot water, wet
oxidation and others [3]. Alkaline pretreatment is especially efficient in solubilizing lignin, while mild
acid pretreatment is more directed to the hemicellulose fraction.

In 2018, the global sugarcane production was of 1.9 billion tons, and Brazil was the main producer
accounting for 39% of the total production, followed by India with 20% [4]. In the harvest of 2018/2019,
India has surpassed Brazil producing more than 700 million tons, but for 2019/2020 the projections are
very similar for both countries [5]. The Brazilian production estimative for the harvest of 2019/2020 is
of around 643 million tons [6]. Sugarcane bagasse is a porous residue of cane stalks generated after the
crushing and extraction of sugarcane juice. It is composed mainly by cellulose (32–44%), hemicellulose
(27–32%), lignin (19–24%) and ashes (4.5–9%). Sugar mills generate approximately 270–280 kg of
bagasse (with 50% moisture) per metric ton of sugarcane [7,8].

Soybean is one of the most important sources of vegetable protein for human and animal nutrition
and one of the most economical sources of oil for food and biofuel production. According to the
United States Department of Agriculture [9], the world production of soybean for 2019/2020 is estimated
at 338 million metric tons. The world’s leading producer is Brazil and the second is the United States,
responsible for 37% and 27% of the global production, respectively. From one ton of soybean with
around 13% moisture, 50 kg of soybean husks are obtained [10]. The composition of soybean husks
depends on the dehulling process, so they may contain varying amounts of cellulose (29–51%),
hemicelluloses (10–25%), lignin (1–4%), pectins (4–8%), proteins (11–15%) and minor extractives [11].

The global production of oil palm is estimated at 73 million metric tons for the period of 2019/2020,
Indonesia and Malaysia being the leading producers with 58% and 26% of the total, respectively [9].
The milling of oil palm to extract the oil generates a solid fibrous residue, named oil palm empty
fruit bunches (EFB). It is estimated that for each ton of fresh fruit bunches processed, 220 kg of EFB
are generated. This residue is composed of around 30, 25 and 25% (mass percentages) of cellulose,
hemicellulose and lignin, respectively [12].

The present work aimed at evaluating the effect of different enzyme preparations and combinations
in the saccharification of these three important agro-industrial residues, the sugarcane bagasse, soybean
husks and oil palm empty fruit bunches, pretreated by mild acid and alkali. The enzyme pools were
represented by cellulase and xylanase complexes of Penicillium verruculosum (B1 host preparation),
by the B1-XylA preparation obtained through the recombinant expression of Penicillium canescens

xylanase A in the P. verruculosum B1 host strain, and by the F10 preparation obtained by recombinant
expression of Aspergillus niger β-glucosidase in the B1 host strain. All preparations were crude,
which could significantly reduce the cost associated to the enzymatic saccharification step.
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2. Materials and Methods

2.1. Substrates

Sugarcane bagasse (SCB) was donated by the Usina Santa Terezinha (Maringá, Paraná, Brazil),
soybean husks (SBH) were purchased from the company Imcopa (Araucária, Paraná, Brazil) and oil
palm empty fruit bunches (EFB) were provided by the company Biopalma Vale S.A. (Mojú, Pará, Brazil).
Substrates were dried at 70 ◦C overnight, grinded in a knife mill and particle sizes <3 mm were selected
by sieving. SCB and EFB presented a small fibers aspect and SBH presented a powder aspect. Table 1
presents the composition of each substrate.

Table 1. Substrates’ composition (% in dry basis).

Substrate SCB SBH EFB

Cellulose 36 37 28
Hemicellulose 31 27 24

Lignin 23 8.7 20
Lipids 2.3 1.9 6.3

Proteins 2.2 14 3.4
Ash 2.7 4.2 3.2

Extractives/others 2.2 6.8 15

SCB—sugarcane bagasse; SBH—soybean husks; EFB—empty fruit bunches of oil palm. Analytical methods were:
NREL TP-510-42618 (cellulose, hemicellulose, lignin, others—pectin and acetyl); gravimetric analysis after solvent
extraction in Soxhlet using hexane (lipids); Kjeldahl (proteins); gravimetric analysis after calcination at 555 ◦C for
6 h (ash); NREL TP-510-42619 (extractives); “others” are mostly represented by pectin in SBH and acetyl in EFB.

2.2. Enzyme Preparations

Three different enzyme preparations (Table 2) were used in this study in different combinations.
Dry B1 host preparation represents a complex of cellulases and xylanases obtained by highly productive
recombinant P. verruculosum strain after UV-mutagenesis [13,14]; dry B1-XylA preparation was obtained
by recombinant P. verruculosum strain after heterologous expression of P. canescens xylanase A [15];
and dry F10 preparation was obtained by recombinant P. verruculosum strain after heterologous
expression of Aspergillus niger β-glucosidase (cellobiase) [16].

Table 2. Enzyme preparations.

Name Protein, mg/g CMC, U/g β-Glucan, U/g Xylan, U/g pNPG, U/g

B1 host 970 16,542 15,062 17,532 1074
B1-XylA 441 2240 2240 60,000 610

F10 655 7007 6797 3800 39,852

Activities of enzyme preparations (Table 2) toward carboxymethylcellulose (CMC), barleyβ-glucan
and birch wood xylan were determined by detection of reducing sugars release using Somogyi-Nelson
assay [17–19]. Enzyme activities were assayed for 10 min at pH 5 (0.05 M Na-acetate buffer) and 50 ◦C
using a substrate concentration of 0.5% in the reaction mixture [20]. CMCase, β-glucanase and xylanase
activities were expressed in international units. One unit of activity corresponds to the quantity of
enzyme releasing 1 µmol of reducing sugars (in glucose equivalents) per minute.

Enzyme activity toward p-nitrophenyl glucopyranoside (pNPG) was determined by detection
of p-nitrophenyl release by a photometric assay. Enzyme activity was assayed for 10 min at pH 5
(0.05 M Na-acetate buffer) and 40 ◦C using a substrate concentration of 10 mM in the reaction mixture.
One β-glucosidase unit of activity is the amount of enzyme which liberates 1 µmol of p-nitrophenol
per minute [21].

137



Agronomy 2020, 10, 1348

2.3. Pretreatment Conditions

Alkaline pretreatment was conducted with a substrate concentration of 10% (m/v) of solids, NaOH
2% (m/v), at 121 ◦C for 1 h. After, the pH of the reaction medium was adjusted to 4.5 with HCl,
the solids were separated from the liquid phase in a glass filter and washed abundantly with distilled
water. The excess water was removed, and a sample was taken to determine the moisture content of
the pretreated substrates by gravimetric analysis.

Acid pretreatment was conducted with a substrate concentration of 10% (m/v) of solids, H2SO4

1% (m/v), at 121 ◦C for 1 h. Afterward, the pH of the reaction medium was adjusted to 4.5 with NaOH,
and the solids were separated from the liquid phase in a glass filter and washed abundantly with
distilled water. The excess water was removed, and a sample was taken to determine the moisture
content of the pretreated substrates by gravimetric analysis.

2.4. Saccharification Conditions

Three different combinations of enzyme preparations were tested, as presented in Table 3. Substrate
concentration (in dry basis) was set at 100 g/L, in sodium acetate buffer (1 M, pH 4.5), and the reaction
volume was 20 mL. The enzyme dosage for B1 host, B1-XylA and B1 host + B1-XylA was 10 mg
protein/g dry substrate. In all cases, F10 β-glucosidase preparation was added to the reaction mixture
in the dosage 40 U of pNPG /g of dry substrate. Hydrolysis flasks were incubated at 45 ◦C, 250 rpm and
samples were taken after 3 h, 24 h and 48 h. Experiments were conducted in duplicates, with repetition.

Table 3. Enzyme combinations.

Condition Enzyme Combinations

B1 host B1 host 10 mg/g substrate + F10 40 U/g substrate
B1-XylA B1-XylA 10 mg/g substrate + F10 40 U/g substrate

B1 host + B1-XylA B1 host 8 mg/g substrate + B1-XylA 2 mg/g substrate + F10 40 U/g substrate

2.5. Analytical Procedures

2.5.1. Glucose Concentration

Glucose concentration was determined according to the glucose oxidase/peroxidase method [22].
One hundred microliters of solids-free, properly diluted samples were mixed with 1 mL of the glucose
oxidase/peroxidase reagent (R1 + R2 40:1 v/v, from Impact Ltd., Moscow, Russia) and incubated for
15 min at 40 ◦C. Absorbance was read at 490 nm in a UV-vis spectrophotometer (Agilent Technologies
Inc., Santa Clara, CA, USA).

2.5.2. Reducing Sugars Concentration

The concentration of total reducing sugars was determined according to the Somogyi Nelson
method [17–19], using glucose as a standard for calibration. Two hundred microliters of solids-free,
properly diluted samples were mixed with 200 µL of the Somogyi reagent and incubated for 40 min at
100 ◦C. After cooling to room temperature, 200 µL of the Nelson reagent were added and incubated for
15 min. Then, 400 µL of acetone and 1 mL of water were added, and the absorbance was measured at
610 nm in a UV-vis spectrophotometer (Agilent Technologies Inc., Santa Clara, CA, USA).

2.5.3. High Performance Liquid Chromatography (HPLC) Analysis of Monosaccharides Composition

The composition of low molecular weight sugars (xylose and fructose) was determined via
ion-exchange chromatography on an Agilent 1100 Series HPLC system (Agilent, Santa Clara, CA, USA)
with a Diaspher-110-Amin column 5 µm 4 × 250 mm; the eluent was acetonitrile–water at 75:25
(v/v), the flow rate was 1 mL/min and the sample’s volume was 10–100 µL. To prepare samples
acetonitrile (0.8 mL) was added to 0.2 mL of hydrolysate, followed by centrifugation for 5 min at
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9000× g. Solutions of xylose and fructose (Megazyme, Victoria, Australia) at the concentration of 1 g/L
were used as standards.

3. Results

The mass of recovered solids after acid and alkaline pretreatments was determined for each
substrate. The concentration of monosaccharides and reducing sugars was also quantified in the liquid
fraction of the pretreatment processes, in order to determine the amount of sugars lost in this step.
Results are presented in Table 4.

Table 4. Recovery of solids and reducing sugars’ loss after acid and alkaline pretreatments.

Substrate-Pretreatment Solids Recovery in Dry Mass Basis (%) Sugar Loss in Dry Mass Basis (%)

SCB—Acid 63.6 24.1
SCB—Alkaline 65.2 N. d.

SBH—Acid 56.1 11.36
SBH—Alkaline 48.7 N. d.

EFB—Acid 63.4 18.14
EFB—Alkaline 67.4 N. d.

Note: N. d.—Not detectable; SCB—sugarcane bagasse; SBH—soybean husks; EFB—empty fruit bunches of oil palm.

No detectable amount of sugars was found in the liquid fractions of the alkaline pretreatments in
a 1:10 (v/v) dilution, and since the dark color of the liquid interfered in the absorbance reading, it was
not possible to test lower dilutions. The acid pretreatment resulted in glucose, xylose and reducing
sugars mass losses of 2.71%, 20.0% and 24.1% in SCB, 0.61%, 1.25% and 11.36% in SBH and 0.33%,
14.5% and 18.14% in EFB, respectively.

The concentrations of total reducing sugars and glucose released along enzymatic saccharification
of untreated, acid pretreated and alkaline pretreated substrates are presented in Figures 1–3, respectively.

 

Figure 1. Glucose and reducing sugars released after 3 h, 24 h and 48 h of enzymatic saccharification of
unpretreated sugarcane bagasse (SCB), soybean hulls (SBH) and palm empty fruit bunches (EFB) using
different enzyme combinations (B1 host, B1-XylA and B1 host + B1-XylA).
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Figure 2. Glucose and reducing sugars released after 3 h, 24 h and 48 h of enzymatic saccharification
of sugarcane bagasse (SCB), soybean hulls (SBH) and palm empty fruit bunches (EFB) after acid
pretreatment using different enzyme combinations (B1 host, B1-XylA and B1 host + B1-XylA).

 

Figure 3. Glucose and reducing sugars released after 3 h, 24 h and 48 h of enzymatic saccharification
of sugarcane bagasse (SCB), soybean hulls (SBH) and palm empty fruit bunches (EFB) after alkaline
pretreatment using different enzyme combinations (B1 host, B1-XylA and B1 host + B1-XylA).

Untreated samples of SCB released between 17 and 19 g/L of reducing sugars, between 11
and 13 g/L of glucose and nearly 2 g/L of xylose after 48 h; fructose was not detected. The ratio
between glucose and xylose was around 6, and there was not a significant difference between enzyme
preparations. Untreated SBH released, after 48 h, an average of 31 g/L of reducing sugars using B1
host + B1-XylA and around 29 g/L using B1 host, without significant difference between these enzyme
combinations. Glucose concentration, however, was higher with B1 host + B1-XylA (almost 19 g/L).
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Small amounts of xylose and fructose (3–4 g/L of xylose, 2–3 g/L of fructose) were determined with
little advantage of B1 host + B1-XylA. Untreated EFB released 10 g/L of reducing sugars and around
7.5 g/L of glucose after 48 h, using B1 host and B1 host + B1-XylA; when B1-XylA alone was used,
the glucose concentration after 48 h was 6 g/L. Xylose concentration was of about 3 g/L for all enzyme
combinations and no fructose was detected.

Mild acid pretreatment was especially efficient in SBH, allowing to obtain 92 g/L of reducing
sugars after 48 h when the enzyme combination B1 host + B1-XylA was used. No residual fibers were
observed. In 24 h, 67 g/L of reducing sugars were obtained. Glucose concentration after 48 h was
equivalent between B1 host and B1 host + B1-XylA (58 g/L). These results represent an improvement of
3× as compared to the untreated samples. Acid pretreated SCB released, after 48 h, around 40 g/L of
reducing sugars and 30 g/L of glucose when using B1 host or B1 host + B1-XylA. In 24 h, concentrations
of reducing sugars were in the order of 34 g/L; thus, no pronounced time-dependent increase was
observed. These results represent an improvement of around 2× and 3× for reducing sugars and
glucose, respectively, as compared to the untreated samples; however, all samples still contained
residual fibers after 48 h, indicating that the carbohydrates were not completely accessed. Acid
pretreated EFB showed better results for B1 host as compared to other enzyme combinations after 48 h
(37 g/L of reducing sugars and 27 g/L of glucose), an improvement of 3.7× as compared to untreated
samples. Similar to SCB, residual fibers were observed after 48 h of hydrolysis.

Alkaline pretreatment was the most effective for SCB, and the enzyme preparation B1 host was the
most efficient among all. Concentrations of 91 g/L reducing sugars and 71 g/L glucose were obtained after
48 h. After 24 h, concentrations were 75 g/L and 54 g/L, respectively. This represents an improvement of 5×
and 6× in relation to untreated samples and of around 2× in relation to acid pretreated samples. Alkaline
pretreated SBH released 96 g/L of reducing sugars and 81 g/L of glucose, after 48 h, when using the
enzyme preparation B1 host + B1-XylA. This preparation also provided the best results in acid-pretreated
samples of SBH. In 24 h, enzyme preparations B1 host and B1 host + B1-XylA released around 73 g/L of
reducing sugars and around 60 g/L of glucose. When comparing mild acid and alkaline pretreatments
for SBH, a slight increase was observed for reducing sugars, from 92 to 96 g/L, and an important increase
was observed for glucose, from 58 to 81 g/L. Alkaline pretreated EFB samples released 42 g/L of reducing
sugars and 30 g/L of glucose after 48 h, when using B1 host. These results are consistent with those
obtained for acid pretreated EFB, indicating a similar effect of both pretreatments and a better effect of
the enzyme preparation B1 host in this substrate. However, it is clear that the potential of the substrate
was not fully accessed yet. It is important to remark that, between 24 and 48 h of enzymatic hydrolysis,
alkaline pretreated sugarcane bagasse and soybean husks were completely liquefied, while empty fruit
bunches remained in great part as a solid fraction after 48 h of hydrolysis.

Table 5 presents the summary of the best saccharification results obtained for each substrate and
pretreatment, and the corresponding enzyme combinations.

Table 5. Summary of best results of enzymatic saccharification after 48 h.

Substrate-
Pretreatment

Enzyme Combination
Glucose

Concentration
(g/L)

Reducing Sugars
Concentration

(g/L)

Glucose
Yield (g/100 g

Substrate)

Reducing Sugars
Yield (g/100 g

Substrate)

SCB—Untreated B1 host, B1-XylA or B1 host + B1-XylA 12 18 11 16
SCB—Acid B1 host or B1 host + B1-XylA 30 40 17 (27) 23 (36)

SCB—Alkaline B1 host 71 91 42 (65) 54 (83)
SBH—Untreated B1 host + B1-XylA 19 31 17 28

SBH—Acid B1 host + B1-XylA 58 92 30 (53) 47 (84)
SBH—Alkaline B1 host + B1-XylA 81 96 36 (74) 42 (87)

EFB—Untreated B1 host or B1 host + B1-XylA 7.5 10 6.8 9
EFB—Acid B1 host 27 37 16 (25) 21 (34)

EFB—Alkaline B1 host 30 42 18 (27) 26 (38)

Note: The yields of glucose and reducing sugars were calculated based on the total initial mass of dry substrates
(before pretreatment); values in parentheses represent the yields obtained from the mass recovered after pretreatment,
in dry basis; it was considered that, after enzymatic hydrolysis, one molecule of water is incorporated in each
monomer. SCB—sugarcane bagasse; SBH—soybean husks; EFB—empty fruit bunches of oil palm.
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4. Discussion

The association of efficient enzyme cocktails and effective pretreatment strategies has a very
important function in making the saccharification of lignocellulosic biomass feasible, especially of the
most recalcitrant biomass types. Sugarcane bagasse and palm empty fruit bunches are very fibrous
materials, while soybean husks are softer and easier to grind. SCB is porous and absorbs water in
approximately 10 times its mass, while palm EFB is harder and less porous. These characteristics were
reflected in the efficiency of pretreatments and saccharification.

SBH was easily hydrolyzed after both acid and alkaline pretreatments, and even the untreated
SBH samples released a considerable amount of reducing sugars (around 30 g/L). On the other hand,
EFB was the most recalcitrant substrate, with no difference between acid and alkaline pretreatments in
terms of reducing sugars yield. Sugarcane bagasse was the substrate that showed the most pronounced
effect of pretreatment type, being the alkaline pretreatment significantly more effective than the acid
one. This is probably related to the ability of alkali to solubilize lignin, which was successfully achieved
considering the porous nature of SCB.

Acid pretreatment is highly effective in disrupting the lignocellulosic matrix by the cleavage of
glycosidic bonds. This process mainly solubilizes the hemicellulosic portion of the biomass, and part
of the lignin [23]. Alkaline pretreatment removes lignin with high efficiency and cleaves glycosidic
and ester side chains, contributing to decrystallization, increased porosity and swelling of cellulose [2].
These modifications facilitate in great extent the access of enzymes to the carbohydrate molecules.
An approach to take advantage of both mechanisms is the sequential acid-alkaline pretreatment.
This strategy has been applied to corn stover and corn cobs resulting in reducing sugar yields higher
than 90% [23]. However, the need to perform two separate steps of thermochemical treatments
increases process costs and time, discouraging the application in an industrial scale.

In our experiments, sugar losses between 11 and 24% were detected after acid pretreatment,
as presented in Table 4. Alkaline pretreatment was more selective to lignin, as observed from the brown
color of the resulting liquid phase. Regardless of the pretreatment strategy, there were significant
mass losses for all substrates, which were in the order of 32–37% for SCB and EFB. SBH was the
substrate that presented the most pronounced mass loss as a result of pretreatment, either acid (43.9%)
or alkaline (51.3%). Considering the low lignin content of this substrate, we assumed that one of the
factors contributing to this mass loss was the small particle size of the grinded material. Although all
substrates were grinded and particle sizes <3 mm were selected, SCB and EFB presented a small-fibers
aspect after mechanical processing and selection, while SBH presented a powder aspect. Another point
to be considered is the relatively high concentration of proteins (14%, Table 1) that can be extracted by
the thermochemical pretreatments. Rojas et al. [24] reported a mass yield of 40% after acid pretreatment
of SBH with H2SO4 3% (v/v), 25% of solids, at 120 ◦C for 40 min, and this mass loss of 60% was
mainly attributed to the solubilization of protein, pectin and hemicellulose. The high solubilization
of biomass components and the possible loss of small particles during pretreatment in the present
work contributed to the relatively low yields of reducing sugars recovery from the initial mass of SBH
(42–47%, Table 5), despite the high efficiency of enzymatic hydrolysis.

The enzymatic saccharification of sugarcane bagasse has been widely studied in the last decade.
Today, sugarcane bagasse is the second most important agro-industrial residue used as a feedstock for
2G ethanol, after corn residues. Even so, the scientific literature still reports challenges to be overcome
in the conversion of substrates and sugar release, especially when considering industrial applications.
Prajapati et al. [2] applied a cocktail of cellulases and hemicellulases from A. tubingensis to hydrolyze
alkali treated sugarcane bagasse, with 6–8% (w/v) solids, for 96 h at 45 ◦C, applying an enzyme
preparation containing FPase activity (1.03 U/mL), β-glucosidase (0.6 U/mL), endo-β-glucanase
(6.8 U/mL), α-galactosidase (1.6 U/mL), β-xylosidase (0.17 U/mL), β-mannosidase (0.05 U/mL),
endo-β-mannanase (13.7 U/mL) and endo-β-xylanase (7.26 U/mL). The maximum concentration
of released sugars was around 20 g/L of a mixture of glucose, xylose and arabinose. Scarpa et al. [25]
reached a glucose concentration of 7.32 g/L from sugarcane bagasse submitted to hydrothermal alkaline
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pretreatment, at a solids load of 13.5% (w/v, dry basis) and an endoglucanase load of 288 U/g cellulose,
for 130 h and 57 ◦C. These are considered low concentrations for industrial fermentations, especially in
the segment of bioethanol production.

Martin et al. [26] evaluated the saccharification of sugarcane bagasse pretreated with a mixture of
glycerol and sulfuric acid (79.6% glycerol, 0.6 or 1.1% H2SO4) or with sulfuric acid alone (1.1% H2SO4),
at 188–194 ◦C, for 100–140 min. The authors also evaluated six enzyme preparations, three commercial
Trichoderma-based cocktails and three preparations developed at the Bach Institute of Biochemistry
(Russian Academy of Sciences), namely PV (host strain cellulase/xylanase cocktail—the same B1 host
preparation used in our experiments), PV-Xyl PCA (produced by a recombinant P. verruculosum strain
after heterologous expression of P. canescens xylanase A), and PV-Hist BGL (produced by a recombinant
P. verruculosum strain after heterologous expression of A. niger β-glucosidase). Both PV-Xyl and PV-Hist
BGL preparations also contained the cellulase complex of P. verruculosum. Better results of enzymatic
convertibility were obtained with glycerol-treated bagasse. After 48 h of hydrolysis, around 30 g/L of
reducing sugars, mostly represented by glucose, were obtained (using the PV enzyme loading of 10 mg
protein/g substrate and 50 g/L of substrate), corresponding to a cellulose conversion value of almost
80%. The preparation PV-Xyl is the same as the B1-XylA preparation used in our experiments. It has
already been tested for bagasse, aspen and pine wood and results were reported by Osipov et al. [15].
These results corroborate the suitability of the enzyme cocktails obtained from P. verruculosum to
hydrolyze sugarcane bagasse. Since these cocktails are crude preparations, the economic feasibility of
the process can be significantly enhanced as compared to the use of commercial purified preparations.

Hickert et al. [27] performed the saccharification of soybean husks using an enzyme preparation
obtained from Penicillium echinulatum. Pretreatment was performed by dilute acid hydrolysis (121 ◦C,
40 min, solid-liquid ratio of 1:10, 1% v/v sulphuric acid) and it was followed by enzymatic hydrolysis
using a solid-liquid proportion of 1:20 (dry matter in citrate phosphate buffer pH 4.8), P. echinulatum

S1M29 enzyme preparation (enzyme loading of 10, 15, or 20 FPU/g), at 120 rpm, 50 ◦C for 96 h.
The liquid fractions of acid pretreatment and enzymatic hydrolysis were mixed, yielding a solution
containing (g/L): glucose 38, xylose 21, arabinose 4, mannose 6 and cellobiose 7. The efficiency of
saccharification was 72%. Qing et al. [28] studied the saccharification of SBH submitted to acid
and alkaline pretreatments (1% v/v H2SO4 or NaOH, 120 ◦C, 1 h) using the commercial preparation
Accelerase 1500 (60 FPU/g), and results were different from those of the present work, since the alkaline
pretreatment promoted considerably higher enzymatic conversion than the acid one (80% versus
65%). There are no literature reports on the application of the enzyme preparations obtained from
P. verruculosum, used in the present work, to hydrolyze SBH or EFB.

The saccharification of oil palm EFB was evaluated by Medina et al. [12], comparing acid-alkaline
pretreatment, steam explosion and steam explosion with alkaline delignification. The enzymatic
digestibility of the pretreated substrate was evaluated with Celluclast® 1.5 L and Novozym 188 (mass
ratio of 1:0.3), loaded at 60 FPU per g EFB, with pH 4.8 (0.1 M sodium citrate buffer) and maintained at
55 ◦C, 130 rpm for 5 days. The mass-volume ratio of EFB was 2.5% (w/v). The best result of enzymatic
digestibility (72% after 5 days) was obtained with the sequential acid-alkaline pretreatment (1% H2SO4,
2.5% NaOH, 121 ◦C), while digestibility results obtained with steam explosion coupled with alkaline
delignification were lower than 50%, and with steam explosion alone, lower than 16%. These results,
together with the findings of the present research, indicate that the recalcitrant nature of EFB cannot
be overcome by traditional industrial pretreatment methods such as steam explosion and single-step
thermochemical pretreatments, and that both pretreatment and saccharification are bottlenecks to be
optimized for this substrate.

5. Conclusions

The effects of different enzyme combinations were demonstrated in the saccharification of
sugarcane bagasse, soybean husks and oil palm empty fruit bunches submitted to mild acid and
alkaline pretreatments. Sugarcane bagasse was efficiently saccharified after alkaline pretreatment,
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while soybean husks were efficiently saccharified regardless of the pretreatment method. Palm
empty fruit bunches also showed similar responses of enzymatic saccharification independently of the
pretreatment strategy; however, with much lower sugar yields. The best enzyme choice for sugarcane
bagasse was B1 host, representing a cellulase/xylanase complex of P. verruculosum; for soybean husks,
the combination of B1 host (80%) and B1-XylA (20%), this last one obtained through the recombinant
expression of P. canescens xylanase A in the P. verruculosum B1 host strain, gave the best results; for palm
empty fruit bunches, the B1 host preparation was the most efficient.
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Abstract: Non-edible cellulose-containing biomass is a promising and abundant feedstock for simple
sugar production. This study presents the results of different cellulose-containing materials (CCM)
hydrolysis experiments with P. verruculosum enzyme complexes in laboratory conditions. Among
the non-pretreated substrates, only a few had a relatively high convertibility—soy bean husks (31%)
and sugar beat pulp (20%)—while wheat straw, oat husks, sunflower peals, and corn stalks had
a low convertibility of 3% to 12%. This indicates that a major part of CCM needs pretreatment.
Steam-exploded (with Ca(OH)2) soy bean and oat husks (76% and 58%), fine ball-milled aspen wood
and nitric acid-pretreated aspen wood (62% and 78%), and steam-exploded (with sulfuric acid) corn
stalks (55%) had a high convertibility. Woody biomass pretreated with pulp and paper mills also had
a high convertibility (56–78%)—e.g., never dried kraft hardwood and softwood pulp (both bleached
and unbleached). These results demonstrate that effective cellulose-containing material processing
into simple sugars is possible. Simple sugars derived from CCM using P. verruculosum preparation
are a promising feedstock for the microbiological production of biofuels (bioethanol and biobutanol),
aminoacids, and organic acids (e.g., lactic acid for polylactic acid production).

Keywords: cellulose-containing materials; Penicillium verruculosum; recombinant enzymes; pretreatment

1. Introduction

All natural cellulose fibers have their origin in the plant cell wall. Different plants’ cell walls
are radically different, but the cellulose content remains constant in the range of 35% to 50% of
plant dry weight [1]. With rare exceptions, cellulose fibers are encased in a matrix composed of
hemicelluloses and lignin, which constitute approximately 20–35% and 5–30% of plant dry weight [1–3].
Plant cell wall composition and architecture are fundamental characteristics of cellulose-containing
biomass. While some other characteristics, such as size and moisture content, could be easily adjusted,
carbohydrate and lignin content, pore density, and cellulose crystallinity are much harder to change
and make the utilization of cellulose-containing materials more complex than that of pure cellulose.

The main requirements for biotechnology feedstock are low cost, availability, and high sugar
yield [4,5]. The cost and availability depend on the logistics. In turn, the sugar yield in enzymatic
hydrolysis or the convertibility of cellulose-containing materials are determined by fundamental
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characteristics. It is necessary to identify cellulose-containing materials that match the requirements
for biotechnology processes. It is reasonable to obtain simple sugars from low-cost non-food feedstock
firstly due to the lack of competition with edible biomass and secondly to resolve some ecological
problems—i.e., environmental pollution, greenhouse gas emission, or the alienation of productive land
for landfills.

The first group of widely available potential feedstock is agricultural waste which consists mainly
of herbaceous biomass (straw, husks, cobs, peels, leaves) with a low lignin content. The worldwide
production of crop plant residues is about 3.4 billion tons yearly [6], including 100 million dry tons
of corn stover [7], 280 million dry tons of bagasse [8], and 354 million dry tons of wheat straw [9].
As sugarcane bagasse in tropical countries, sugar beet pulp is a major by-product of the sugar industry
in countries with a continental climate. The annual production of sugar beet pulp is 21–22 million wet
tons, and its main use is as animal feed [10]. More than 100 million tons of agricultural plant residues
are generated every year in the Russian Federation [11]. In general, the dry weight residue/grain ratio
for cereal varies from 1 to 2 [12]. This agricultural biomass requires reutilization, otherwise it is left on
field, dumped, and incinerated.

The annual harvest of wood biomass for saw logs and paper and pulp is 960 million tons.
The estimated forestry processing wastes in the EU are about 88.2 million tons per year [13]; in the
Russian Federation, they are about 35.5 million m3/yr [14]. Woodworking industry residues are
widespread and often have no need to be additionally milled, but felling residues have to. Operating
felling residues are important for sustainable forest use and preventing forest soil contamination.
Aspen (Populus tremula) has a great potential in future bioeconomy as an energy crop due to its fast
growth or as a felling residue because of its poor wood.

Food production generates a huge amount of residues and by-products that are usually used
as animal feed due to residual protein, starch, and sugar [15,16] but could find application as a
biotechnology feedstock. A total of 90 to 150 million tons of cultivated wheat is converted into
bran every year [17]. Starch-containing bran was studied for bioethanol production [18] and protein
extraction [19]. The main coproducts of grain-derived fuel and food-grade ethanol production are
distillers’ dry grain and solubles, which are limited in monogastric livestock. The growing production
is expected to drive its supple up and prices down, making it a promising cellulose-containing
resource [20].

It is common opinion that raw wet and dry cellulose-containing materials need to be pretreated
prior enzymatic saccharification due to their rigidity. The most studied types of pretreatment
are dry or wet mechanical milling, steam explosion and its varieties, dilute acid or alkaline
pretreatment, and pretreatment with organic solvents. Irrespective of the pretreatment process, the
cellulose-containing material’s fundamental characteristics change. While relatively novel pretreatment
processes require additional optimization and upscaling, pulp and paper mills are already fine-tuned
for the production of delignified cellulose-rich materials located close to forest resources and could
be quickly integrated into forest biorefinery. The estimated global production of mechanical and
semi-chemical pulp is 36.3, with chemical pulp at 142.4, Kraft pulp (bleached and unbleached) at
140, and sulfite pulp at 2.4 million t/yr in 2017 [21]. The only technology missing in pulp mill
production chain is enzymatic hydrolysis. The production of cellulosic sugars and further biofuels and
biochemicals on a reorganized mill is economically feasible because of the compatible supply, facilities,
and workforce [22]

In some cases, it is reasonable to process unconventional local cellulose-containing materials,
such as municipal solid waste or algal biomass [23].

The aim of this research is to evaluate the enzymatic convertibility of cellulose-containing materials
of different origin—including agricultural and industrial byproducts and waste in enzymatic hydrolysis
with P. verruculosum cellulolytic complexes—to simple sugars which could be used as raw materials in
different sectors of bioindustry.
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2. Materials and Methods

2.1. Samples of CCM

The sugar beet pulp was from Kanevsky sugar refinery (Krasnodar, Russia) and wheat straw
from Khimavtomatica SPA (Moscow, Russia). Dried and steam explosion-pretreated bagasse was
provided by DNL (Rotterdam, The Netherlands), Florida Crystals (West Palm Beach, FL, USA), and BC
International. Sunflower peels were from East Siberian Biotechnology Center PLC (Tulun, Russia). Raw
and pretreated soy husks and oat bran were provided by ADM (Decatur, IL, USA). Dried and steam
explosion-pretreated corn stalks were obtained from NREL (Golden, CO, USA), Dyadic International
(Jupiter, FL, USA), and ADM (Decatur, IL, USA). Corn bran was obtained from Gruma S.A.B. de S.V.
(San Pedro, Mexico). Wheat bran and brewing waste were from Bigor LLC (Moscow, Russia). Wet and
dried distillers grains were provided by ADM (Decatur, Illinois). Original and ball-milled wood
samples (pine, aspen, larch, hevea) were from the East Siberian Biotechnology Center (Tulun, Russia).
Samples of bleached and unbleached softwood and hardwood pulp were produced from spruce and
birch-aspen mixtures, respectively, from Arkhangelsk Pulp and Paper Mill (Arkhangelsk, Russia).

2.2. Substrates

Carboxymethylcellulose (CMC, sodium salt, medium viscosity), birch glucuronoxylan,
p-nitrophenyl-β-D-glucopyranoside, and cellobiose were purchased from Sigma (St. Louis, MO,
USA); Avicel PH105 cellulose was from Serva (Heidelberg, Germany); filter paper No.1 was from
Whatman (Little Chalfont, UK).

2.3. Enzyme Preparations

B151 and F10 preparations represent freeze-dried ultra-concentrated cultural filtrates of Penicillium

verruculosum strains B151 (represents cellulase and xylanase complex) [24] and F10 (recombinant
strain after the heterologous expression of Aspergillus niger β-glucosidase (cellobiase)) cultivated in 1l
fermenters at the Institute of Biochemistry of RAS (Moscow, Russia) [25].

2.4. Analytical Procedures

2.4.1. Enzyme Activity Assays

The filter paper activity was determined using a standard method with 1 cm × 5 cm (50 mg)
Whatman No. 1 filter paper strips in 0.05 sodium citrate buffer pH 4.8 at 50 ◦C for 1 h and DNS
reagent for measuring reducing sugars [26]. The CMCase and xylanase activities were determined by
a reducing sugar release at pH 5.0 and 50 ◦C after 10 min using a substrate concentration of 5 mg/mL
in the reaction mixture [27]. Avicelase activity was determined by the reducing sugar release at pH 5.0
and 40 ◦C after 60 min of enzyme reaction with Avicel PH105 (5 mg/mL) [28]. Reducing sugars were
assayed by the Nelson-Somogyi spectrophotometric method based on molybdenum blue formation
in the reaction of molybdic acid reduction by cuprous oxide. A total of 0.2 mL of reducing sugars
containing sample solution with 0.2 mL of Somogyi reagent were mixed and incubated at 100 ◦C for
1 h, then sequentially 0.2 mL of Nelson, 0.4 mL of acetone and 1 mL of distilled water were added.
Adsorption was measured at 610 nm [29]. One unit of activity corresponded to the quantity of enzyme
releasing 1 µmol of reducing sugars (in glucose equivalents) for one minute. The activity against
p-NP-β-glucospiranoside was determined at pH 5.0 and 40 ◦C by measuring the p-nitrophenol released,
as described elsewhere [28]. One β-glucosidase unit of activity is the quantity of enzyme which liberates
1 micromole of p-nitrophenol in one minute. Cellobiase was determined by the incubation of 2.5 mM
of cellobiose solution with the enzymes at 40 ◦C and pH 5.0 and measuring the released glucose with
the glucose oxidase/peroxidase method [30]. One unit of cellobiase activity is the quantity of enzyme
which liberates 1 micromole of glucose in one minute. The activities of the enzyme preparations are
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given in the Table 1. Protein concentration was determined according to Lowry protein assay [31]
using bovine serum albumin as a standard.

Table 1. Properties of P. verruculosum enzyme preparations (EP).

EP
Protein,

mg/g
FP,
U/g

Avicel,
U/g

CMC,
U/g

pNPG,
U/g

Cellobiose,
U/g

Xylan,
U/g

B151 970 ± 26 760 ± 25 578 ± 17 16,542 ± 340 1074 ± 52 603 ± 47 17,532 ± 505
F10 655 ± 14 147 ± 5 853 ± 21 7007 ± 73 39,852 ± 926 46,663 ± 1134 3800 ± 39

2.4.2. Enzymatic Hydrolysis

CCM hydrolysis tests were conducted in 50 mL vessels incubated at 50 ◦C and 250 rpm on an
Innova 40 shaker (Edison, NJ, USA) for 48 h. A reaction mixture of 20 mL total contained 100 g/L of
CCM dry matter in 0.1 M of Na-acetate buffer at pH 5.0 with 10 mg/g of dry matter protein loading
of B151 enzyme preparation. To overcome the cellobiose inhibition effect, an amount (40 U/g dry
substrate) of cellobiase activity of F10 enzyme preparation was added to the mixture. Then, 1 mM of
NaN3 and 100 µg/mL of ampicillin were used to prevent contamination. Nelson-Somogyi assay [29]
was used to determine the concentration of reducing sugars in the reaction mixture.

CCM enzymatic convertibility was defined as a degree of conversion (48 h) to reducing sugars (in
glucose equivalent) as a percentage per initial concentration of substrate (w/w).

2.5. Pretreatment Conditions

Wheat straw; sunflower peels; bagasse; and aspen, larch, and pine sawdust were fine milled using
an AGO-2 laboratory ball mill (<20 µm). Sugar beet pulp were pretreated in a double-screw extruder
at 182 ◦C, 30 atm, for 50 s.

Aspen wood was milled (300 µm sieve) using an IM450 industrial impeller mill (SE TechPribor,
Shchyokino, Russia). Milled aspen wood was pretreated in different ways: with diluted (0.9–12.7%)
sulfuric acid at 120–180 ◦C for 15 to 180 min, with 0.18–0.54% sulfuric acid solution in ethanol and
butanol, and with diluted (0.15–4.8%) nitric acid at 100–160 ◦C and elevated pressure for 60 min.
The diluted acid pretreatment was conducted in a 100 mL pressurized steel cylinder. A cylinder
with milled aspen wood and an acid solution with a solid-to-liquid ratio of 1:5 was placed in a
temperature-controlled oil bath. Elevated pressure was created by nitrogen injection. By the end of
the pretreatment process, the reactors were cooled in cold water, then the slurry was filtered and the
remaining solids were washed with water or alcohol–water mixture.

3. Results and Discussion

Unpretreated agricultural residues are resistant to cellulolytic enzymes and characterized by a low
reducing sugar yield in hydrolysis with a mixture of P. verruculosum B151 cellulase complex and F10
β-glucosidase. The wheat straw convertibility was 12%. For the sugar beet pulp, it was 20%, for oat
husks it was 5%, for sunflower peels it was 3%, for corn stalks it was 10%, and for bagasse it was 17%.
Only the soy husk convertibility was relatively high, at 31% (Table 2).

Table 2. Convertibility of different cellulose-containing materials in hydrolysis by a mixture of
P. verruculosum B151 cellulase complex and F10 β-glucosidase.

Substrate Convertibility, %

Agricultural residues

Wheat straw 12
Wheat straw pretreated by dry fine ball-milling (<20 µm) 45

Wheat straw pretreated by 1% NaOH, 85 ◦C 55
Wheat straw pretreated by steam explosion 75

Wheat straw steam pretreated by steam explosion with Ca(OH)2 69
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Table 2. Cont.

Substrate Convertibility, %

Sugar beet pulp 20
Sugar beet pulp extruded 27

Oat husks 5
Oat husks pretreated by steam explosion with Ca(OH)2 76

Soy bean husks 38
Soy bean husks pretreated by steam explosion with Ca(OH)2 58

Sunflower peels 3
Sunflower peels pretreated by dry fine ball-milling (<20 µm) 7

Corn stalks 10
Corn stalks pretreated by steam explosion with H2SO4 55

Corn stalks pretreated by steam explosion with Ca(OH)2 36

Sugar cane bagasse 18
Sugar cane bagasse pretreated by dry fine ball-milling (<20 µm) 42
Sugar cane bagasse pretreated by steam explosion with Ca(OH)2 41
Sugar cane bagasse pretreated by steam explosion with H2SO4 34

Food-industry waste

Brewing waste (rye-wheat) 10
Wheat bran (destarched) 14
Corn bran (destarched) 12

Distillers grains wet (WDG) 18
Distillers grains dried (DDG) 16

Pulp and paper industry products

Never dried bleached softwood kraft pulp 78
Never dried unbleached softwood kraft pulp 68

Dried bleached softwood kraft pulp 58
Dried unbleached softwood kraft pulp 48

Never dried bleached hardwood kraft pulp 66
Never dried unbleached hardwood kraft pulp 56

Dried bleached hardwood kraft pulp 50
Dried unbleached hardwood kraft pulp 42

Wood industry waste and forestry residues

Pine sawdust 8
Pine sawdust (deresinated) pretreated by dry fine ball-milling (<20 µm) 45

Larch sawdust 6
Larch sawdust pretreated by dry fine ball-milling (<20 µm) 22

Aspen sawdust 8
Aspen sawdust pretreated by dry fine ball-milling (<20 µm) 50

Hevea sawdust 4
Hevea sawdust pretreated by dry fine ball-milling (<20 µm) 14

Mechanical pretreatments such as fine ball milling or extruding have resulted in increasing
the convertibility of these substrates 1.35–3.75 fold. The data of enzymatic hydrolysis obtained for
mechanically pretreated materials have shown that the ball milling (which gives an average particle
size of less than 20 µm) of wheat straw and bagasse results in increased convertibility to 45% and 42%,
respectively. The ball milling of sunflower peels leads to a very limited improvement in convertibility
at 7%, which indicates that they are practically not digestible by cellulolytic enzymes. Sugar beet pulp
pretreatment by extrusion has also shown a limited improvement in convertibility (to 27% only).

The wheat straw convertibility after delignification with hot alkaline solution increased 4.6-fold
(up to 55%).
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Steam explosion pretreatment with different additives (H2SO4, Ca(OH)2) demonstrated that
wheat straw, out husks, soy bean husks, corn stalks, and bagasse were easy to hydrolyze with
enzymes, and this pretreatment enhanced the convertibility up to 69–75%, 76%, 58%, 36–55%, and
34–41%, respectively. Supplementation with H2SO4 and Ca(OH)2 has shown an opposite result for
different materials: calcium hydroxide is preferable for bagasse pretreatment (7% higher sugar yield),
while a corn stalk pretreatment required sulfuric acid (19% higher sugar yield). Wheat straw steam
pretreatment required no additives.

The enzymatic hydrolysis of unpretreated food-industry waste has shown that this kind of
cellulose-containing material is far from being a potential source of simple sugars for biotechnology.
Thus, the convertibility of brewing waste, destarched corn, and wheat bran was very low, at 10%, 12%,
and 14%, respectively. The convertibility of wet and dry distillers grains hydrolysis was slightly higher,
at 18% wet and 16% dry, respectively.

Pulp and paper production is a large-tonnage and streamlined industry. The range of products in
this area is very wide. They differ in the raw materials (hardwood or softwood, others) used and the way
they are produced (wood cooking, bleaching). Creating an integrated biorefinery plant around existing
pulp and paper mills would enhance their marketability by efficient converting all biomass components
into value-added products [32]. The Kraft pulping process is a promising pretreatment technology for
biocatalytic conversion of cellulose and hemicelluloses to glucose and other monosaccharides [33,34].
The convertibility of newer dry as well as dried kraft fibers representing by bleached and unbleached
soft wood and hardwood pulp was evaluated (Table 1). The highest convertibility was demonstrated
by wet bleached softwood pulp, at 78%; the reason for the high convertibility is the almost complete
removal of lignin by the Kraft process (a remaining lignin content was 2–3% [33]). The convertibility of
wet bleached hardwood pulp was 58%; this is lower compared with bleached softwood pulp because
of the xylan influence [33]. Unbleached wet softwood and hardwood pulp had approximately a 1.1
times lower convertibility compared with similar types of bleached pulp; the decrease in convertibility
of unbleached pulp is explained by the higher lignin content.

The drying and subsequent hornification of all kraft pulps types had a significant effect on
convertibility as it reduces swelling and the cellulose fiber accessibility [35] and causes a collapse in
the pore structure [36]. The convertibility was reduced by 1.3–1.4 times compared to wet pulp.

The recycling and utilization of wood industry wastes and forestry residues is crucial for wood
processing and environmental security. In total, five types of wood species were included in this study.
The convertibility of pine, larch, aspen, and hevea sawdust was low and found to be in the range of
4–8% (Table 1). Mechanical pretreatment (dry fine ball-milling that results in an average particle size
less than 20 µm) has resulted in a significant increase in the convertibility of pine wood and aspen
wood to up to 45–50%; in the case of larch, it is up to 22%. The increase in convertibility was due to
defibrillation and reduction in the crystallinity of fibers and increasing surface area related to reducing
particle size [35]. Despite its high efficiency, fine ball-milling has serious disadvantages, such as being
energy consuming and difficulties in scaling up [37]. In view of the rising energy prices and power
intensity, fine milling is not economically reasonable [38].

To counteract these disadvantages, less intensive milling processes can be combined with chemical
and physicochemical pretreatments such as dilute acid and organosolv pretreatments. We have studied
the convertibility of aspen wood subjected to pretreatment by different water and organic solutions
of mineral acids. Relatively low temperatures of pretreatment process were selected to prevent the
unfavorable degradation of carbohydrates and inhibitors formation.

Pretreatment of aspen wood by dilute acids: Five samples were obtained using dilute sulfuric
acid pretreatment of aspen wood particles (200–300 µm). The results demonstrate a linear correlation
between acid concentration and substrate convertibility (Table 3). There was no difference found
(58.4% convertibility) for samples processed with 12.7% and 8.7% sulfuric acid, which could mean
that the maximum available polysaccharides for enzymatic hydrolysis due to the solubilization of
hemicelluloses are limited. Further reduction in the acid concentration to 4.4% and 1.8% results in the
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convertibility decreasing to 44.2% and 42.9%, respectively. Further reduction in the acid concentration
to 0.9% provides a convertibility of 41.6%, which is just 1.4 times lower than the result obtained by
12.7% acid. Such a reduction in chemical consumption can be economically feasible even with a lower
biomass convertibility.

Table 3. Convertibility of aspen wood pretreated using different types of acid-containing solutions at
elevated temperatures.

Conditions Convertibility, %

Aspen wood (200–300 µm) 8

Dilute sulfuric acid pretreatment

Temperature, ◦C Time, h Acid concentration, %

140 1

12.7 58.4
8.7 58.4
4.4 44.2
1.8 42.9
0.9 41.6

Dilute nitric acid pretreatment

Temperature, ◦C Time, h Pressure, at Acid concentration, %

100

1

6 4.8 61.2
130 5 1.1 62.8
125 9 4.8 60.6
125 14 4.8 65.1
125 18 4.8 78.7
125 22 4.8 78.6
150 5 0.2 49.3
160 5 0.5 45.6
160 5 0.7 48.2
160 5 0.3 46.9
160 5 0.2 43.7

Sulfuric acid organosolv

Temperature, ◦C Time, h Organic phase, % Acid concentration, %

140 1

50% EtOH 0.36 38.7
65% EtOH 0.54 48.3
80% EtOH 0.54 43.9
50% BtOH 0.36 36.4
65% BtOH 0.54 58.7
80% BtOH 0.54 51.1

25% EtOH, 25% BtOH 0.54 54.3
40% EtOH, 10% BtOH 0.54 51.1
20% EtOH, 40% BtOH 0.36 51.5
20% EtOH, 40% BtOH 0.18 45.9
25% EtOH, 25% BtOH 0.18 37.6
10% EtOH, 40% BtOH 0.18 36.0

Enhancing the hydrolysis of lignocellulose biomass for the efficient conversion of cellulose and
hemicellulose by pretreatment using nitric acid has not been highly studied compared to sulfuric acid.
To estimate the influence of nitric acid on the convertibility of 200–300 µm aspen wood in severe and
mild conditions, another series of experiments was carried out.

The experimental results demonstrate that the reducing sugars yields after a relatively mild
pretreatment at 100–130 ◦C, 5–6 at, and 1–4.8% nitric acid were purely comparable, at about 60%
(Table 3). Maximum convertibility was achieved with a subsequent elevation of gas pressure. The aspen
wood convertibility enhanced significantly from 60.6% to 78.7% as the pressure increased from 9 to
18–22, while the temperature and acid concentration remained constant (125 ◦C, 4.8%). These nitric acid
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concentration and pressure values found in this study are optimal for pretreatment, since increasing
the temperature up to 160 ◦C results in a convertibility below 50% for acid concentrations of 0.3–0.7%.
There was no additional effect on the reducing sugars yield when the pressure was raised from 18 to
22 at.

It could be concluded that aspen wood pretreatment with dilute nitric acid (convertibility 78.7%
at an acid concentration of 4.8%) is more efficient than with dilute sulfuric acid (convertibility 58.7% at
an acid concentration of 12.7%) but requires more complex equipment.

Organosolve pretreatment of aspen wood: The results obtained in this study demonstrate
that dilute acid pretreatment is very effective. However, after such pretreatment lignin solubilized
poorly [39], even though the hemicellulose matrix is being dissolved. Thus, the next panel of
experiments was aimed to discover best conditions for fractionation and recovery of lignin, cellulose,
and hemicelluloses. All the experiments were conducted at constant temperature 140 ◦C for the same
time 1 h, but at different concentrations of organic solvents (ethanol and n-buthanol) and sulfuric acid
(0.18–0.54%) as a catalyst.

The data display that 50% (v/v) alcohol–water mixtures have the same efficiency of 36–37% with
0.36% acid. Using a 0.54% acid concentration, 65% n-butanol is more preferable than 65% ethanol,
ensuring a convertibility of 58.7% and 48.3%, respectively (Table 3). Organosolve pretreatment with
80% alcohol results in a lower convertibility (43.9% and 54.1% for ethanol and n-butanol respectively),
but n-butanol still provided a better enzymatic digestibility. This likely could be explained as the
swelling of cellulose fibers decreased as the ethanol concentration increased [40].

During organosolve pretreatment with n-butanol, three fractions were obtained: black liquor
containing dissolved lignin, hemicellulose-enriched liquid fraction, and cellulose-containing solid
fraction [41]. This spatial separation also could explain better biomass hydrolysability after n-butanol
pretreatment. Previously [42], it has been found that the swelling of cellulose in organic solvent
strongly depends on the species of organic solvents—the solvent basicity, the molar volume, and
the hydrogen bonding capability—thus, n-butanol is more significant in two-component mixtures.
This was shown in experiments with alcohol concentrations of 25% EtOH + 25% BtOH (convertibility
54%) and 40% EtOH + 10% BtOH (convertibility 51%). However, in general, more concentrated
n-butanol single-component mixtures are preferable to two-component mixtures.

Decreasing acid concentrations from 0.36% to 0.18% resulted in a lower convertibility using
the same mixture composition (20% EtOH + 40% BtOH)—52% and 46%, respectively. At an acid
concentration of 0.18%, this mixture composition has no effect on the convertibility.

These results indicate that alcohol-water mixtures allow using less concentrated acids,
while biomass components could be fractionated and alcohols could be recirculated. In this study,
the optimal conditions for pretreatment were found: 140 ◦C, 1 h, 0.54% sulfuric acid, 65% n-butanol.
These conditions lead to a 7.4-fold increase in the convertibility or aspen wood (59% compared to 8%
of untreated substrate).

4. Conclusions

In total, the convertibility in enzymatic hydrolysis by a mixture of P. verruculosum B151 cellulase
complex and F10 β-glucosidase of 69 samples of original and pretreated CCM was tested in this study.
A major part of the non-pretreated substrates had a low convertibility of 3% to 18%. There were only a
few substrates with a higher convertibility among the original unpretreated samples—e.g., soy bean
husks had a convertibility of 31%, with sugar beat pulp at 20%. The low level of convertibility of CCM
indicates the necessity of pretreatment [43,44].

Among the pretreated feedstocks, steam-exploded (with Ca(OH)2) soy bean and oat husks (76%
and 58%), fine ball-milled aspen wood and nitric acid-pretreated aspen wood (62% and 78%), and
steam-exploded (with sulfuric acid) corn stalks (55%) had a sufficiently high convertibility. It should be
noted that types of cellulosic feed stocks that are the source of pulp and paper industry, such as newer
dried kraft hardwood and softwood pulp (both bleached and unbleached), had a high convertibility
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(56–78%). This kind of CCM from our point of view had matching characteristics with the requirements
for biomass enzymatic conversion to simple sugars and downstream processes, since they have a high
convertibility, bulk availability, and waste disposal problems. The softwood and hardwood kraft pulp
had a higher convertibility and are the most promising types of cellulose-containing materials from
our point of view.
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Abstract: Agricultural residues are considered the most promising option as a renewable feedstock
for biofuel and high valued-added chemical production due to their availability and low cost.
The efficient enzymatic hydrolysis of agricultural residues into value-added products such as sugars
and hydroxycinnamic acids is a challenge because of the recalcitrant properties of the native biomass.
Development of synergistic enzyme cocktails is required to overcome biomass residue recalcitrance,
and achieve high yields of potential value-added products. In this study, the synergistic action of two
termite metagenome-derived feruloyl esterases (FAE5 and FAE6), and an endo-xylanase (Xyn11) from
Thermomyces lanuginosus, was optimized using 0.5% (w/v) insoluble wheat arabinoxylan (a model
substrate) and then applied to 1% (w/v) corn cobs for the efficient production of xylo-oligosaccharides
(XOS) and hydroxycinnamic acids. The enzyme combination of 66% Xyn11 and 33% FAE5 or FAE6
(protein loading) produced the highest amounts of XOS, ferulic acid, and p-coumaric acid from
untreated, hydrothermal, and acid pre-treated corn cobs. The combination of 66% Xyn11 and 33%
FAE6 displayed an improvement in reducing sugars of approximately 1.9-fold and 3.4-fold for
hydrothermal and acid pre-treated corn cobs (compared to Xyn11 alone), respectively. The hydrolysis
product profiles revealed that xylobiose was the dominant XOS produced from untreated and
pre-treated corn cobs. These results demonstrated that the efficient production of hydroxycinnamic
acids and XOS from agricultural residues for industrial applications can be achieved through the
synergistic action of FAE5 or FAE6 and Xyn11.

Keywords: Ferulic acid; Feruloyl esterase; Xylanase; Synergy; Xylo-oligosaccharides

1. Introduction

Lignocellulosic biomass is widely considered one of the most promising low-cost feedstocks
for the production of renewable energy and value-added chemicals. It is primarily composed of
three major components, namely: cellulose (40–60%), hemicellulose (20–40%), and lignin (10–25%) [1].
Waste agricultural residues generated during crop harvesting and processing (e.g., rice straw, wheat
straw, corn stover, corn cobs, sugarcane bagasse, sorghum bagasse, etc.) are renewable biomass
resources that are readily available and inexpensive [2]. A significant amount of research has focused
on developing environmentally friendly methods of utilising lignocellulosic biomass. In this regard,
enzymatic conversion has emerged as a major technological platform that offers several advantages
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such as environmental benefits and lower energy costs, with no formation of undesirable by-products.
Due to the complexity and heterogeneity in the structure of biomass, its enzymatic conversion requires
the synergistic cooperation of several enzymes [3]. A detailed understanding of this synergistic
cooperation is key in the development of enzyme cocktails for the optimal production of value-added
chemicals from lignocellulosic biomass.

Feruloyl esterases (FAEs, EC 3.1.1.73) and endo-xylanases (EC 3.2.1.8) are essential enzymes for
the degradation of xylan, the most abundant hemicellulose in biomass. FAEs catalyze the cleavage
of covalent ester linkages between hydroxycinnamic acids and polysaccharides, releasing ferulic
acid (FA) and p-coumaric acid (p-CA) from lignocellulosic biomass [4,5]. FA, the most abundant
hydroxycinnamic acid, is usually esterified at the C-5 hydroxy group of the arabinofuranosyl units
of arabinoxylan of commelinid plants [6]. Hydroxycinnamic acids are used in the food industry as
precursors for vanillin, p-hydroxybenzoic acid and 4-vinylphenol production, and as food preservatives
because of their antimicrobial properties [7], while in the pharmaceutical industry, they can be used
for their antioxidant and anti-inflammatory properties [8–11]. Application of FAEs not only releases
hydroxycinnamic acid, but also decreases biomass recalcitrance, making it more accessible for further
hydrolysis by carbohydrate-active enzymes [11]. Endo-xylanases are essential in degrading xylan as
they catalyze the random cleavage of β-1,4-D-xylosidic linkages, generating xylo-oligosaccharides
(XOS) [12]. The enzymes have been classified into glycoside hydrolase (GH) families 5, 8, 10, 11, 30,
43, 62 and 98, with GH10 and 11 being the two families that have been extensively characterized
(www.cazy.org). Endo-xylanase generated XOS from agricultural residues are used in food, feed,
and pharmaceutical industries due to their prebiotic and antioxidant activity [13,14].

FAEs exhibit a synergistic interaction with xylanases during the hydrolysis of a range of
lignocellulosic substrates, which is demonstrated by improved yields in the production of XOS
and FA. Xylanases generate ferulated XOS, which become preferred substrates for FAEs to cleave
ester bonds from, liberating FA as a product [15]. The removal of FA then increases the accessibility
of xylanases to XOS for further hydrolysis into shorter XOS and/or xylose. Studies have reported
significant increases in the amount of FA released from arabinoxylan after the enzymatic hydrolysis by
FAEs in the presence of xylanases [16–18]. Although FAEs from different microorganisms have been
used for the co-production of FA and XOS, some of these FAEs show limited hydrolysis efficiencies.
Therefore, novel FAEs with exceptional catalytic properties are still required for the formulation of
more efficient enzyme cocktails.

Rashamuse and co-workers [19] functionally screened novel FAEs from the hindgut prokaryotic
symbionts of Trinervitermes trinervoides termite species, but the application of these enzymes in
degrading agricultural residues has not yet been explored. In this study, the synergistic action of two
new termite metagenome derived FAEs (FAE5 and FAE6) and a GH11 xylanase from Thermomyces

lanuginosus was optimized on insoluble wheat arabinoxylan (model substrate) and then applied to corn
cobs (a natural substrate) for the production of XOS and hydroxycinnamic acids. The study presented
demonstrated that high quantities of XOS, p-CA and FA were generated from corn cobs as a result of
synergistic interactions between Xyn11 and FAE5 or FAE6.

2. Materials and Methods

2.1. Chemicals, Substrates and Enzymes

Escherichia coli BL21 (DE3) was used for the expression of fae5 and fae6 genes harboured in pET28
plasmids. The cells were cultured in Luria-Bertani (LB) medium containing 50 µg/mL kanamycin at
37 ◦C. The induction was conducted by following the method described previously [20]. Enzymes were
purified using 5 mL Ni-NTA Superflow Cartridges (QIAGEN®), purchased from QIAGEN (Germany),
as per the manufacturer’s instructions. Xylanase (Xyn11) from Thermomyces lanuginosus and ethyl
ferulate (EFA) were purchased from Sigma Aldrich (South Africa). Insoluble wheat arabinoxylan
(WAX) was purchased from Megazyme™ (Ireland).
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2.2. Pre-Treatment of Corn Cobs

Milled corn cobs (CC) was treated using hydrothermal pre-treatment or dilute acid pre-treatment.
A total of 10 g of biomass was suspended in Milli-Q water (for hydrothermal treatment) or in a 0.5%
(w/w) sulphuric acid solution (for dilute acid treatment) (solid: liquid ratio of 1:10) and autoclaved for
20 min at 121 ◦C. The pre-treated CC slurry was filtered, followed by washing the solids repeatedly
with Milli-Q water and then oven drying to constant weight at 50 ◦C for 48 h.

2.3. Chemical Characterization of CC

The total carbohydrates of CC were determined in triplicate by using a modified sulphuric acid
method described previously [21]. Briefly, 300 mg of CC (untreated and pre-treated) was hydrolyzed
with 72% (v/v) sulphuric acid at 30 ◦C for 1 h, diluted to 3% (v/v) sulphuric acid and autoclaved to
solubilize the carbohydrate fraction. Following the hydrolysis, fractions were filtered to remove the
insoluble lignin from the solution.

Determination of the alkali-extractable hydroxycinnamic acid content was carried out by treating
10 mg of biomass with 1 M NaOH solution for 24 h at room temperature and in the dark. The liquors
obtained from alkaline treatments were separated from the solid fraction by centrifugation at 16,000× g

for 5 min. The liquors were neutralized by 2 volumes of 1 M HCl and analyzed by HPLC as described
in Section 2.4.

The morphological structure of untreated and pre-treated biomass was analyzed with a scanning
electron microscope (SEM), JOEL JSM 840. CC samples were mounted on a metal stub with adhesive
tape and coated with a thin layer of gold prior to SEM analysis.

In order to detect changes in functional groups, FTIR analysis of untreated and pre-treated CC was
conducted by loading a few milligrams of pulverized samples in the universal ATR of a Spectrum 100
FT-IR spectrometer system (Perkin Elmer, Wellesley, MA). FT-IR spectra were recorded in quadruple at
a range of 650–4000 cm−1 with a resolution of 4 cm−1.

2.4. Determination of Enzyme Activities and Protein Concentration

For feruloyl esterase activity assay, ethyl ferulate (EFA) was used as substrate. The reaction (1 mL)
was carried out in sodium phosphate buffer (50 mM, pH 7.4) that contained 1 mM EFA. The reaction was
initiated by the addition of a diluted enzyme solution. After 15 min incubation at 40 ◦C, the enzymatic
activity was terminated by incubation at 100 ◦C for 5 min. The released FA from the substrate was
quantified using a Shimadzu HPLC system (Shimadzu Corp, Japan) equipped with a diode array
detector (DAD), where the chromatographic separation was achieved using a Phenomenex® C18 5 µm
(150 × 4.6 mm) LC column (Phenomenex, United States of America). Ambient conditions were used
for analysis. The mobile phase A was 0.01 M phosphoric acid and the mobile phase B consisted of
HPLC grade acetonitrile. The isocratic mobile phase consisted of A: 70% and B: 30% and ran for 10 min
at a flow rate of 0.8 mL/min. The injected volume was 10 µL and the UV absorption of the effluent was
monitored at 320 nm. One unit of enzyme activity was defined as the amount of enzyme that released
1 µmol of ferulic acid per min under standard conditions.

For xylanase activity assay, 10 mg/mL of insoluble wheat arabinoxylan (WAX) was used as a
substrate. The reaction mixture consisted of 300 µL of 1.33% (w/v) substrate dissolved in 50 mM
sodium phosphate buffer (pH 7.4) and 100 µL of diluted enzyme. After 15 min incubation at 40 ◦C,
the enzymatic activity was terminated by incubation at 100 ◦C for 5 min, followed by centrifugation at
16,000× g for 5 min. The concentrations of reducing sugar were measured using 3,5-dinitrosalicylic
acid (DNS) method described previously [22]. Briefly, 150 µL of the sample was mixed with 300 µL of
DNS followed by boiling for 5 min. One unit of enzyme activity was defined as the amount of enzyme
that released 1 µmol of reducing sugars per min. Reducing sugars were estimated using a xylose
standard curve. The yield of reducing sugars was determined using the following equation:

XOS yield (%) = ((XOS released × 0.88)/ xylan content) × 100 (1)
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The Bradford method was used to determine the protein concentration of the enzymes [23].
A protein standard curve was constructed using bovine serum albumin as a suitable standard.

2.5. Synergy Studies

In order to study the synergistic interactions on agricultural residues, the FAE and Xyn11
combinations were first tested on WAX for the release of FA and XOS. Enzyme loadings for all single
enzymes and all enzyme combinations were kept at a total protein loading of 4 mg protein per g of
WAX and at 8 mg per g of CC. For combination experiments, an enzyme mixture consisting of Xyn11
and FAE in a 66:33% protein ratio was used. The enzymatic hydrolysis was performed at a substrate
loading of 0.5% (w/v) for WAX and 1% (w/v) for CC in 50 mM phosphate buffer (pH 7.4) in a total
volume of 400 µL. The reaction mixture was incubated at 40◦C with agitation at 25 rpm for 24 h and
terminated by boiling at 100 ◦C for 5 min. Hydrolysis controls included reactions without the addition
of enzyme or substrate. All the experiments were performed in triplicate. The amount of FA and p-CA
released was determined using the HPLC method described in Section 2.4, while reducing sugars were
measured using the DNS method and XOS were quantified using the HPLC-RID method described in
Section 2.7.

2.6. Determination of Xylo-Oligosaccharides Pattern Profiles

In order to determine the hydrolysis product profiles from synergy studies, XOS were analyzed
by thin-layer chromatography (TLC). Five µL of hydrolysate sample and a mixture of XOS standards
were applied on a silica gel 60 F254 plate (Merck, Darmstadt, Germany). The migration was repeated
twice using a mobile phase consisting of 1-butanol, acetic acid and water in a 2:1:1 ratio, respectively.
The plate was then submerged in Molisch’s Reagent (0.3% (w/v) α-naphthol dissolved in methanol and
sulphuric acid in a 95:5 ratio (v/v), respectively). The spots corresponding to the different XOS were
visualized by heating the plate in the oven at 110 ◦C for 10 min.

The XOS were quantified by a Shimadzu HPLC system (Shimadzu Corp, Japan) equipped with
a refractive index detector (RID) using a CarboSep CHO 411 column (Anatech, South Africa) with
water as the mobile phase in isocratic mode. The column oven was set at 80 ◦C and separation was
performed within 35 min at a flow rate of 0.3 mL per min. An injection volume of 20 µL was employed
for all samples and XOS standards.

2.7. Statistical Analysis

All statistical analyses were performed on GraphPad Prism 6.0 software using the t-test. A p-value
of less than 0.05 was considered to indicate statistically significant differences between compared
data sets.

3. Results

3.1. Chemical Characterization of CC

The main hurdle in utilising lignocellulosic biomass lies in its recalcitrant nature due to the
complexity of its biomass structure. Thus, to increase the enzymatic hydrolysis of biomass, various
pre-treatment strategies are usually required. However, some of the pre-treatment methods are known
for easily solubilizing some of the polysaccharides, mostly hemicellulose [24]. It is, therefore, critical
to perform pre-treatment under conditions that lead to a recovery of the biomass components in a
re-usable form while increasing the enzymatic digestibility. In this study, hydrothermal and dilute
acid pre-treatment strategies were selected. An extremely low thermo-chemical pre-treatment severity
was applied in order to preserve hemicellulose and hydroxycinnamic content in the solid fraction.
In order to determine the effect and efficiency of the pre-treatments, the surface morphology of CC was
visualized with SEM. Figure 1 shows the SEM micrographs of untreated and pre-treated CC.
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Figure 1. Morphological study of corn cobs (CC) by SEM. SEM micrographs of (a) untreated,
(b) hydrothermal treated, and (c) acid-treated at a 2k×magnification.

Here it can be seen that the untreated sample appears to possess a compact structure. In contrast,
the micrographs of pre-treated CC samples display distorted and fragmented structures on the surface.
The structural changes due to pre-treatment might increase the surface area of pre-treated CC, which
could lead to an enhanced enzymatic degradability.

To determine the recoverable sugars and hydroxycinnamic acids after pre-treatment, the
chemical composition of the untreated and pre-treated CC was also analyzed (Table 1). For noting,
the composition of other CC components such as lignin was omitted, and attention was focused on
glucan, xylan, arabinan, and hydroxycinnamic acids. The content of glucan, xylan, and arabinan
was slightly higher in the pre-treated biomass compared to untreated biomass samples. There were
more recoverable sugars in the hydrothermal treated sample compared to the acid pre-treated sample.
A slight increase in FA and p-CA content was observed in the acid-treated sample. The data on Table 1
confirmed that the relevant CC components were successfully retained upon pre-treatment.

Table 1. Chemical composition of untreated and pre-treated CC (on a percentage dry mass basis).

Glucan a Xylan a Arabinan a Reducing
Sugars b FA c p-CA c

Untreated 30.86 ± 0.90 11.46 ± 0.48 7.79 ± 0.63 53.00 ± 0.49 0.61± 0.012 0.63 ± 0.026
Hydrothermal treated 36.03 ± 0.13 13.47 ± 0.91 11.24 ± 0.84 62.38 ± 0.29 0.68 ± 0.027 0.61 ± 0.024

Acid-treated 32.58 ± 0.85 12.22 ± 0.48 8.52 ± 0.55 59.20 ± 0.15 0.68 ± 0.027 0.67 ± 0.013

Analysis method: a Megazyme sugar kits, b DNS method, c HPLC. The data presented are averages ± standard
deviations of triplicates.

To further investigate the chemical changes that took place during the pre-treatment of CC,
FTIR analysis was conducted. The spectra of untreated, hydrothermal and acid-treated CC are
shown in Figure 2. The absorption peaks at around 1730 cm−1 region are predominantly attributed
to the C=O stretching vibration of the ester linkage of the carboxylic group of FA and p-CA of
lignin and/or hemicellulose [25]. The spectra of all samples show this peak suggesting that changes
due to pre-treatment (observed in SEM micrographs) did not lead to the removal of hemicellulose
and hydroxycinnamic acids. The FTIR data is in agreement with composition analysis (Table 1),
as the hydrothermal pre-treated sample displayed strong absorption bands around 1000 cm−1 and in
the region 3500–3200 cm−1 (associated with β-glycosidic linkages and OH groups of glucose units,
respectively) [26].
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Figure 2. FTIR spectra of untreated, hydrothermal treated and acid-treated CC solids registered in the
range of 450–4000 cm−1.

3.2. Determination of Enzyme Specific Activities

The specific activities of the enzymes used in this study were determined as detailed in Section 2.4
under Materials and Methods. Xyn11 was the only enzyme active on WAX with a specific activity of
15.08 U/mg of xylanase, while FAE5 and FAE6 showed activity only on EFA with specific activities of
28.36 U/mg and 27.34 U/mg of feruloyl esterase, respectively. FAE5 and FAE6 demonstrated relatively
similar feruloyl esterase activities.

3.3. Release of XOS from Substrates by Enzymatic Hydrolysis

In order to evaluate synergistic interactions between FAEs and Xyn11 on untreated and pre-treated
CC (agricultural residue), the enzymes were tested for their ability to release XOS and FA from a model
arabinoxylan substrate (WAX). A 0.5% WAX substrate loading was used for a better comparison with
natural substrates since they have xylan contents of between 20–40%. Figure 3 shows the production
of reducing sugars after enzymatic hydrolysis of WAX (a), untreated (b), hydrothermal treated (c) and
acid-treated CC (d) by single or combinations of the enzymes. The trend in the production of reducing
sugars was similar in all substrates, with the Xyn11 to FAE5/6 combinations releasing higher reducing
sugars than those from the reactions containing individual enzymes. As expected, FAE5 or FAE6 alone
were not able to release reducing sugars, this was also indicated in the specific activity determination
study (Table 2). For hydrolysis of WAX (Figure 3a), both FAEs displayed synergy with Xyn11 by
improving the release of reducing sugars. It was found that Xyn11 alone released 0.89 mg/mL, while
co-incubation with FAE5 or FAE6 resulted in 1.18 mg/mL (25.61% increase) and 1.22 mg/mL reducing
sugars (a 28.06% increase), respectively. The hydrolysis of untreated CC with xylanase alone and a
combination of Xyn11 and FAE5 or FAE6 produced reducing sugars at concentrations of 0.94 mg/mL,
1.17 mg/mL, and 1.22 mg/mL, respectively (Figure 3b). The hydrothermal pre-treated sample exhibited
a similar hydrolysis pattern to untreated CC, but the amounts of reducing sugars released in the
co-incubation sets were higher (Figure 3c). However, the amount of reducing sugars was significantly
less for acid pre-treatment when Xyn11 was applied alone (yield of 28.80%), but a combination of
Xyn11 and FAE5 or FAE6 resulted in more reducing sugars (yield of 100% for both combinations)
compared to untreated CC (Figure 3d). The hydrothermally pre-treated sample exhibited yields of
60.76% for Xyn11 alone, while co-incubation with FAE5 and FAE6 resulted in yields of 98.21% and
100%, respectively. These results indicate that FAEs play an important role in the synergistic hydrolysis
of WAX, and the arabinoxylan contained in untreated and pre-treated CC samples.
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Figure 3. Release of reducing sugars during hydrolysis of 0.5% wheat arabinoxylan (WAX) (a), 1%
untreated (b), hydrothermally pre-treated (c) and acid pre-treated CC (d) by individual enzymes or a
combination of 66% Xyn11: 33% FAE5 or FAE6. Sub represents substrate control. Statistical analysis
was conducted using t-test for improvement of hydrolysis with respect to reducing sugar by the enzyme
combinations compared to single enzyme (Xyn11), key: * (p value < 0.05).

Table 2. Specific activities of the enzymes assessed in this study (U/mg protein).

Substrate Enzyme Tested

Xyn11 FAE5 FAE6
WAX a 15.08 Nd Nd
EFA b Nd 28.36 27.34

a Analyzed by 3,5-dinitrosalicylic acid (DNS) method for xylanase activity and b analyzed by HPLC diode array
detector (DAD) for feruloyl esterase activity. “Nd” = not detected.

3.4. Release of Hydroxycinnamic Acids from Substrates by Enzymatic Hydrolysis

To further understand the synergism between Xyn11 and FAEs, the release of hydroxycinnamic
acids from substrates by individual enzymes and their combinations was evaluated. Figure 4 shows the
release of FA from WAX (a), untreated (b), hydrothermal pre-treated (c), and acid pre-treated treated CC
(d). In the case of WAX (Figure 4a), a slight increase in FA release by FAE5 or FAE6 alone was observed.
The combination of Xyn11 and FAE5 or FAE6 significantly improved (p < 0.05) the release of FA from
0.64 µg/mL and 0.65 µg/mL (individual enzyme) to 1.92 µg/mL and 2.68 µg/mL, respectively. A similar
pattern was observed for the hydrolysis of untreated CC, although a combination of Xyn11: FAE5
released more FA compared to Xyn11: FAE6 (Figure 4b). With respect to pre-treated CC, the amount of
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FA released from the substrate without enzymatic hydrolysis was enhanced (Figure 4c,d). This could
be attributed to the disruption of the close inter-component associations between major constituents of
lignocellulose during the pre-treatment step. Only Xyn11: FAE6 could significantly improve (p < 0.05)
the release of FA from both pre-treated samples. The release of p-CA from CC was also observed
and is shown in Figure 5. Similar to the results presented in Figure 4c,d, the pre-treated samples
already showed increased amounts of readily soluble p-CA before enzymatic hydrolysis. However, the
combination of Xyn11 and FAE5 or FAE6 were able to release considerable quantities of p-CA compared
to individual enzymes and those already present and soluble in substrate controls. Interestingly,
contrary to the FA release from pre-treated samples, both Xyn11: FAE5 and Xyn11: FAE6 could release
comparable quantities of p-CA (Figure 5b,c). However, the yields obtained (no more than 10%) were
much less when compared to release efficiencies (more than 70%) reported in some studies in the
literature [27,28]. These results indicate that FAEs acted synergistically with Xyn11 in the co-production
of XOS, FA and p-CA from the CC substrates.
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Figure 4. Release of ferulic acid during the degradation of 0.5% WAX (a), 1% untreated (b), hydrothermal
pre-treated (c) and acid pre-treated CC (d) by individual enzymes or a combination of 66% Xyn11: 33%
FAE5 or FAE6. Sub represents substrate control. Statistical analysis was conducted using t-test for
improvement of Ferulic acid release by the enzyme combinations compared to single enzyme (FAE5/6),
key: * (p value < 0.05).
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Figure 5. Release of p-coumaric acid during the degradation of 1% untreated (a), hydrothermal
pre-treated (b) and acid pre-treated CC (c) by individual enzymes or a combination of 66% Xyn11: 33%
FAE5 or FAE6. Note, WAX was not assessed as there was no p-coumaric acid detected in the substrate.
Sub represents substrate control. Statistical analysis was conducted using t-test for improvement
of p-coumaric acid release by the enzyme combinations compared to single enzyme (FAE5/6), key:
* (p value < 0.05).

3.5. Determination of Hydrolysate Product Profiles

The data presented above indicates that FAE5 and FAE6 could release hydroxycinnamic acids in
the presence of Xyn11 while improving the production of reducing sugars from WAX, untreated and
pre-treated CC. To gain a deeper insight into these synergistic interactions, the product patterns of
individual enzymes and their combinations were evaluated for the types of XOS generated. Figure 6
shows the TLC analysis of XOS released from the hydrolysis of WAX (a), untreated (b), hydrothermal
treated (c) and acid-treated CC (d) by single and combinations of enzymes. It is important to note
that the dark-yellow colored spots on the plates represent glycerol which was used as a stabilizer
during storage of the purified FAE5 and FAE6. In the case of WAX hydrolysis (Figure 6a), individual
enzymes (lane 2) and combinations (lane 3 and 4) generated xylobiose, xylotetraose, xylopentaose,
and xylohexaose. The hydrolysis product patterns of CC (Figure 6b–d) appeared to consist of xylobiose
(a dominant product) and small quantities of xylotetraose. The quantities of xylobiose seem to increase
for the treated CC, most especially for enzyme combinations (lane 3 and 4). Also, for acid pre-treated
CC (Figure 6d), Xyn11 alone (lane 2) produced very small quantities of XOS, this was also observed in
Figure 3b during the quantification of reducing sugars.

We then further attempted to quantify the XOS generated using HPLC-RID. It is noteworthy
that the HPLC-RID system used in this study couldn’t detect XOS of less than 0.05 mg/mL. Figure 7
shows that the quantity of xylobiose produced by the combination of Xyn11 and FAE5 or FAE6 was
enhanced compared to Xyn11 alone, this pattern was more pronounced on untreated and pre-treated
CC. High quantities of xylotetraose (0.24 mg/mL) were observed for WAX (Figure 7a), but there was no
significant increase between individual enzymes and their combinations. The highest quantities of
xylobiose were produced by enzyme combinations for hydrothermal pre-treated CC (0.28 mg/mL for
xyn11: FAE5 and 0.40 mg/mL for Xyn11: FAE6) and acid-treated CC (0.34 mg/mL for Xyn11: FAE5 and
0.43 mg/mL for Xyn11: FAE6). This improvement in xylobiose production was significant (p < 0.05)
when compared to single enzyme incubations, which resulted in 0.14 mg/mL and 0.12 mg/mL for
hydrothermal and acid-treated CC, respectively. From the results presented above, it appears that
Xyn11 produced XOS which become substrates to FAEs for the removal of FA or p-CA, and this allows
Xyn11 to further hydrolyze these long XOS into the shorter xylobiose.
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Figure 6. Thin-layer chromatography (TLC) analysis of hydrolysis of 0.5% WAX (a), 1% untreated (b),
hydrothermal pre-treated (c) and acid pre-treated CC (d) by (2) Xyn11 alone, (3) a combination of 66%
Xyn11: 33% FAE5, and (4) a combination of 66% Xyn11: 33% FAE6. Substrate without enzyme was
used as a control (1). A mixture of xylo-oligosaccharides (X1-X6) was used as a standard. Arrows
indicated observed bands, albeit feint in some instances.
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Figure 7. Xylo-oligosaccharide content measured from the hydrolysis of 0.5% WAX (a), 1% untreated
(b), hydrothermal pre-treated (c) and acid pre-treated CC (d) after incubation with Xyn11 alone or
a combination of 66% Xyn11: 33% FAE5 or FAE6. Statistical analysis was conducted using t-test for
improvement of hydrolysis with respect to xylo-oligosaccharides (XOS) by the enzyme combinations
compared to single enzyme (Xyn11), key: * (p value < 0.05).
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4. Discussion

XOS and high value-added compounds generated from agricultural residues have great potential
for application in pharmaceutical, food, and fine chemical industries. It has been reported that the
total world production of corn, a key agricultural crop, was estimated to exceed 875,226,630 tons [29].
CC, a by-product of corn is an attractive agricultural residue due to its high xylan content and the fact
that it’s readily available. The production of XOS could be achieved by application of chemical and
hydrothermal pre-treatments. However, higher severity pre-treatment conditions can lead to increased
decomposition of XOS to xylose and generation of unwanted by-products [14]. The application of
low severity pre-treatment conditions to increase accessible area for enzymes, followed by enzymatic
hydrolysis, is an effective method for XOS production. In this study, the synergistic interactions
between two termite metagenome-derived FAEs and a xylanase, Xyn11, for the production of XOS,
p-CA and FA from untreated and pre-treated CC was evaluated. WAX was used as a model substrate to
optimize the enzyme cocktail as it maintains the ferulic acid cross-linkages in the native arabinoxylan.
CC was subjected to two pre-treatment strategies, hydrothermal and dilute sulfuric acid pre-treatment.
The results for composition analysis (Table 1) showed that there was an increase in recoverable
sugars and that hydroxycinnamic acid content was maintained in pre-treated samples. However,
the xylan content of all samples was much less than the values reported in the literature (28%) [30].
Biomass (morphology) characterization indicated that these changes were associated with increased
surface area due to pre-treatment (Figure 1). It can be speculated that the increased sugar content of
pre-treated CC samples (Table 1) may be due to these structural modifications which may include
changes in lignin content. An increase in the production of reducing sugars was observed during
enzymatic hydrolysis of pre-treated CC (Figure 3), indicating the success of the pre-treatment strategies
selected for this study.

Regarding the enzymatic release of hydroxycinnamic acids from the substrates, the data presented
above suggests that FAE5 or FAE6 could release significant amounts of FA and p-CA only in the
presence of Xyn11. The inability of FAEs to release high quantities of hydroxycinnamic acids when
incubated alone could be attributed to the type of bonds available on the substrate. FA or p-CA is
usually found esterified to polysaccharides such as arabinoxylan and could also ether-link with lignin
or dimerize with other hydroxycinnamic acid-linked polysaccharides, forming cross-linkages between
these polymers. FAEs are known for specifically catalyzing the cleavage of ester bonds between
hydroxycinnamic acids and polysaccharides, but not the ether-linkages. It is, therefore, possible that
FAE5 and FAE6 couldn’t act on these cross-linked complex structures. Previous studies have indicated
that FAEs could release FA from substrates when co-incubated with xylanase [27,31]. Zhang and
co-workers [32] reported that the combination of a xylanase and AfFaeA increased the amount of FA
released from steam exploded corn stalk 13-fold. It appears that FAE activity can be enhanced by the
addition of a xylanase - it appears as if the xylanase generates feruloylated XOS from the xylan main
chain which are easily hydrolyzed by FAE in comparison to feruloylated xylan. In turn, FAE action
allows the xylanase to be able to further hydrolyze XOS with a high degree of polymerization into
shorter chain XOS products. The patterns observed in the production of reducing sugars from acid
pre-treated CC, presented in Figure 3d, are indicative of such a relationship between xylanase and FAE.
The activity of Xyn11 alone was drastically reduced, while the enzyme combinations resulted in the
highest reducing sugar release. It is likely acid pre-treatment of CC generated XOS esterified with FA
or p-CA, which may pose limitations on their accessibility (steric hindrance) for the Xyn11 to hydrolyze
them to shorter chain XOS products. Therefore, the addition of FAEs resulted in the improvement of
Xyn11 activity on these long, feruloylated XOS. There have been reports on oligosaccharides resulting
from the pre-treatment of several natural substrates [33–35].

The hydrolysis patterns of individual enzymes and enzyme combinations were then also
investigated. Xyn11 and a combination of Xyn11 with FAEs released XOS with a low degree of
polymerization (DP 6–4 and DP 2, respectively) from WAX and released mainly xylobiose from
untreated and pre-treated CC. The variations in product patterns observed could be due to the

169



Agronomy 2020, 10, 688

differences in the xylan structure between WAX and CC. The yield of xylobiose from the pre-treated
substrates was significantly increased by enzyme combinations compared to individual enzymes.
It has been reported that xylobiose rich XOS are the preferred products for prebiotic activity [36].
The product patterns demonstrated that the Xyn11: FAEs enzyme combination (cocktail) has the
potential of releasing XOS with a high xylobiose content from CC, most notably when combined with
hydrothermal or dilute sulfuric acid pre-treatments.

5. Conclusions

This study reported, for the first time, the application of two termite metagenome-derived FAEs
for the production of XOS and hydroxycinnamic acids from CC. The FA and/or p-CA released from
WAX and CC was greatly enhanced when FAE5 and FAE6 were co-incubated with Xyn11 compared
to when the enzymes were applied individually. The presence of FAEs played a major role in the
production of XOS, mainly xylobiose, from untreated and pre-treated CC. This study suggests that
FAEs act synergistically with Xyn11 during the enzymatic hydrolysis of CC to produce the industrially
relevant products XOS and hydroxycinnamic acids.
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Abstract: Sweet sorghum bagasse (SSB) and corncob (CC) have been identified as promising feedstocks
for the production of second-generation biofuels and other value-added chemicals. In this study,
lime (Ca(OH)2) and NaOH pretreatment efficacy for decreasing recalcitrance from SSB and CC was
investigated, and subsequently, the pretreated biomass was subjected to the hydrolytic action of an
in-house formulated holocellulolytic enzyme cocktail (HEC-H). Compositional analysis revealed
that SSB contained 29.34% lignin, 17.75% cellulose and 16.28% hemicellulose, while CC consisted of
22.51% lignin, 23.58% cellulose and 33.34% hemicellulose. Alkaline pretreatment was more effective
in pretreating CC biomass compared to the SSB biomass. Both Ca(OH)2 and NaOH pretreatment
removed lignin from the CC biomass, while only NaOH removed lignin from the SSB biomass.
Biomass compositional analysis revealed that these agricultural feedstocks differed in their chemical
composition because the CC biomass contained mainly hemicellulose (33–35%), while SSB biomass
consisted mainly of cellulose (17–24%). The alkaline pretreated SSB and CC samples were subjected
to the hydrolytic action of the holocellulolytic enzyme cocktail, formulated with termite derived
multifunctional enzymes (referred to as MFE-5E, MFE-5H and MFE-45) and exoglucanase (Exg-D).
The HEC-H hydrolysed NaOH pretreated SSB and CC more effectively than Ca(OH)2 pretreated
feedstocks, revealing that NaOH was a more effective pretreatment. In conclusion, the HEC-H
cocktail efficiently hydrolysed alkaline pretreated agricultural feedstocks, particularly those which
are hemicellulose- and amorphous cellulose-rich, such as CC, making it attractive for use in the
bioconversion process in the biorefinery industry.

Keywords: alkaline pretreatment; enzyme cocktail; enzymatic hydrolysis; glycosyl hydrolase; termite
metagenome derived enzymes

1. Introduction

Agricultural feedstocks such as sweet sorghum bagasse (SSB) and corncob (CC) have been
identified as promising alternatives for the production of second-generation biofuels and other
value-added chemicals [1–3]. These feedstocks consist of polysaccharides (cellulose and hemicellulose)

Agronomy 2020, 10, 1211; doi:10.3390/agronomy10081211 www.mdpi.com/journal/agronomy173



Agronomy 2020, 10, 1211

that can be hydrolysed to simple monosaccharides which can be fermented to produce ethanol.
The cellulose consists of glucose moieties linked by β-1,4-glycosidic bonds, which forms crystalline
cellulose that is recalcitrant to enzymatic hydrolytic activity, and also amorphous cellulose that is easily
hydrolysed by cellulases. Mnich et al. [4] reported that in Poaceae (Gramineae), such as sorghum or
maize plants, hemicellulose is mostly composed of a type of xylan called glucuronoarabinoxylans (GAX).
Generally, xylans are composed of a backbone of β-1,4-glycosidic bonds linking xylose moieties, which
can be O-acetylated or substituted at O-2 by α-arabinose, α-glucuronic acid or α-methyl-glucuronic acid
side-chains that give rise to arabinoxylan, glucuronoxylan and GAX, respectively [4,5]. The cellulose
and hemicellulose are generally covered and cross-linked by lignin which impedes glycoside hydrolase
(GHs) hydrolytic activity [4,6]. As a result, to achieve efficient feedstock hydrolysis, the lignin is
removed from the feedstock through chemical, physical, or biological pretreatments.

Agricultural biomasses have been pretreated with various acids such as phosphoric acid, sulfuric
acid and acetic acid [6,7]. The acid pretreatment of agricultural feedstocks effectively removes lignin,
however, it also removes a high amount of hemicellulose. In addition, some acids such as sulfuric acid
are not environmentally friendly or require higher temperature for long periods (140 ◦C for 6 h) for
the pretreatment to be effective [2]. Biological pretreatments such as the use of fungi or bacteria to
degrade lignin were introduced as alternative environmentally friendly pretreatment technologies [8].
For instance, Mishra and Jana [2] pretreated SSB biomass with Coriolus versicolor using solid-state
fermentation (SSF) in a bioreactor. C. versicolor removed more than 40% (w/w) of lignin from the SSB
biomass, but this process takes many days to remove high amounts of lignin. An effective pretreatment
process of the biomass should remove lignin within a few hours and must achieve the following; (1) a
reduction of the cellulose crystallinity, (2) an increase in the surface area of the biomass, (3) an increase
in porosity, (4) a reduction in the degree of polymerisation of cellulose, and (5) a reduction in the particle
size of the biomass [6,7]. All these properties associated with the pretreatment of feedstocks improve
the access of the enzymes to the biomass and significantly increases the enzymatic hydrolytic activity.

Alkaline pretreatment is among the most established techniques for the removal or redistribution
of lignin and mercerisation of the biomass [9–12]. Alkaline pretreatments are relatively affordable
compared to other methods (like acid pretreatments) because they generally use mild reaction
conditions, alkaline chemicals can be recovered, reused and have a high selectivity for separation
of lignin [13]. According to Kim et al. [13], alkaline pretreatment technologies can be divided into:
(1) sodium hydroxide pretreatment, (2) ammonia pretreatment, (3) aqueous ammonia pretreatment,
(4) anhydrous ammonia pretreatment, and (5) lime (Ca(OH)2) pretreatment. In addition, da Silva
Neto et al. [14] achieved more than 60% lignin removal from the SSB biomass using 6% (w/v) hydrogen
peroxide within 4 h and solubilised 32% of the hemicellulose in the same process. A study showed
that the alkaline pretreatment increased the swelling of the biomass, removed lignin, and converted
the crystalline cellulose I into cellulose II which is less crystalline [9]. The crystallinity of the
biomass is generally studied with X-ray diffraction (XRD) or Fourier-transform infrared spectroscopy
(FTIR) [11,14,15]. These techniques show the changes of the biomass from a crystalline structure to a
more amorphous one after pre-treatment, which is generally associated with improvements in the GH
enzyme hydrolytic activity on the biomass. However, a few studies have investigated the performance
of the activity of the GH enzymes on the biomass that was pretreated with Ca(OH)2 and sodium
hydroxide (NaOH/mercerised), and have determined which of the two pre-treatments is more effective
at improving biomass saccharification.

A better understanding of lignocellulose digestion by termite-metagenome derived enzymes
may help to uncover and eventually overcome challenges in the conversion of lignified plant cell
walls into simple sugars [16]. The termite gut microflora acts as an important reservoir of novel
GHs that are able to efficiently hydrolyse lignocellulosic biomass [16,17]. Functional metagenomic
screening for hemicellulases in the termite, Pseudacanthotermes militaris, revealed a large number of
hemicellulose degrading enzymes [18]. These enzymes included arabinofuranosidases, xylosidases
and endo-xylanases. In addition, the metagenomic approach has been used previously to mine various
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GHs and feruloyl esterase enzyme genes from bacterial symbionts in the hindgut of the Trinervitermes

trinervoides termite species [19,20]. These studies demonstrated that termites and their symbionts
possess hemicellulase enzymes which could be used to hydrolyse the hemicellulosic fraction of biomass
in a synergistic manner.

In this study, we aimed to remove lignin from the SSB and CC biomasses by pretreating them with
NaOH and Ca(OH)2. Subsequently, the efficacy of each pretreatment on the biomass was evaluated
with compositional analyses, morphological change assessments using a scanning electron microscope
(SEM), and biomass chemical changes were analysed using FITR. Furthermore, the alkaline pretreated
biomass was subjected to enzymatic hydrolysis using an in-house formulated holocellulolytic enzyme
cocktail (HEC-H) consisting of multifunctional enzymes (MFEs) and an exoglucanase (Exg-D) derived
from bacterial symbionts in the hindgut of Trinervitermes trinervoides (Sjöstedt).

2. Materials and Methods

2.1. Materials

The four GH enzymes [purified Exo-glucanase (Exg-D), MFE-5E, MFE-5H, and MFE-45] used in the
current study were derived from hindgut bacterial symbionts of a termite (T. trinervoides) metagenome
identified and isolated by Rashamuse et al. [20]. The model substrates; carboxymethylcellulose
(CMC), Avicel PH101, locust bean gum and the p-nitrophenyl (pNP) based substrates
(pNP-α-L-arabinofuranoside (A), pNP-β-D-glucopyranoside (G), pNP-β-D-mannopyranoside (M),
pNP-β-D-cellobioside (C) and pNP-β-D-xylopyranoside (X)) were purchased from Sigma-Aldrich,
South Africa. Beechwood xylan, soluble wheat flour xylan, insoluble wheat flour arabinoxylan and
xyloglucan were purchased from Megazyme, Ireland. All chemicals used in this study were of
analytical grade and were purchased from Sigma-Aldrich unless stated otherwise.

2.2. Lignocellulosic Biomass Pretreatment

The 5 g of dried and pulverised (>2 mm particles) sweet sorghum bagasse (SSB) and corncob
(CC) samples were chemically pretreated with alkali (2 g of Ca(OH)2 and 1.25 g of NaOH) according
to protocols described by Panagiotopoulos et al. [21] and Beukes and Pletschke [10], respectively.
After pretreatment, SSB and CC samples were filtered and washed with Milli-Q water until the filtrates
had a pH of 7.0. The samples were air dried and stored in an airtight container until use.

2.3. Biomass Composition and Scanning Electron Microscope (SEM) Analysis

Biomass composition of untreated, Ca(OH)2 and NaOH pretreated SSB and CC samples were
determined according to protocols by the National Renewable Energy Lab (NREL) [22] at the Wood
Sciences Faculty at Stellenbosch University, South Africa.

To determine the effect of each pretreatment (Ca(OH)2 and NaOH) on biomass morphology, the
dried SSB and CC samples were mounted on scanning electron microscope (SEM) stubs using double
sided graphite tape, sputter coated with gold using a Balzers Union sputtering device. The gold coated
SSB and CC samples were viewed under a Tescan Vega scanning electron microscope at 20 kV. Digital
images were captured using the Vega imaging system.

2.4. Fourier-Transform Infrared Spectroscopy Analysis

The functional group analysis of the untreated or pretreated SSB and CC biomass samples was
analysed with Fourier Transform Infrared (FTIR) Spectroscopy. The FTIR spectra of Avicel (cellulose
control), untreated, Ca(OH)2 and NaOH pretreated SSB and CC samples were recorded at room
temperature using an UATR-FTIR instrument (PerkinElmer, USA). All FTIR spectra were collected at a
spectrum resolution of 4 cm−1, with 4 co-added scans per sample over the range of 4000 to 650 cm−1.
The Perkin-Elmer software (Spectrum version. 6.3.5) was used to perform spectra normalisation,
baseline corrections, and peak integration. The spectra of the Avicel PH101 microcrystalline cellulose,
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untreated, pretreated SSB and CC samples were presented as absorbance values, and each value
represented the means of four scans.

2.5. Formulation of the Holoenzyme Cocktail (HEC)

The substrate specificities of the MFE-5E, MFE-5H, and MFE-45 enzymes were performed
according to Mafa et al. [23], and the released total reducing sugars were measured according to
a modified 3,5-dinitrosalicylic acid (DNS) method [24]. An amount of 1% (w/v) beechwood xylan,
wheat arabinoxylan, Avicel, xyloglucan, locust bean gum and CMC were used as substrates. For pNP
based substrate specificity assays, 2 mM pNP-A, pNP-G, pNP-M, pNP-C and pNP-X were used.
Four GH enzymes; exo-glucanase (Exg-D), MFE-5E, MFE-5H and MFE-45, derived from the termite
bacterial hindgut metagenome were used to formulate the holocellulolytic enzyme cocktail HEC-H
(60% MFE-5H, 20% MFE-5E, 10% MFE-45 and 10% Exg-D). HEC-H was then supplemented with
10% protein loading of each of the following enzymes, Aspergillus niger β-glucosidase (Novozyme
188) and Selenomonas ruminantium xylosidase, SXA, during the hydrolysis of pretreated feedstocks.
The reactions were initiated by adding the HEC-H and auxiliary enzymes to 2% (w/v) of untreated,
Ca(OH)2 and NaOH pretreated SSB or CC biomass samples suspended in 50 mM sodium citrate buffer
at pH 5.5. The reaction was carried out by incubating the samples at 37 ◦C in an incubation room.
The release of the total reducing sugars was measured using the DNS assays.

2.6. Data Analysis

One-way analysis of variance (ANOVA) was used to analyse and detect significant increases in
activity exhibited by the HEC-H. All pairwise comparison procedures were conducted using the data
analysis feature in Microsoft Excel 3.

3. Results

3.1. Biomass Composition and SEM Analysis of Pre-Treated Feedstocks

Lignin in lignocellulosic biomass is an established GH enzyme inhibitor as it results in non-productive
binding and enzyme stalling. Thus, it is important to pretreat the agricultural feedstocks before the
application of GH enzymes for effective hydrolysis. In the current study, the untreated CC biomass
composition showed that its lignin, cellulose and hemicellulose contents were about 22.51%, 23.58% and
33.34%, respectively (see Table 1). The Ca(OH)2 pretreated CC composition showed that lignin content
was significantly (p < 0.01) reduced by 7.7%, while cellulose content significantly (p < 0.01) increased by
3.76% compared to the untreated biomass. The NaOH pretreated CC lignin content was reduced by about
13.01%. Interestingly, when compared to the untreated biomass, the cellulose and hemicellulose contents
were significantly (p < 0.01) increased by 9.74% and 1.69%, respectively. These results demonstrate that
alkaline pretreatment effectively removed/modified lignin from the CC samples. The removal of lignin
resulted in the increased cellulose and hemicellulose content of the CC feedstock. These results suggested
that the carbohydrates were more exposed for hydrolytic activity because the pretreatments had removed
significant amounts of lignin from these samples.

In addition, untreated SSB lignin, cellulose and hemicellulose contents were 29.34%, 17.75% and
16.28%, respectively (Table 1). The Ca(OH)2 pretreated SSB lignin content was not significantly reduced
compared to that of the untreated biomass. The hemicellulose content was reduced from 16.28 to 11.54%
and the cellulose content significantly (p < 0.01) increased from 17.75% to 19.60% after the SSB was
pretreated with Ca(OH)2 (Table 1). The NaOH pretreated SSB led to an 18.45% reduction in the amount
of lignin and a 6.06% increase in cellulose content compared to the untreated biomass. The NaOH
pretreated SSB had a hemicellulose content that was significantly (p < 0.01) reduced from 16.28% to
13.05% compared to the untreated biomass. Also, the SSB pretreated with NaOH demonstrated that
the pretreatment was effective in removing lignin and exposing the hemicellulose and cellulose.
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Table 1. Alkaline pretreated feedstock compositional analysis.

Biomass Pre-Treatment Biomass Composition (%)

Corncob (CC) Lignin Cellulose Hemicellulose

Untreated 22.51 ± 0.19 23.58 ± 0.47 33.34 ± 0.56
Ca(OH)2 14.81 ± 0.10 # 27.34 ± 0.33 # 33.49 ± 0.11
NaOH 9.50 ± 0.04 # 33.32 ± 0.41 # 35.03 ± 0.63 *

Sweet sorghum bagasse (SSB)
Untreated 29.34 ± 0.042 17.75 ± 0.36 16.28 ± 0.46
Ca(OH)2 29.08 ± 0.092 19.60 ± 0.1 # 11.54 ± 0.47 *
NaOH 10.88 ± 0.031 # 23.81 ± 0.22 # 13.05 ± 0.25 #

Values represent the means ± SD and n = 3. * represents p-value < 0.05 and # represents p-value < 0.01.

SEM analysis demonstrated that Ca(OH)2 and NaOH pretreatment resulted in different
pretreatment severities in the CC and SSB feedstocks. Figure 1 shows that both untreated CC and
SSB biomasses were covered with lignin, which formed a thick smooth whitish layer. After Ca(OH)2

pretreatment, both biomasses had a morphology which showed that the lignin had broken down
and condensed into droplets and tiny sheets. The hydrolysis of the lignin created a larger biomass
surface area which was ideal for enzymatic activity. Table 1 shows that the amounts of the lignin
for untreated SSB and Ca(OH)2 pretreated were similar. SEM analysis also revealed that lignin was
not totally removed, but rather modified to form droplets and sheets on the surface of the biomass.
The SEM results for Ca(OH)2 pretreatment also showed similar effects on CC biomass. However, the
NaOH pretreatment was more effective in removing the lignin from CC and SSB biomass. Roughly
more than 90% of lignin was removed from the biomass, leaving cellulose and hemicellulose threads
exposed with pores on their surfaces (Figure 1). There was a high correlation between the biomass
composition (Table 1) and the SEM results, which suggested that the NaOH pretreatment was more
effective at removing lignin from the biomass compared to Ca(OH)2 pretreatment.

3.2. FTIR Analysis of Pretreated Feedstock

FTIR is generally used to assess chemical functional group changes in biomass and this information
is used to compare the structural changes of the biomass before and after chemical pretreatments.
The alkaline pretreated CC and SSB biomasses were analysed with FTIR to validate the compositional
analysis and SEM results. Figure 2 demonstrates that the alkaline pretreated CC and SSB biomasses
possessed more cellulose II than crystalline cellulose I, which is an indication of reduced biomass
crystallinity. The positive control for cellulose Iβ (Avicel PH101 microcrystalline cellulose) showed
high intensity peaks at 1428.66, 1160.54 and 1104.67 cm−1. These peaks represent the presence of
predominately crystalline cellulose Iβ and small quantities of cellulose II in the biomass. Similar
peaks (1428.06, 1157.46 and 1111.00 cm−1) were present in the untreated SSB biomass, which suggest
that there was a presence of crystalline cellulose I and cellulose II in this sample. However, only one
peak was present in the Ca(OH)2 (1158.11 cm−1) and NaOH (1157.23 cm−1) pretreated SSB biomass
(Figure 2). These results demonstrated that after pretreatment, the SSB biomass had a reduced content
of crystalline cellulose Iβ by producing cellulose II. In addition, the Ca(OH)2 pretreatment shifted
the 1428.66 cm−1 peak to 1410.45 cm−1, while NaOH pretreatment shifted the 1428.66 cm−1 peak to
1421.90 cm−1. This shift is characteristic to the formation of cellulose II and amorphous cellulose, and
the disappearance of the crystalline cellulose I in the biomass. Figure 2B showed that the similar
spectra were identified in the untreated and alkaline pretreated CC biomass, suggesting that alkaline
pretreatment removed lignin and changed the CC biomass crystallinity in a similar fashion to the
SSB biomass.
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Figure 1. Topological analysis of pretreated sweet sorghum (SSB) and corncob (CC) feedstocks using
scanning electron microscopy (SEM). The captions above the images indicate the control (untreated),
type of treatment and the biomass in each SEM image. The scale bar was 20 µm and the magnification
was 2.22 kx.
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Figure 2. Comparative FTIR in the spectra range 4000–650 cm−1 corresponding to Avicel PH101 (i),
untreated (ii), Ca(OH)2 pretreated (iii) or sodium hydroxide pretreated biomass. (A) represents the SSB
biomass and (B) represents the corncob biomass. Keys: (A) in the y-axis represents arbitrary units.

The peaks at 1515.45 cm−1 and 1519.97 cm−1 in the untreated SSB and CC biomasses, respectively,
represent the C≡C vibration of the aromatic rings of the lignin. In contrast, these bands were absent in
the IR spectrum of the positive control (Avicel) and NaOH pretreated SSB and CC biomasses (Figure 2).
These results supported the biomass composition analysis and SEM findings which revealed that
NaOH pretreatment removed the lignin from the biomass. However, the spectrum of the Ca(OH)2

pretreated SSB and CC biomass samples had a broad and higher intensity peak starting from 1640 cm−1,
reaching a maximum at 1410 cm−1 and ending at 1370 cm−1 (Figure 2). This observation suggested that
lignin was not completely removed by the Ca(OH)2 pretreatment but was re-distributed as revealed by
SEM (Figure 1). In addition, the untreated and the alkaline pretreated SSB and CC biomasses displayed
one peak between 1033 and 1027, which represented the hemicellulose. These results revealed that the
hemicellulose was still present in the SSB and CC after alkaline pretreatment.
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3.3. Substrate Specificity

The enzyme substrate specificity results showed that MFE-5E was a multifunctional enzyme that
displayed 17.189, 13.471, 7.483 and 6.831 U/mg protein specific activity on CMC, wheat flour xylan,
beechwood xylan and xyloglucan, respectively. These findings demonstrate that MFE-5E had a higher
propensity to hydrolyse amorphous cellulose followed by various xylan substrates and xyloglucan
(Table 2). In addition, MFE-5H exhibited the highest specific activity on xyloglucan (84.975 U/mg
protein), followed by wheat flour xylan, beechwood xylan and CMC with 67.365, 52.015 and 28.584 U/mg
protein, respectively. Both MFE-5E and MFE-5H were classified under GH family 5 (with accession
numbers AMO13175 and AMO13178, respectively), which consists of some of the enzymes displaying
diverse activities on various carbohydrate substrates (http://www.cazy.org/GH5.html). This explains
the broad range of MFE-5E and MFE-5H activity on various carbohydrate substrates. The results in
Table 2 also shows that the MFE-45 displayed highest specific activity on xyloglucan (12.86 U/mg
protein). MFE-45 showed similar activity during hydrolysis of beechwood xylan and CMC, which were
4.55 and 4.75 U/mg protein, respectively. MFE-45 is reported to belong to GH family 45 and its accession
number is AMO13193. According to the CAZy Database (http://www.cazy.org/GH45_bacteria.html),
enzymes in family 45 possess endoglucanase activity, xyloglucanase activity but not xylanase activity,
which suggests that MFE-45 possesses a novel xylanase activity. The MFEs did not show any activity
on Avicel, and the mannan substrate, locus bean gum, and several p-nitrophenyl-substrates (Table 2).
However, MFEs presented in this study were true multifunctional enzymes that displayed specific
activities on various substrates with their backbones linked by β-1,4-glycosic linkages, and possessed
different sidechains.

Table 2. Substrate specificity of enzymes on polymeric and p-nitrophenyl substrates.

Substrates
Enzyme Specific Activity (U/mg Protein)

MFE-5E MFE-5H MFE-45

CMC 17.189 ± 0.049 28.584 ± 0.025 4.75 ± 0.053
Avicel N/A N/A N/A

Beechwood xylan 7.483 ± 0.013 52.015 ± 0.071 4.55 ± 0.013
Wheat flour xylan 13.471 ± 0.161 67.365 ± 0.116 #

Xyloglucan 6.831 ± 0.008 84.975 ± 0.012 12.86 ± 0.19
Locus bean gum N/A N/A N/A

pNP-A N/A N/A NA
pNP-G N/A N/A N/A
pNP-X N/A N/A N/A
pNP-C N/A N/A N/A
pNP-M N/A N/A N/A

Values represent means± SD and n= 3; N/A means there was no activity; # - means not tested on this substrate; pNP-A,
G, -X, -C and M represents p-nitrophenyl-arabinofuranoside, -glucopyranoside, -xylopyranoside, -cellobioside and
–mannopyranoside, respectively; Concentrations of polymeric and p-nitrophenyl substrates were 2% and 4 mM,
respectively; U represents µmol/min.

3.4. Holocellulolytic Enzyme Cocktail Formulation and Its Application on Pretreated Biomass

The holocellulolytic enzyme cocktail (HEC-H) used to assess the effectiveness of the alkaline
pretreatments in lowering biomass recalcitrance was formulated using a 60%: 20%: 10%: 10% combination
of the MFE-5E, MFE-5H, MFE-45 and exoglucanase (Exg-D) enzymes. Exg-D was previously characterised
by Mafa et al. [23] and its biochemical properties demonstrated that it can effectively be used in synergy
with MFEs.

HEC-H hydrolysed the alkaline pretreated SSB and CC substrates better than their untreated
biomasses (i.e., the controls) (Figure 3A). Also, HEC-H exhibited the highest activity on the CC biomass
compared to SSB biomass. Higher activity (approximately 0.72 µmol/mL) was observed when HEC-H
hydrolysed Ca(OH)2 pretreated CC compared to SSB biomass, while an approximately 1.14 µmol/mL
higher activity was recorded when the HEC-H hydrolysed NaOH-pretreated CC compared to SSB
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biomass. We propose that the HEC-H hydrolysed the alkaline pretreated CC better than the SSB due to
differences in their biomass composition; CC had a higher hemicellulose content compared to SSB.
Furthermore, our results also demonstrated that the alkaline pretreatment removed lignin from the
biomass and improved the activity of the HEC-H, while there was no significant difference between
the CC and SSB biomass controls (Figure 3A).

 

 

Figure 3. Application of the holocellulolytic enzyme cocktail (HEC-H) formulated with multifunctional
enzymes (MFEs) and exoglucanase (Exg-D) derived from a termite bacterial hind-gut metagenome
on pretreated sweet sorghum bagasse (SSB) and corncob (CC). (A) Activity in µmol/min, and (B)
holocellulose conversion yields (total reducing sugars produced by HEC-H divided by the sum
of cellulose and hemicellulose content) of SSB and CC samples. * Represents p-values < 0.01 and
# represents p-values < 0.05. All experiments were performed in triplicate and the values represent
means ± SD.

Figure 3B shows the theoretical holocellulosic hydrolytic yields of the HEC-H activity on the SSB
and CC samples. The results suggest that the conversion rates of the Ca(OH)2 pretreated CC samples
was 48.30%, while the conversion rate of the NaOH pretreated CC was about 49.46%. The HEC-H
only converted about 21.91% of the untreated CC samples, which illustrated that the enzyme cocktail
displayed about 2.25-fold higher efficiency on the alkali pretreated biomass. In contrast, the HEC-H
displayed an approximate 1.67-fold increase in the theoretical conversion rate of alkali pretreated SSB
samples, compared to the untreated SSB (control). We suggest that the enzyme cocktail efficiency was
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higher on CC compared to SSB samples, because of the higher holocellulosic content in CC biomass
(see Table 1).

4. Discussion

The SSB and CC biomass samples were pretreated before they were hydrolysed with the
holocellulolytic enzyme cocktail formulated with MFEs and Exg-D to assess their hydrolysability.
El-Naggar et al. [7] argued that one of the factors that hinders lignocellulosic hydrolysis are biomass
structural or chemical factors, which include biomass crystallinity, cellulose degree of polymerisation,
porosity, accessible surface area, particle size, lignin, hemicellulose and acetyl-group content. In addition,
Álvarez et al. [25] reported that chemical pretreatments were essential to changes in the biomass
composition. The pretreatment of the biomass results in the removal of lignin, which makes the biomass
less recalcitrant to enzyme hydrolysis [6,25]. The current study demonstrated that NaOH pretreatment
of the CC and SSB samples significantly removed the lignin that led to an increase in relative cellulose,
hemicellulose and biomass porosity (Table 1; Figure 1). However, Ca(OH)2 pretreatment did not remove
all the lignin as shown in Table 1 and Figure 1. Beukes and Pletschke [10] also argued that the Ca(OH)2

pretreatment of the sugar cane bagasse modified the lignin and did not remove most of it from the biomass.
Alkaline pretreatments induce a saponification reaction, where free hydroxide ions break ester bonds that
exist between the inner molecules of lignocellulose, which connect hemicellulose and other components
(such as between lignin and other hemicelluloses) which results in an increase in the pore structures of
lignocellulose due to disappearance of the connecting bonds [26].

The FTIR results validated the morphological and chemical changes of the biomass after
pretreatment. FTIR results demonstrated that crystalline cellulose Iβ peaks were absent in the spectrum
of the Ca(OH)2 and NaOH pretreated SSB and CC biomass. The 1730 cm−1 peak corresponded to C-O
stretching vibration for the acetyl and ester linkages in lignin and hemicellulose, while the 1250 cm−1

peak corresponded to C–O out of plane stretching due to the aryl group in lignin [27]. The presence
of 1430, 1162 and 1111 cm−1 peaks indicates a prevalence of crystalline cellulose II [15]. The alkaline
pretreated biomass showed improved cellulose II, hemicellulose and amorphous content. However,
the SEM, chemical composition and FITR results revealed that the NaOH pretreatment was more
effective in removing lignin from the biomass than Ca(OH)2 pretreatment.

The MFEs displayed activity on the CMC, various xylan and xyloglucan substrates as shown
in Table 2. Malgas et al. [5] reported that xylan is a complex substrate with different side chains
that can hinder enzyme optimal function, if it possess a catalytic active site that is not suited to
the side chains. Xyloglucan is also a complex substrate with various side chains as described by
Fry et al. [28] and Rashmi and Siddalingamurthy [29]. These diverse and complex properties of
the CMC, various xylan and xyloglucan substrates demonstrate that the MFE-5E, MFE-5H and
MFE-45 were indeed multifucntional enzymes capable of hydrolysing the β-1,4-glucosidic bonds of
the backbone chain. Several multifunctional (or promiscuous) enzymes have been reported previously
and were defined as enzymes that play multiple physiological roles in a cell, or enzymes that display
catalytic activities on a range of substrates which are structurally and chemically different [30–32].
In addition, mulifunctional/promiscous enzymes change their hydrolytic activities under different
reaction conditions, which include various solvents, extreme temperature, various pHs and a range of
substrates specificities. Aspeborg et al. [33] emphasised the idea that GH family 5 contains some of
the multifunctional enzymes, which could explain the observed multifunctional nature of MFE-5E
and MFE-5H.

HEC-H was applied to the alkaline pretreated biomass and the untreated biomass was used as a
benchmark for hydrolysis improvement due to pretreatment. It was evident from Figure 3 that HEC-H
demonstrated higher activity on pretreated biomass compared to the untreated biomass. In addition, the
HEC-H performed much better on the CC biomass compared to the SSB biomass. The specific activity
demonstrated that the MFEs used to formulate the HEC-H were highly active on the hemicellulose
substrate and amorphous cellulose. These findings explain why the theoretical holocellulosic conversion
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yields for alkali pretreated biomass were between 35% and 50%. Takada et al. [3] also demonstrated
that the chemical composition of CC biomass consisted mostly of hemicellulose. However, SSB biomass
after alkaline pretreatment consisted mainly of cellulose as the major component. We believe that the
HEC-H is the first enzyme cocktail formulated using GHs derived from a termite hindgut metagenome
for the effective hydrolysis of hemicellulose and amorphous cellulosic components of agricultural
feedstocks. Other studies have used two or three enzymes derived from termites, i.e., Feng et al. [34]
reported on the synergy formed by two β-glucosidase (CfGlu1C and CfGlu1B) enzymes from a lower
termite (Coptotermes formosanus). CfGlu1C and CfGlu 1B displayed synergy on lactose hydrolysis and
significantly increased the rate of hydrolysis. The GH7 enzyme, endoglucanase and β-glucosidase from
Reticulitermes flavipes worker termites also displayed synergism on pine sawdust [35]. The synergism
between these enzymes significantly increased the amounts of glucose released during the hydrolysis
of the pine sawdust.

5. Conclusions

Alkaline pretreatment was more effective in pretreating CC biomass compared to the SSB biomass.
Both Ca(OH)2 and NaOH pretreatment removed lignin from the CC biomass, while only NaOH
removed lignin from the SSB biomass. Biomass compositional analysis revealed that these agricultural
feedstocks differed in their chemical composition because the CC biomass contained hemicellulose
(33–35%) as its major component, compared to SSB biomass that consisted mainly of cellulose (17–24%).
Specific enzyme activity revealed that the termite metagenome derived enzymes MFE-5E, MFE-5H and
MFE-45 were multifunctional enzymes, which hydrolysed substrates associated with hemicellulose
(various xylan and xyloglucan) and amorphous cellulose (CMC). These observations explain why the
HEC-H formulated with MFEs effectively hydrolysed the CC biomass preferentially to SSB biomass.
We propose that the HEC-H cocktail can be used for the hydrolysis of hemicellulose- and amorphous
cellulose-rich agricultural feedstocks during the bioconversion process in the biorefinery industry.
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Abstract: Crop residues can serve as low-cost feedstocks for microbial production of xylitol, which

offers many advantages over the commonly used chemical process. However, enhancing the effi-

ciency of xylitol fermentation is still a barrier to industrial implementation. In this study, the effects

of oxygen transfer rate (OTR) (1.1, 2.1, 3.1 mmol O2/(L × h)) and initial xylose concentration (30, 55,

80 g/L) on xylitol production of Candida boidinii NCAIM Y.01308 on xylose medium were investi-

gated and optimised by response surface methodology, and xylitol fermentations were performed

on xylose-rich hydrolysates of wheat bran and rice straw. High values of maximum xylitol yields

(58–63%) were achieved at low initial xylose concentration (20–30 g/L) and OTR values (1.1–1.5 mmol

O2/(L × h)). The highest value for maximum xylitol productivity (0.96 g/(L × h)) was predicted

at 71 g/L initial xylose and 2.7 mmol O2/(L × h) OTR. Maximum xylitol yield and productivity

obtained on wheat bran hydrolysate were 60% and 0.58 g/(L × h), respectively. On detoxified

and supplemented hydrolysate of rice straw, maximum xylitol yield and productivity of 30% and

0.19 g/(L × h) were achieved. This study revealed the terms affecting the xylitol production by

C. boidinii and provided validated models to predict the achievable xylitol yields and productivities

under different conditions. Efficient pre-treatments for xylose-rich hydrolysates from rice straw

and wheat bran were selected. Fermentation using wheat bran hydrolysate and C. boidinii under

optimized condition is proved as a promising method for biotechnological xylitol production.

Keywords: wheat bran; rice straw; acidic hydrolysis; fermentation; aeration; detoxification

1. Introduction

Biotechnological valorization of lignocellulosic residues derived from the agro-industrial
sector is of great importance in many countries with intense agriculture in order to deal
with the increasing demand of the society for energy and materials, the mitigation of
greenhouse gas emissions and waste production and the development of a bio-based
circular economy [1]. For such a sustainable bio-based economy, biorefineries that provide
integrated facilities to produce a wide range of bio-products and bioenergy from biomass
residues within a zero waste approach are considered as main pillars [2]. Around 4.6 billion
tonnes of lignocellulosic biomass are produced annually as agricultural residues worldwide,
of which only about 25% are used intensively [3,4]. However, they could serve as cheap,
renewable and widely available raw materials for biorefineries [5].

Wheat (Triticum aestivum) and rice (Oryza sativa) are considered the most important
crops in the human diet by contributing about 20% and 19% of the average calorie intake
at global level, respectively [6]. The current worldwide production of wheat and rice are
estimated at around 760 and 500 million tonnes, respectively, by FAO [7,8]. Moreover,
increased demands for wheat and rice in the near future are usually predicted [9,10]. Hence,
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the intense cultivation and processing of these crops generate huge amount of lignocel-
lulosic by-products having the potential to be valorized in biorefinery processes [10,11].
Wheat bran and rice straw are the main lignocellulosic by-products of wheat-milling and
rice-harvesting processes, with an estimated global production of 150 and 730 million
tonnes per year, respectively [12,13]. They contain a considerable amount of xylan-type
hemicellulose fractions besides cellulose and lignin [14,15]. In an appropriate biorefinery
process, the main constituents of the lignocellulosic raw material (cellulose, hemicellulose,
lignin, protein etc.) can be sharply separated and converted into high-value platform
chemicals, bio-products and energy [16]. Due to the relatively high xylan content of wheat
bran and rice straw, one of the most promising platform chemicals that can be produced
from them in a biorefinery is xylitol [17,18].

Xylitol is a five-carbon polyol that is mainly used in the food industry as an alternative
sweetener. It has an equivalent sweetness to sucrose but with lower caloric value and
glycemic index. It is an ideal sweetener for diabetics because its metabolism is independent
of insulin [19,20]. Moreover, due to its other specific properties, it is extensively used
in personal health products such as mouthwash and toothpaste [21]. It is also used
in cosmetics and by the pharmaceutical industry as therapeutic or coating agents [22].
Xylitol is currently produced by the chemical reduction of xylose on an industrial scale.
However, a high purity of xylose is required for the chemical reduction process to avoid
the formation of by-products (e.g., arabitol). Thus an extensive xylose purification step
is inevitable prior to the chemical reduction, which contributes to the high production
cost of xylitol [23,24]. On the other hand, xylitol can be produced by a microbial process.
The microbial reduction takes place under mild conditions (in terms of pressure and
temperature), and it does not require highly pure xylose as a carbon substrate, thus allowing
the direct utilization of hemicellulosic hydrolysates that contain a mixture of sugars [25].
There are several microorganisms among bacteria, yeasts, and fungi with the capability of
producing xylitol, though, the most efficient species belong to yeasts of Candida, such as
C. tropicalis, C. guilliermondi, and C. boidinii [26]. However, there are several factors (e.g., pH,
temperature, aeration, initial substrate concentration, inoculum level, medium composition
etc.) affecting the xylitol fermentation. Oxygen supply and initial substrate concentration
are considered as critical variables [27,28]. For the efficient production of xylitol, yeasts
usually require a so-called micro-aerobic condition, providing oxygen limitation during
the xylitol formation phase of the fermentation. The aeration conditions are usually
characterized by the oxygen transfer rate (OTR) or oxygen mass transfer coefficient (kLa)
of the fermentation system applied. The optimal OTR for xylitol production strongly
depends on the yeast strain and fermentation medium applied, so it has to be determined
in every case. Moreover, it can be affected by other fermentation parameters as well.
Interestingly, the possible interactions between the fermentation parameters affecting the
xylitol production are poorly investigated in the literature on this topic. Many studies
reported that high xylose concentration can strongly inhibit xylitol production [29,30];
however, possible explanations were usually only hypothesized. Further investigations on
the effects of the initial substrate concentration and its interaction with other fermentation
parameters are still required in order to provide a proper explanation of the phenomena.
Xylose-rich, hemicellulosic hydrolysates derived from the pre-treatment or fractionation
processes of lignocellulosic residues are promising raw materials for biotechnological
xylitol production [31].

In this study, the effects of initial xylose concentration and aeration on the xylitol
production of Candida boidinii were investigated and the xylitol production was optimised.
In addition, xylose-rich hydrolysates derived from acidic pre-treatments of wheat bran
and rice straw were characterized and tested in xylitol fermentation by C. boidinii. This
study revealed the main factors affecting the xylitol production of C. boidinii and provided
validated models to predict xylitol yield and productivity depending on the initial xylose
concentration and OTR. Moreover, promising methods to obtain xylose-rich hydrolysates
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from rice straw and wheat bran were selected and xylitol production under the most
favorable conditions was successfully performed.

2. Materials and Methods

2.1. Microorganism

Candida boidinii NCAIM Y.01308 was purchased from the National Collection of Agri-
cultural and Industrial Microorganisms (Budapest, Hungary). The strain was maintained
at 4 ◦C on malt agar slants: 2 w/w% malt extract and 2 w/w% agar.

2.2. Lignocellulosic Materials

Wheat bran was provided from Gyermelyi Ltd. (Gyermely, Hungary). Ground rice
straw (average particle size of 1.42 mm) was provided from Suranaree University of
Technology (Nakhon Ratchasima, Thailand). Wheat bran and rice straw had dry matter
contents of 91.6% and 91.2%, respectively, and they were stored at room temperature.

2.3. Compositional Analysis

The amounts of structural carbohydrates (glucan, xylan and arabinan) and lignin in
rice straw and wheat bran regarding their dry matter content (w/w%) were determined
according to the method published by the National Renewable Energy Laboratory [32]. De-
termination of the protein content of the raw materials was performed by using the Dumas
method [33]. The inorganic content was determined gravimetrically after incineration of
the raw materials in muffle furnace equipped with a ramping program [34].

The ground rice straw contained 38.8% glucan, 19.4% xylan, 3.8% arabinan, 14.0%
lignin, 3.7% protein, and 13.2% inorganic compounds (w/w, on dry basis). Wheat bran
contained 26.6% glucan, 16.8% xylan, 9.5% arabinan, 6.4% lignin 17.4% protein, and 5.7%
inorganic compounds (w/w, on dry basis).

2.4. Preparation of Xylose-Rich Hydrolysates from Wheat Bran and Rice Straw

Xylose-rich hydrolysates from ground and fine ground rice straw samples were
prepared by using phosphoric and sulfuric acids. Ground rice straw (average particle
size: 1.42 mm) was treated in a blade grinder for 10 min to obtain the fine ground rice
straw (average particle size 0.67 mm). The phosphoric acid treatment of ground and fine
ground rice straws was performed according to the method of Jampatesh et al. [35]. Briefly,
ground and fine ground rice straw samples were soaked in 2N phosphoric acid for 4 h
at room temperature and 220 rpm. The dry matter (DM) content of the reaction mixtures
was 10 w/v%. (Thus, the obtained reaction mixtures contained 5.9 w/w% phosphoric acid.)
After the soaking, the reaction mixtures were treated in autoclave at 121 ◦C for 30 min and
then filtered through a nylon filter with 50 µm pore size to separate the obtained xylose-rich
hydrolysates and the remaining solid fractions. The xylose-rich hydrolysates derived from
the phosphoric acid treatments of ground and fine ground rice straws are referred to as
GRS/P and FGRS/P, respectively. The sulfuric acid pre-treatments of ground and fine
ground rice straws were performed in reaction mixtures containing 1.5 w/w% sulfuric acid
and 10 w/w% DM content. The reaction mixtures were treated in autoclave at 121 ◦C for
30 min. Then the xylose-rich supernatants were separated from the solid fractions by using
a nylon filter with 50 µm pore size. The xylose-rich hydrolysates derived from the sulfuric
acid treatment of ground and fine ground rice straws are referred to as GRS/S and FGRS/S,
respectively. Xylose-rich hydrolysates from wheat bran were prepared following a two-step
acidic hydrolysis process detailed in our previous study [17]. Briefly, wheat bran (10 w/w%
DM) was treated in the first step in a 90 ◦C water bath by using 1.16 w/w% sulfuric acid for
50 min or 1.61 w/w% sulfuric acid for 47 min, resulting in solid residues referred to as WBI
and WBII, respectively. In the second step, WBI and WBII (7.5% w/w DM) were treated
by using 1 w/w% sulfuric acid solution in an autoclave for 30 min at 121 ◦C in order to
obtain xylose-rich hydrolysates referred to as WB1/S and WB2/S, respectively. WB1/S
and WB2/S were separated from the solid residues by using a nylon filter with 50 µm pore
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size. The conditions of the acidic hydrolyses of ground and fine ground rice straws and
wheat bran are summarized in Table 1. Xylose-rich hydrolysates of GRS/S and WB1/S
were used for xylitol fermentation experiments.

Table 1. Different pre-treatment methods of rice straw and wheat bran for xylose-rich hydrolysates.

Type of Acid Raw Material
Treatments Xylose-Rich

HydrolysateFirst Step Second Step

H3PO4

ground
rice straw

soaking (10% DM,
2N acid, 4 h, 25 ◦C)

in autoclave (soaked slurry, 121 ◦C, 30 min) GRS/P

fine ground
rice straw

soaking (10% DM,
2N acid, 4 h, 25 ◦C)

in autoclave (soaked slurry, 121 ◦C, 30 min) FGRS/P

H2SO4

ground
rice straw

in autoclave (10% DM,
1.5% acid, 121 ◦C, 30 min)

- GRS/S

fine ground
rice straw

in autoclave (10% DM,
1.5% acid, 121 ◦C, 30 min)

- FGRS/S

wheat bran
in water bath (10% DM,

90 ◦C, 1.16% acid, 50 min)
in autoclave (first solid residue, 7.5% DM,

1% acid sol., 121 ◦C, 30 min)
WB1/S

wheat bran
in water bath (10% DM,

90 ◦C, 1.61% acid, 47 min)
in autoclave (first solid residue, 7.5% DM,

1% acid sol., 121 ◦C, 30 min)
WB2/S

2.5. Treatments and Supplementations of the Xylose-Rich Hydrolysates before Xylitol Fermentation

The pHs of GRS/S and WB1/S were adjusted to 6 by adding Ca(OH)2, and the
precipitated gypsum was removed by filtration (filter paper). In certain cases, the rice
straw hydrolysate (GRS/S) was supplemented with 2 g/L ammonium-sulphate or pep-
tone. A combined treatment of GRS/S including a clarification by activated carbon and a
subsequent supplementation with 2 g/L peptone was also tested. The clarification was
performed by using 5 w/w% activated carbon (Norit DX ULTRA 8005.3) for 30 min with
continuous stirring. The activated carbon was then separated by filtration through paper
filter. After the treatments described above, all of the hydrolysates were sterilized in
autoclave at 121 ◦C for 20 min.

2.6. Inoculum Preparation

A single colony of Candida boidinii NCAIM Y.01308 was transferred from the malt agar
slants into glucose agar (1 w/v% glucose, 1 w/v% peptone, 0.3 w/v% yeast extract, and 2 w/v%
agar) and propagated for three days at room temperature. Then the cells were transferred
into the inoculum medium (pH 6) containing 10 g/L yeast extract, 15 g/L KH2PO4, 1 g/L
MgSO4.7H2O, 3 g/L (NH4)2HPO4, and 30 g/L xylose. The cells were propagated in the
inoculum medium for 72 h at 220 rpm and 30 ◦C.

2.7. Xylitol Fermentation

Xylitol fermentation experiments were performed using Candida boidinii NCAIM
Y.01540 in shake flasks. Xylitol fermentation on a semi-defined xylose medium was carried
out in 100 mL-shake flasks containing 35, 50, or 65 mL medium (pH 6) at 30 ◦C in a
rotary shaker (125 rpm) for 96 h. The semi-defined xylose medium contained 10 g/L yeast
extract, 15 g/L KH2PO4, 1 g/L MgSO4.7H2O, 3 g/L (NH4)2HPO4 and 30, 55, or 80 g/L
xylose. Before inoculation, the solutions containing the xylose and other components were
sterilized in an autoclave (121 ◦C, 20 min) separately to avoid the Maillard reaction. Initial
cell concentrations were 5 g (dry cell mass)/L. The experiments were carried out according
to designed experiments (Table 2). The experiments for model validation were carried out
in duplicates.
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Table 2. Results of xylitol fermentation during the designed experiments (32) by using Candida boidinii NCAIM Y.01308. (OTR: oxygen
transfer rate, IXC: initial xylose concentration).

OTR
IXC

(Nominal
Values)

Max.
Xylitol
Yield

Time of Max.
Xylitol Yield

Max. Xylitol
Productivity

24-h
Xylitol
Yield

Xylose at
Max. Xylitol

Yield

Spec. Xylitol
Yield at Max.
Xylitol Yield

Max.
Ethanol

mmol
O2/(L × h)

g/L % h g/(L × h) % g/L g/g g/L

3.1 30 49 24 0.61 49 * 3 0.55 4
2.1 30 58 24 0.66 58 * 4.5 0.71 2.7
1.1 30 58 48 0.49 41 1.4 0.61 2
3.1 55 42 72 0.88 35 0.2 0.43 2
2.1 55 50 72 0.88 39 0.5 0.51 6.1
2.1 55 48 72 0.91 40 0.4 0.49 5.9
2.1 55 49 72 0.92 40 0.6 0.5 6
1.1 55 52 72 0.59 26 5.3 0.58 5.7
3.1 80 34 96 0.93 27 9.7 0.39 3.1
2.1 80 36 96 0.87 26 19.8 0.49 5.9
1.1 80 39 96 0.6 18 30.3 0.64 2.8

* Equal to the maximum xylitol yield.

Xylitol fermentations on xylose-rich hydrolysates of wheat bran and rice straw (WB1/S,
GRS/S, and GRS/S supplemented with ammonium-sulphate; GRS/S supplemented with
peptone, and GRS/S clarified by activated carbon and supplemented with peptone) were
performed in 100-mL shake flasks filled with 50 mL hydrolysates at 30 ◦C in a rotary shaker
(125 rpm) for 96 h. The initial cell concentrations were 5 g (dry cell mass)/L.

All the fermentations were monitored by taking and analyzing samples every 24 h.
The samples were analyzed by spectrophotometer for optical density and high-performance
liquid chromatography (HPLC) for sugars, alcohols and organic acids.

2.8. Analytical Methods

2.8.1. Concentration of Sugars, Alcohols, Organic Acids, Phenols, and Total Protein

Concentrations of glucose, xylose, arabinose, xylitol, ethanol, acetic acid, formic acid,
furfural, and hydroxymethylfurfural (HMF) were determined by HPLC using BioRad
(Hercules, CA, USA) Aminex HPX-87H (300 × 7.8 mm) column equipped with Micro-
Guard Cation H+ Refill Cartridge (30 × 4.6 mm) pre-column at 65 ◦C, and a refractive index
detector. The eluent was 5 mmol/L sulfuric acid at a flow rate of 0.5 mL/min. The injection
volume was 40 µL. Due to the overlapping peaks of xylose and galactose, those sugars
were determined as one component in the xylose-rich hydrolysates of wheat bran and rice
straw. It was referred to as xylose throughout the text because of the low concentration of
galactose expected in the hydrolysates [14,36]. The total phenol content was determined
by the Folin-Ciocalteu (FC) reagent according to the method described by Guo et al. [37].
The total protein content of the hydrolysates was determined by the Bradford method [38].

2.8.2. Cell Concentration

The cell concentration in fermentation samples was determined by measuring the
optical density at a wavelength of 600 nm by spectrophotometer (Ultrospec III, Pharmacia
LKB, Uppsala, Sweden). The cell concentration was calculated by using a calibration curve
based on the relationship of optical density and cell dry weight [39].

2.8.3. Thin-Layer Chromatography

Thin-layer chromatography (TLC) was performed to qualitatively analyse the xylo-
oligomeric composition of liquid samples. The samples (5 µL) and the standard mix-
ture (5 µL) containing xylose and xylo-oligosaccharides (DP2-DP6) (Megazyme, Bray,
Ireland) were dotted on a silica gel plate. The analysis was performed using butanol/acetic
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acid/water (2:1:1) as running solvent and revealed by water/ethanol/sulfuric acid (20:70:3)
solution with 1% v/v orcinol over flame [40].

2.8.4. Determination of Oxygen Transfer Rate

Oxygen transfer rate (OTR) in shake-flask fermentation systems was determined by
multiplying the maximum level of dissolved oxygen concentration (C*) achievable and the
gas–liquid mass transfer coefficients (kLa). The C* was determined by optical oxygen sensor
(VisiFerm DO 120, HAMILTON Bonaduz AG, Switzerland) in shake flasks containing semi-
defined xylose medium or xylose-rich hydrolysates (WB1/S, GRS/S) at 30 ◦C. The kLa
was determined by a non-fermentative gassing-out method [41]. Dissolved oxygen was
removed from the fermentation medium by bubbling it with nitrogen gas. After that, the
headspace of the flasks was washed out with air, and the shaking was restarted. Then the
dissolved oxygen concentration was continuously increased until reaching a constant value
(maximum level of dissolved oxygen concentration (C*)). The expression of -ln(1-(C/C*))
was plotted as a function of time, where C is the actual dissolved oxygen concentration at
that given point in time. A linear curve was fitted to the plotted data. The slope of the fitted
linear curve was equal to the value of kLa [42]. The OTR in 100-mL shake flasks filled with
35, 50, and 65 mL semi-defined xylose medium were 1.1 (0.1), 2.1 (0.1), and 3.1 (0.1) mmol
O2/(L × h), respectively, with the standard deviations indicated in parenthesis. The OTR
values of the wheat bran and rice straw hydrolysates were 1.6 (0.2) and 2.1 (0.2) mmol
O2/(L × h), respectively. OTR values of 1.1, 2.1, and 3.1 mmol O2/(L × h) in semi-defined
medium correspond to kLa values of 5, 10, and 15 (1/h), respectively. OTR values of
1.6 mmol O2/(L × h) in WB1/S and 2.1 mmol O2/(L × h) in GRS/S correspond to kLa
values of 8 and 10 (1/h), respectively.

2.9. Calculation of Xylose Yield, Xylitol Yield, Xylitol Volumetric Productivity, Specific Xylitol
Yield and Combined Severity Factor

Xylose yield obtained during the hydrolysis of wheat bran and rice straw was ex-
pressed as percentage of theoretical. Theoretical xylose yield was calculated from the
composition of the raw material used by assuming a complete hydrolysis of its xylan
content into xylose.

Xylitol yield achieved in xylitol fermentation experiments was also expressed as
percentage of theoretical. Theoretical xylitol yield was calculated from the initial xylose
concentration by assuming a complete (stoichiometric) conversion into xylitol. Xylitol
volumetric productivity (g/(L × h)) was calculated by dividing the xylitol concentration
by the elapsed fermentation time. The specific xylitol yield was calculated as the amount
of xylitol produced divided by the amount of xylose consumed and expressed as g/g.

In order to compare different pre-treatment methods, combined severity factor was
calculated according to Wyman et al. [43].

2.10. Statistical Evaluations and Optimisation

A full factorial, orthogonal design of experiments (32) with triplicates in the center
point was performed in order to investigate the effects of two independent variables (OTR,
initial xylose concentration) and their interactions on the maximum xylitol yield, maximum
xylitol volumetric productivity and the xylitol yield after 24 h of fermentation. Maximum
xylitol yield and maximum xylitol volumetric productivity refers to the highest values
achieved during the given experiment. The results were evaluated by StatisticaTM v.13
(TIBCO Software, Palo Alto, USA) software. The settings of the two factors of initial
xylose concentration and OTR value were the following: 30, 55, and 80 g/L initial xylose
concentration and 1.1, 2.1, and 3.1 mmol O2/(L × h) OTR (Table 2). A quadratic polynomial
model was fitted to the measured data. The adequacy of the model was tested with an
F-test (p = 0.05). The fitted model is described by Equation (1).

Y = β0 + β1X1 + β2X2 + β12X1X2 + β11X2
1 + β22X2

2 (1)
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where Y represents the response variable, β0 is the interception coefficient, b1 and b2
are the linear terms, β11 and β22 are the quadratic terms and X1 and X2 represent the
independent variables studied [44]. The model was reduced by non-significant terms,
where it was possible. In the model equations, the original numerical values of OTR and
initial xylose concentration were used without their units, and initial xylose concentration
was referred to as IXC. The Pareto chart was also used to investigate the effects of the terms
and interactions of the independent variables. Critical values of the fitted models were
determined within the experimental range in order to find the optimum condition of xylitol
fermentation.

To investigate the effect of the particle size of rice straw on the acidic hydrolysis,
a grinding process was applied prior to acidic treatment, and the results were evaluated by
one-way ANOVA analysis at a significance level of 5%. It was performed by StatisticaTM
v.13 (TIBCO Software, Palo Alto, USA) software.

3. Results

3.1. Investigating the Effects of OTR and Initial Xylose Concentration on Xylitol Production by
Candida boidinii

In order to investigate the effects of initial xylose concentration and OTR on xylitol
production, statistical analysis of the results of the designed experiments was performed
(Table 2).

Three dependent parameters of the fermentation were evaluated: the maximum
xylitol yield, the maximum xylitol volumetric productivity and the xylitol yield after 24 h
(Table 2). Maximum xylitol yields were between 34–58, and the fitted model showed that
the maximum xylitol yield was affected by the linear and quadratic terms of initial xylose
concentration and by the linear term of OTR (Equation (2)). The maximum xylitol yields
were reached at different times depending on the initial xylose concentration (Table 2).
In general, they were obtained after 24, 72, and 96 h in the cases of 30, 55, and 80 g/L initial
xylose concentrations, respectively, independent of the OTR applied. There was only one
exception (1.1 mmol O2/(L × h) of OTR and 30 g/L initial xylose concentration) where the
maximum xylitol yield was reached in 48 h. The highest maximum xylitol yield (58%) was
obtained in the case of 30 g/L initial xylose concentration with 2.1 mmol O2/(L × h) OTR
after 24 h. The fitted surface (Figure 1A) clearly shows that high xylitol yields (58–63%) can
be achieved at low initial xylose concentrations (20–30 g/L) and OTR values (1.1–1.5 mmol
O2/(L × h)). When 30 and 55 g/L initial xylose concentrations were applied, only small
amounts of xylose were remaining at the points of the maximum xylitol yields (Table 2).
Maximum xylitol volumetric productivities were obtained after 24 h in all of the cases,
and the values varied between 0.49 and 0.93 g/(L × h) (Table 2). The statistical analysis
showed that all of the terms (linear and quadratic terms of initial xylose concentration,
linear and quadratic terms of OTR, and the interaction between the linear terms of initial
xylose concentration and OTR) had a significant effect on the maximum xylitol volumetric
productivity (Equation (3)). The fitted model predicted a highest value (0.96 g/L × h) for
maximum xylitol volumetric productivity in the case of 71.1 g/L initial xylose concentration
and 2.7 mmol O2/(L × h) OTR (Figure 1B). Xylitol yields after 24 h of fermentation were
also included in the evaluation in order to investigate the effects of the two independent
factors at the time points of the maximum xylitol productivities. The maximum xylitol
yield and the xylitol yield after 24 h were equal when the maximum xylitol yield was
reached at 24 h. However, this occurred in only two cases (initial xylose concentration
30 g/L and OTR 3.1 or 2.1 mmol O2/(L × h)). All of the terms of the independent factors
had significant effect on xylitol yield after 24 h, except the term of the interaction between
the linear terms of initial xylose concentration and OTR (Equation (4)). The fitted surface
(Figure 1C) clearly shows that the optimal OTR range in terms of the xylitol yield after 24 h
is between 2.0–2.5 mmol O2/(L × h). Hence, it is different than the optimal OTR range
for the maximum xylitol yield (1.0–1.5 mmol O2/(L × h)). The fitted surface area (Figure
1C) also shows that the lower initial xylose concentration resulted in higher xylitol yield
after 24 h which was similar to that experienced in the case of maximum xylitol yields.
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At the end of the fermentations, xylose was completely consumed in most of the cases,
except in the cases of 80 g/L initial xylose concentration, where 30.3, 19.8, and 9.7 g/L
xylose remained at OTR 1.1, 2.1 and 3.1 mmol O2/(L × h), respectively (Figure S1). A small
amount of xylose (5.3 g/L) also remained in the case of 60 g/L initial xylose concentration
at 1.1 mmol O2/(L × h) OTR (Figure S1). The cell concentrations increased by 0.5–1.9 g/L
throughout the fermentations, and they showed an increasing tendency by increasing the
OTR (Figure S1). At the end of the fermentations, different ethanol concentrations were
observed depending on the initial xylose concentration and OTR values applied (Table 2).
The ethanol production was increased by increasing the initial xylose concentration and
OTR. The highest ethanol concentration was 7.8 g/L at 80 g/L initial xylose concentration
and 3.1 mmol O2/(L × h) OTR (Table 2).

Maximum xylitol yield = 65.80 + 6.37 × OTR − 2.44 × OTR2 − 0.37 × IXC (2)

Maximum xylitol volumetric productivity = −0.48 + 0.59 × OTR − 0.14 × OTR2 + 0.02 × IXC − 0.0002 × IXC2 + 0.002 × OTR × IXC (3)

Xylitol yield after 24 h = 34.04 + 40.84 × OTR − 8.65 × OTR2 − 1.02 × IXC + 0.005 × IXC2 (4)

Maximum xylitol yield = 65.80 + 6.37 ൈ OTR െ 2.44 ൈ OTRଶ െ 0.37 ൈ IXC 
Maximum xylitol volumetric productivity =  െ0.48 + 0.59 ൈ OTR െ 0.14 ൈ OTRଶ + 0.02 ൈ IXC െ 0.0002 ൈ IXCଶ + 0.002 ൈ OTR ൈ IXC Xylitol yield after 24 h =  34.04 + 40.84 ൈ OTR െ 8.65 ൈ OTRଶ െ 1.02 ൈ IXC + 0.005 ൈ IXCଶ

Figure 1. The fitted surface areas and Pareto charts of the evaluation of designed xylitol fermentation experiments using
Candia boidinii NCAIM Y.01308. (A): maximum xylitol yield, (B): maximum xylitol volumetric productivity, (C): xylitol yield
after 24 h. (OTR: oxygen transfer rate; IXC: initial xylose concentration).

In order to check the reproducibility of the fermentations and validate the fitted
models, experiments were performed under two different conditions. In the first case,
fermentations were performed under the conditions where the highest maximum xylitol
yield was obtained during the designed experiments (30 g/L initial xylose concentration,
2.1 mmol O2/(L × h) OTR). In the second case, a previously unmeasured point was
selected, namely, 71 g/L initial xylose concentration and 2.1 mmol O2/(L × h) OTR. This
was near to the point where the highest maximum xylitol volumetric productivity was
predicted by the model (71.1 g/L initial xylose concentration, 2.7 mmol O2/(L × h)).
Fermentation profiles of the validation experiments are shown in Figure 2. In the first
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case, 55% maximum xylitol yield and 0.75 g/(L × h) maximum xylitol productivity were
achieved. The xylitol concentration reached its maximum value at 24 h, and then, it slightly
decreased until the end of the fermentation (Figure 2A). A small amount of ethanol was
produced in the first 48 h (4.3 g/L); however, that was completely consumed by the
cells until the end of the fermentation (Figure 2). The maximum productivity was also
obtained after 24 h. A small amount of xylose (4.7 g/L) remained in the broth at this point,
but it was completely depleted after 48 h (Figure 2A). The achieved xylitol yields and
volumetric productivity are in accord with the ones predicted by the fitted model and
previously obtained during the designed experiments (Tables 2 and 3), indicating the good
reproducibility of the fermentations. All the results fitted into the predicted intervals of the
models (Table 3). In the second case, 46% maximum xylitol yield, 32% 24-h xylitol yield,
and 1.01 g/(L × h) maximum xylitol productivity were achieved. These values are similar
to that predicted by the fitted models, and all of them are in the prediction intervals (Table
3). The fermentation profile observed was quite different to that of the first case (Figure
2B). The xylitol concentration continuously increased, meanwhile the xylose concentration
decreased until the end of the fermentation. In addition, a significant amount of ethanol
was produced by the end of the fermentation (13.8 g/L). In both cases, a small increase in
the cell concentration (0.8–1 g/L) was also observed. Based on the results of the verification
experiment, it can be concluded that the fitted models are adequate and suitable for good
predictions within the experimental range.

Figure 2. Profiles of fermentations performed at 2.1 mmol O2/(L × h) OTR on semi-defined medium containing an initial
xylose concentration of 30 g/L (A) and 71 g/L (B) using Candida boidinii Y.01308. Standard deviations are calculated
from duplicates.

Table 3. Maximum xylitol yield, maximum xylitol volumetric productivity, and xylitol yield after 24 h of model predictions and
experiments. (OTR: oxygen transfer rate, IXC: initial xylose concentration.)

Conditions
30 g/L IXC, 2.1 mmol O2/(L × h) OTR,

Semi-Defined Medium
71 g/L IXC, 2.1 mmol O2/(L × h) OTR,

Semi-Defined Medium

Parameters

Max.. Xylitol
Yield

Max. Xylitol
Productivity

24-h Xylitol
Yield

Max. Xylitol
Yield

Max. Xylitol
Productivity

24-h Xylitol
Yield

% g/(L × h) % % g/(L × h) %

Predicted 57 0.68 55 42 0.92 32

95% prediction
interval

54–61 0.57–0.79 51–59 39–46 0.81–1.02 29–36

Experimentally
obtained

55 (0.18) 0.75 (0.00) 55 (0.18) 46 (1.67) 1.01 (0.01) 32 (1.43)

Standard deviations are calculated from duplicates and presented in parentheses.
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3.2. Xylose-Rich Hydrolysates from Rice Straw and Wheat Bran

In order to produce xylose-rich hydrolysates, acidic pre-treatments of wheat bran and
rice straw were investigated. In the case of wheat bran, two-step sulfuric acid hydrolyses,
suggested in our previous study [17], were performed, resulting in two types of xylose-rich
hydrolysates (Table 1). In the case of rice straw, a phosphoric acid hydrolysis, proposed by
Jampatesh et al. [35] as an optimal pre-treatment for succinate production and with high
hemicellulose saccharification yield, was used. The effects of the particle size on the effi-
ciency of phosphoric acid pre-treatment were evaluated by using ground (average particle
size of 1.42 mm) and fine ground (average particle size of 0.67 mm) rice straw samples
(Table 1). In addition, sulfuric acid pre-treatments of ground and fine ground rice straws
under mild conditions were also examined (Table 1). In order to predict the applicability of
those hydrolysates in xylitol fermentation experiments, the sugar compositions, amount
of inhibitory compounds and protein content were evaluated. The sugar composition of
the wheat bran hydrolysates were quite similar to that obtained previously [17] (Table 4);
however, a higher amount of acetic acid (0.7–1 g/L (Table 4) compared to 0.3 g/L [17]) was
observed in this study. Interestingly, only phenolic substances were observed as inhibitory
compounds beside acetic acid. Furfural, HMF and formic acid were not detected in the
hydrolysates (Table 4). In addition, wheat bran hydrolysates contained relatively high
amount of solubilized proteins (7 g/L), which is advantageous in terms of their fermentabil-
ity. WB1/S contained a slightly higher amount of xylose (22.6 g/L) compared to WB2/S
(21.1 g/L) (Table 4); hence, WB1/S was selected for xylitol fermentation experiments. In the
case of rice straw, sulfuric acid and phosphoric acid treatments by using ground and fine
ground raw material were investigated, resulting in four different types of xylose-rich
hydrolysate (Table 1). In the case of using phosphoric acid, glucose concentration of the
hydrolysates was not quantified, because of the overlapping peaks of phosphoric acid
and glucose in our HPLC analyses. The phosphoric acid treatment of ground and fine
ground rice straws yielded relatively low xylose concentrations of 11.1 g/L and 11.0 g/L,
respectively. These concentrations correspond to the xylose yields of 69% and 68%, respec-
tively. The total concentration of furfural, formic acid, HMF and acetic acid was around
3 g/L in both cases, which is similar to that obtained by Jampatesh et al. [35] under the
same conditions. Besides those inhibitors, GRS/P and FGRS/P also contained considerable
amounts of phenolic substances, resulting in total inhibitor concentrations of 4.5 g/L and
4.2 g/L, respectively (Table 4). Comparing the xylose and different inhibitor concentrations
of GRS/P and FGRS/P at 0.05 significance level, significant differences were not observed.
Thus, it could be concluded that particle size of rice straw does not have a significant
effect on the performance of the phosphoric acid hydrolysis within the investigated range.
Sulfuric acid treatment of ground and fine ground rice straws resulted in 20.6 g/L and
19.9 g/L xylose, respectively. These values correspond to the xylose yields of 94% and
91%, respectively, which are considerably higher than the xylose yields achieved during
the phosphoric acid treatment. That could be partly because of an incomplete degradation
of the solubilized xylan part in the case of the phosphoric acid treatment. Thin-layer
chromatography analysis showed sharper spots for the xylo-oligosaccharides (DP 2–6)
when phosphoric acid treatment was performed, suggesting an incomplete hydrolysis of
xylan (Figure S2). When the severity factors of the two treatments were compared, a value
of 1.3 was obtained for both treatments, suggesting that sulfuric acid is more efficient in
decomposing hemicellulose completely. The total inhibitor concentrations of GRS/P and
FGRS/P were 4.5 g/L and 4.2 g/L, respectively (Table 4). Significant differences were not
observed when the xylose and different inhibitor concentrations of GRS/S and FGRS/S
were compared at 0.05 significance level. Thus, particle size had no significant effect on the
quality of the sulfuric acid hydrolysates within the investigated range. The protein content
of both the sulfuric acid- and phosphoric acid-catalyzed hydrolysates was very low (below
1 g/L) (Table 4). The hydrolysates from wheat bran seemed to be a better medium for
xylitol production due to their higher xylose but lower inhibitor content, compared to the
hydrolysates from rice straw. However, in terms of the concentration of other sugars, rice
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straw hydrolysates were more advantageous. They contained much less arabinose beside
the xylose, which can enhance the purity of the fermented broth. GRS/P contained quite
low xylose concentration, which would probably result in decreased xylitol production,
thus only GRS/S was tested in xylitol fermentation beside WB1/S.

Table 4. Composition of different lignocellulosic hydrolysates.

Composition (g/L)

WB1/S WB2/S GRS/S FGRS/S GRS/P FGRS/P

Glucose 0.8 (0.1) 1.0 (0.0) 5.5 (0.1) 5.3 (0.3) n.m. n.m.
Xylose 22.6 (1.3) 21.1 (0.4) 20.6 (0.7) 19.9 (0.5) 11.1 (0.5) 11.0 (0.2)

Arabinose 12.4 (0.6) 9.1 (1.3) 3.9 (0.2) 3.7 (0.2) 3.3 (0.1) 3.2 (0.1)
Protein 7.3 (0.3) 7.0 (0.4) 0.3 (0.0) n.m. 0.7 (0.0) n.m.

Acetic acid 1.0 (0.1) 0.8 (0.0) 2.4 (0.2) 2.4 (0.1) 1.6 (0.1) 1.3 (0.0)
Formic acid n.d. n.d. 1.1 (0.2) 1.1 (0.0) 1.0 (0.1) 1.0 (0.0)

HMF n.d. n.d. 0.5 (0.1) 0.5 (0.0) 0.6 (0.0) 0.5 (0.0)
Furfural n.d. n.d. n.d. n.d. n.d. n.d.
Phenols 1.4 (0.1) 1.4 (0.1) 1.4 (0.3) 1.7 (0.1) 1.3 (0.1) 1.4 (0.0)

Total inhibitors 2.5 2.4 5.4 5.7 4.5 4.2

n.m.: not measured; n.d.: not detected; Standard deviations are calculated from triplicates and presented in parentheses.

3.3. Xylitol Fermentation on Xylose-Rich Hydrolysates of Rice Straw and Wheat Bran

In Section 3.1, the effects of OTR and initial xylose concentration on the xylitol produc-
tion of Candida boidinii were investigated. The applicability and adequacy of the models for
maximum xylitol yield (Equation (2)), maximum xylitol volumetric productivity (Equa-
tion (3)), and xylitol yield after 24 h (Equation (4)), developed by using semi-defined
medium, were also tested in the case of using xylose-rich hydrolysates derived from rice
straw (GRS/S) and wheat bran (WB1/S). Xylitol fermentation experiments on the xylose-
rich hydrolysates were performed under the aeration condition that provided 2.1 mmol
O2/(L × h) OTR value in the case of semi-defined medium. However, these conditions
resulted in 1.6 mmol O2/(L × h) OTR when WB1/S was used, probably due to the different
chemical composition. Xylitol fermentation on WB1/S showed similar profile than that of
the fermentation obtained by using semi-defined medium (30 g/L initial xylose, 2.1 mmol
O2/(L × h) OTR) (Figures 2A and 3A); however, both the initial xylose concentration
(22.1 g/L) and the OTR (1.6 mmol O2/(L × h)) were a bit lower in the case of WB1/S.
Maximum xylitol concentration (14.2 g/L) was obtained at 24 h, resulting in the maxi-
mum xylitol yield of 60% (spec. xylitol yield: 0.72 g/g) (Figure 3A). The maximum xylitol
productivity was also reached after 24 h, and it was 0.58 g/(L × h). Predictions for the
maximum xylitol yield, xylitol yield after 24 h, and maximum xylitol volumetric produc-
tivity were calculated by the previously fitted models (Equations (2)–(4)) using 22.1 g/L
initial xylose concentration and 1.6 mmol O2/(L × h) OTR value as input parameters.
The maximum xylitol yield was achieved also in 24 h, thus it was equal to the xylitol yield
after 24 h. Due to the fact that different models were fitted to the maximum and 24-h xylitol
yields, the models provided slightly different predictions for those response variables but
with overlapping predicted intervals. The models predicted 61% maximum xylitol yield
with a prediction interval of 58–65%, and 57% xylitol yield after 24 h with a prediction
interval of 52–61%. Thus, the experimentally measured xylitol yield (60%) fitted in with
the predictions of both models. Maximum xylitol productivity was estimated to be 0.49
g/(L × h) by the model with a prediction interval of 0.35–0.63 g/(L × h), showing a good
agreement with the experimentally obtained value (0.58 g/(L × h)). Therefore, the models
developed by using semi-defined medium were found appropriate to provide adequate
predictions for xylitol fermentations on WB1/S, indicating that wheat bran hydrolysate
is a suitable raw material to produce xylitol by using Candida boidinii NCAIM Y.01308.
Ethanol production was observed in both cases of using a semi-defined medium or WB1/S.
The ethanol concentration reached its maximum in 48 h, and then, ethanol was totally
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consumed by the end of the fermentation (Figures 2A and 3A). The growth of the cells
was also similar in both cases. The cell concentrations increased by about 1 g/L during
the fermentations. The profiles of xylose decrease were also similar, except that a small
amount of xylose seemed to remain in wheat bran hydrolysate (Figure 3A). It could be
explained by the presence of small amount of galactose in the wheat bran hydrolysate [36],
which could be detected as xylose due to the overlapping peaks in the HPLC analysis used
in this study. Residual galactose during xylitol fermentation on corn fiber hydrolysate
by Candida boidinii was observed in our previous study [39]. Xylitol fermentations were
also performed on GRS/S under the same aeration condition, resulting in similar OTR
value (2.1 mmol O2/(L × h)) to that measured in the semi-defined medium. The profile
of the xylitol fermentation on GRS/S (Figure 3B) was different from that observed on the
semi-defined medium or WB1/S. Although the initial xylose concentration was similar to
that in WB1/S, the achieved maximum xylitol yield was significantly lower (20%, spec.
xylitol yield: 0.26 g/g), and it was reached latter (72 h). The remaining xylose concentration
(3.4 g/L) at this point was similar to that observed in the cases of a semi-defined medium
and WB1/S (Figures 2A and 3A,B). However, it could contain small amount of galactose as
well, which was not analyzed in this study. The xylitol yield after 24 h (19%) was similar
to the maximum xylitol yield (20%), but at 24 h, the remaining xylose concentration was
much higher (8 g/L). This is almost half of the initial xylose concentration and nearly twice
of the xylose concentration measured in semi-defined medium and WB1/S after 24 h of fer-
mentation (Figures 2A and 3A,B). The maximum xylitol volumetric productivity obtained
in 24 h was also very low (0.14 g/(L × h)) compared to the previous fermentations. In the
case of GRS/S, a higher amount of ethanol was produced (8.4 g/L after 72 h) compared to
the previous cases. Moreover, ethanol production exceeded xylitol production (Figure 3B).

Figure 3. Profiles of the xylitol fermentations on WB1/S (A) GRS/S (B) GRS/S supplemented with
2 g/L peptone (C) and GRS/S treated by activated carbon and supplemented with 2 g/L peptone
(D) using Candida boidinii NCAIM Y.01308. Standard deviations are calculated from duplicates.

Since GRS/S hydrolysate had a low protein content (Table 4), supplementations with
2 g/L of inorganic (ammonium sulphate) or organic (peptone) nitrogen sources were inves-
tigated with the aim of enhancing xylitol production. In the case of supplementation with
ammonium-sulphate, the maximum xylitol yield was 15% (spec. xylitol yield: 0.22 g/g
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at this point), and it was achieved after 48 h (data not shown). The xylitol yield after 24 h
and the maximum xylitol productivity were 10% and 0.08 g/(L × h), respectively (data
not shown). All of these results are lower than that achieved without supplementation.
In contrast, the addition of peptone resulted in a small increase in maximum xylitol yield
(25%, (spec. xylitol yield: 0.30 g/g at this point)), xylitol yield after 24 h (15%) and maxi-
mum xylitol volumetric productivity (0.15 g/(L × h)) (Figure 3C) as well. Hence, xylitol
fermentation was slightly enhanced by adding peptone; however, ethanol concentration
was also considerably increased. The ethanol concentration was 10 g/L at 48 h beside only
5 g/L of xylitol (Figure 3C).

To improve xylitol fermentation on GRS/S, activated carbon treatment was tested
in addition to the supplementation with peptone. After the activated carbon treatment,
detectable amount of phenols and HMF were not present in GRS/S. On the other hand,
the amount of organic acids (0.9 g/L formic acid and 2.4 g/L acetic acid) were not reduced
significantly compared to the GRS/S without detoxification (1.1 g/L formic acid and
2.4 g/L acetic acid). Moreover, the activated carbon treatment caused significant xylose loss,
resulting in 15.4 g/L initial xylose concentration. After the detoxification step, GRS/S was
also supplemented by 2 g/L peptone. Due to the activated carbon treatment, the maximum
xylitol yield increased to 30% (spec. xylitol yield: 0.33 g/g), and it was reached after
48 h. The xylitol yield after 24 h and the maximum xylitol productivity were 29% and
0.19 g/(L × h), respectively. All of these results are lower compared to those achieved
on WB1/S or a semi-defined medium under similar aeration conditions. The ethanol
production was reduced due to the detoxification step, resulting in only 4.7 g/L ethanol
concentration at the point of the maximum xylitol yield. This was a half of the ethanol
produced in the hydrolysate without detoxification. The maximum specific xylitol yields
were reached after 24 h in all fermentations on lignocellulosic hydrolysates. The specific
xylitol yields were 0.35 g/g, 0.24 g/g, 0.35 g/g, and 0.38 g/g in the cases of GRS/S,
GRS/S supplemented with ammonium-sulphate, GRS/S supplemented with peptone,
GRS/S clarified by activated carbon and supplemented with peptone, respectively. The cell
concentrations increased by 1–1.8 g/L during the fermentations, except in the cases of
GRS/S supplemented with peptone and detoxified GRS/S with peptone supplementation,
where the cell mass did not change. Small amount of glucose (3.5–5 g/L) was also present
in the rice straw hydrolysates, which was totally consumed after 24 h (Figure 3B–D).

4. Discussion

The effects of initial xylose concentration and aeration (OTR) on maximum xylitol
yield, maximum xylitol volumetric productivity, and xylitol yield after 24 h were investi-
gated first in this study, by using Candida boidinii NCAIM Y.01308 in a semi-defined xylose
medium. Vandeska et al. [45] investigated the effect of the initial xylose concentration on
the achievable xylitol yield during fermentation on a model xylose medium by C. boidinii
NRRL Y17213. They varied the initial xylose concentration between 20 and 200 g/L under
the same aeration conditions (50 mL medium in 125 mL-flask, 150 rpm shaking), and con-
cluded that the xylitol yield of 14 days fermentation continuously increased from 6% to
the maximum value of 52% by increasing the initial xylose concentration from 20 g/L to
150 g/L. Interestingly, initial xylose concentration of 200 g/L significantly inhibited the
xylitol fermentation. Vongsuvanlert and Tani [46] reported that a xylose concentration of
150 g/L resulted in lower xylitol production than that of 100 g/L, when C. boidinii no. 2201
was used on xylose basal medium. They performed the fermentations in 500 mL-flasks
filled with 100 mL medium at 100 rpm shaking. Those studies showed that under given
conditions of aeration, increasing xylose concentration increased the xylitol production
until a certain value above which it had a negative effect. Osmotic stress on the cells is
often hypothesized as a possible reason for the negative effect of high xylose concentra-
tion [46,47]. However, in our study, a decreasing tendency in the xylitol yield was observed
by increasing the xylose concentration under the investigated range of xylose concentration
and aeration. Oxygen availability during xylitol fermentation is a key factor due to its
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influence on the intracellular redox balance. The key enzymes for assimilation of D-xylose
in yeasts are the xylose reductase (XR), which catalyses the reduction of D-xylose to xylitol
requiring NAD(P)H as cofactor, and the NAD-dependent xylitol dehydrogenase (XDH)
catalysing the xylitol conversion to xylulose [48]. Xylitol accumulation under microaerobic
conditions is the result of a deficient NAD regeneration by the respiratory chain which
leads to diminished XDH activity [45,48]. In addition, formation of certain by-products
during the xylitol fermentation can also contribute to maintaining the intracellular cofac-
tor balance [49]. Winkelhausen et al. [50] investigated the effect of different kLa values
on the xylitol production of C. boidinni NRRL Y17213 in a xylose model medium using
shake flasks (50 g/L initial xylose concentration) and fermenter (130 g/L initial xylose
concentration). The kLa values were varied between 0 and 46 1/h in shake flasks, and it
was concluded that increasing kLa resulted in decreasing xylitol and increasing cell mass
production. Interestingly, the highest specific xylitol yield (0.3 g/g) was achieved under
anaerobic conditions (0 1/h kLa). As a comparison, Winkelhasuen et al. [50] achieved
a specific xylitol yield of 0.16 g/g at 50 g/L initial xylose concentration and 16 1/h kLa
after 96 h, which is lower than that of obtained in our study (0.43 g/g) at an initial xylose
concentration of 55 g/L and kLa of 15 1/h (3.1 mmol O2/(L × h) OTR) after 72 h. The
lower initial cell concentration (1.3 g/L) applied by Winkelhasuen et al. [50] compared to
that of used in our study (5 g/L) could be one of the reasons for that. However, it is clear
that xylitol producing capability can significantly differ with the subspecies of Candida
boidinii also. Subspecies isolated from different environmental conditions might have XR
and XDH enzymes with different characteristics, and different metabolic pathways for
co-factors regeneration might have been activated in them, resulting in variable capability
in xylitol fermentation under certain fermentation conditions. During the fermentations in
a bioreactor using 130 g/L initial xylose and 5 g/L initial cell concentrations, Winkelhasuen
et al. [50] achieved the highest specific xylitol yield (around 0.45 g/g) and xylitol volumetric
productivity (around 0.26 g/(L × h)) at kLa of 47 1/h. It seemed that the increase in xylose
and aeration together caused an increase in xylitol yield and productivity, however the
increased initial cell mass could also have a positive effect on that. In our study, it was
concluded that both initial xylose concentration and OTR had significant effects on the
maximum xylitol yield and xylitol yield achieved after one day. However the interaction
between xylose concentration and OTR had no significant effect within the investigated
experimental range. It is worth it to note that the extent of their effects and their significant
terms were different when the achievable maximum xylitol yield and the xylitol yield after
a certain fermentation time (e.g., one day) was examined. In contrast, when the maximum
xylitol volumetric productivity was evaluated, a clear interaction between OTR and initial
xylose concentration was observed.

Xylitol fermentation on lignocellulosic hydrolysates by using Candida boidinii was
previously tested by other studies. Santana et al. [51] investigated Candida boidinii XM02G
(4 g/L initial cell mass) on cocoa pod husk hemicellulose hydrolysate detoxified by ac-
tivated carbon, and a specific xylitol yield of 0.52 g/g was achieved after 372 h of fer-
mentation. Fehér et al. [39] published a xylitol yield of 53% of theoretical and a xylitol
volumetric productivity of 0.14 g/(L × h) reached after 72 h of fermentation by using
C. boidinii NCAIM Y.01308 (5 g/L initial cell mass) on corn fibre hydrolysate detoxified by
activated carbon. Lopez-Linares et al. [52] investigated the xylitol production of C. boidinii
NCAIM Y.01308. (5 g/L initial mass) on exhausted olive pomace hydrolysate detoxified
by ion-exchange resin and achieved 0.43 g/g specific xylitol yield and 0.07 g/(L × h)
volumetric productivity after 96 h. In this study, the xylitol yield, the specific xylitol yield,
and the volumetric productivity were 60%, 0.72 g/g, and 0.58 g/(L × h), respectively, on
WB1/S after 24 h. Those results exceeded the ones mentioned before. It is also important
to note that in the case of WB1/S, no detoxification step was required prior to the fermenta-
tion. In our previous study, xylitol fermentation was performed by using Ogataea zsoltii
NCAIM Y.01540 on xylose-rich wheat bran hydrolysate [17]. Comparing the maximum
xylitol yields and volumetric productivities achieved under the same conditions by using
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O. zsoltii NCAIM Y.01540 (56% and 0.24 g/(L × h)) and C. boidinii NCAIM Y.01308 (60%
and 0.58 g/(L × h)), xylitol production of C. boidinii NCAIM Y.01308 was found to be more
advantageous. Based on these results, this study confirms that the xylose-rich hydrolysate
of wheat bran is a suitable medium for xylitol fermentation without detoxification.

Mayerhoff et al. [53] investigated different yeast strains to ferment xylitol on sulfuric
acid treated rice straw hydrolysate. In their work, the initial xylose concentration was
53.9 g/L and 50 mL medium was used in 125 mL-flasks at 200 rpm shaking. High spe-
cific xylitol yields (>0.6 g/g) were achieved after 75 h by several Candida strains such as
C. guilliermondii FTI-20037, C. mogii NRRL Y-17032, C. parapsilosis IZ-1710, and C. veronae
IZ-945. However, it was only 0.17 g/g by using C. boidinii NRRL Y-17213. Compared
to that, a higher specific xylitol yield was achieved by C. boidinii NCAIM Y.01308 in our
study (0.26 g/g after 72 h). Nitrogen source in the fermentation media is also an important
factor influencing the xylitol production. Since rice straw hydrolysates contained very low
amount of proteins, supplementation by ammonium-sulphate and peptone was tested in
this study. Generally, organic nitrogen sources (e.g., yeast extract and urea) result in higher
xylitol yield compared to the inorganic ones [54]. In accord with that, higher maximum xyl-
itol yield was achieved on peptone-supplemented GRS/S (25%) compared to GRS/S (20%).
Silvia and Roberto [55] also investigated the effect of the nutrient supplementation (2 g/L
(NH4)2SO4, 0.1 g/L CaCl2*2H2O and 10 g/L rice bran extract) of rice straw hydrolysate
in order to improve the xylitol production of C. guilliermondii FTI 20037. They found that
the nitrogen supplementation had no effect on the specific xylitol yield (0.36–0.37 g/g)
achieved. In this study, a similar result was obtained, supplementation of GRS/S with
peptone did not improve the specific xylitol yield (0.35 g/g after 24 h); however it increased
the maximum xylitol yield from 20% to 25% of theoretical. Zeid et al. [56] investigated the
effects of activated carbon treatment on xylitol production by C. tropicalis and C. guillier-
mondii using rice straw hydrolysate. After the activated carbon treatment, specific xylitol
yields were increased from 0.25 g/g and 0.47 g/g to 0.61 g/g and 0.69 g/g in the cases of
C. tropicalis and C. guilliermondii, respectively. Similarly, as a result of the activated carbon
treatment of GRS/S, the maximum xylitol yield was increased from 25% to 30% in this
study. Lopez Linares et al. [52] published a specific xylitol yield of 0.36 g/g achieved on
exhausted olive pomace hydrolysate treated by activated carbon after 72 h of fermentation
by C. boidinii NCAIM Y.01308 (5 g/L initial cell mass, 50 mL medium in 100 mL-flask,
150 rpm shaking). That is slightly lower than that obtained in our study (0.38 g/g) using
peptone-supplemented GRS/S treated by activated carbon and the same yeast strain. One
of the reasons for the low xylitol yields obtained in our study on rice straw hydrolysates
is probably the presence of considerable amount of glucose (glucose/xylose ratio of 0.29
in GRS/S). A glucose/xylose ratio that is higher than 0.1 could negatively affect xylitol
fermentation [52]. Moreover, the activated carbon treatment was not effective in removing
the organic acids from GRS/S, which could also contribute to the insufficient bioconversion
of xylose into xylitol. Bio-purification processes selectively removing organic acids and
glucose from lignocellulosic hydrolysates [57,58] or appropriate genetic modifications of
the xylose-fermenting microorganisms [59,60] are promising ways to overcome these kinds
of obstacles.

5. Conclusions

Xylitol fermentation by C. boidinii NCAIM Y.01308 was optimised by investigating the
effects of oxygen transfer rate and initial xylose concentration applied. The fitted models
of maximum xylitol yield, maximum xylitol volumetric productivity, and xylitol yield after
24 h were verified and they were successfully used to predict xylitol production on wheat
bran hydrolysate. Wheat bran hydrolysate was found to be an outstanding substrate for
C. boidinii NCAIM Y.01308 to produce xylitol. Meanwhile, xylitol fermentation on rice straw
hydrolysates by C. boidinii NCAIM Y.01308 requires further investigations to be improved.
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Abstract: Barley fields reach 1.7 million hectares in Spain, of which 320,000 are used to produce

malt, generating 450,000 tons of crop residue from barley intended for malt production. One way to

treat this waste in an environmentally sound, energy-sustainable and economically cost-effective

manner is anaerobic digestion. The biogas generated can be used as fuel and as a renewable source

of energy (providing a solution to the energy supply problem from an environmental point of view).

It has been shown that, when treated along with sludge from a Upflow Anaerobic Sludge Blanket

(UASB) reactor, the crop malt residue produces about 1604 NmL of biogas per 100 g; with a content

in methane of 27.486%. The development of the process has been studied with a novel indicator,

hydrogen generation, and it has been determined that the process takes place in two phases. It has

been demonstrated that this solution is beginning to be energy-efficient and therefore to produce

energy for external uses in regions that have at least 6000 hectares of planted barley. At best, it

can be considered, in a given region, the equivalent of a 115 MW power plant. It could supply

energy to 10 thousand homes per year. Therefore, it is considered an energy-efficient solution that

com-plies with the Sustainable Development Goals #1, #7, #10, #12 and #13. It guarantees access to

energy in isolated areas or with supply problems, and results in a 55.4% reduction in emissions of

equivalent-CO2 (which equals 38,060 tons of equivalent-CO2 in Spain).

Keywords: barley crop residue; biochemical methane potential; material degradability; anaerobic

indicators; biogas feasibility; biogas emissions

1. Introduction

Agri-food trade in the European Union (EU) is one of the most important in the world
economy [1]. In 2019, the EU positioned itself as the world’s largest exporter and the
second largest importer of agri-food products. The value of exports increased to 14.7 billion
euros in 2019 compared to 2018, while import values increased to 10.7 billion euros [2].
Both imports and exports have been growing since 2002, contributing to a monthly trade
surplus in the agri-food sector of 4.0 billion euros.

According to EUROSTAT data, the demographic situation in the EU reflects an upward
growth; since 2008, the population has increased by 13 million inhabitants [3]. Alongside
this population growth, an increase in needs and consumption is associated, especially in
the agri-food sector, given the basic need for population feeding, but also in the energy
field, as discussed below.

The agri-food industry comprises activities from all economic sectors [1]. The food
supply chain (FSC) begins with stages of the primary sector (agriculture and livestock),
which generates by-products (i.e., manure, waffle, cornstalk) and food waste and food loss
in the form of low-quality products, damaged production, or products with no commercial
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value [4,5]. In response to the first part of FSC, and primary sector activities, the main crop
in the EU is cereal (including rice), which in 2018 was 295.1 million tons, corresponding
to 11.3% of global production [6]. That is why cereal production is particularly influential
at European level. In Spain, one of the main producers of the agricultural sector in
Europe, an average of 6 million hectares of cereals are grown These are distributed in 38.7%
corresponding to barley, 28.9% soft wheat, 15.8% maize, 6.2% oat, 5.7% for durum wheat,
2.9% triticale, 1.7% rye and 0.1% sorghum [7].

Agricultural activities, as well as livestock and forestry activities, generate in their
various stages variable quantities of by-products and waste whose storage, disposal or
disposal represents an additional task and source of costs for the producer [8], as well as
constituting an environmental problem by the increasing generation of waste associated
with human consumption and population growth. These wastes are considered an under-
utilized source of resources as they are produced continuously and renewably [9]. These
residues are, in a very small part, partially valued at different levels (production of biofuel,
food and animal bed, composting or building materials) [10]; however, a significant volume
of them is not reused and constitutes a serious problem that negatively affects the overall
sustainability of the agricultural sector [10]. The agricultural waste known as industrial,
those that must be eliminated because they are not usable in the area in which they are
generated, are in the case of cereal and grain crops, straw [11]. In Spain, 35.7% of all
agricultural waste produced consists of residues from cereal crops (mostly barley, followed
by wheat and maize), with annual quantities exceeding 9 million tons [12].

Within the production of barley in Spain, an important part is intended for its process-
ing into malt. Malting is a process applied to cereal grains, by which they germinate by
submerging them in water, then being quickly dried by injection of hot air. During this
process, malted grains develop enzymes that convert grain starch into sugar. Barley is the
most commonly used cereal for malting because of this reason [13].

According to the results of the authors, in Spain 320,000 hectares of barley are allocated
to the production of malt. This means that 18.850% of barley production (See Section 3.10.1)
is destined for this purpose and is therefore a potential source of straw waste generation,
which can be harnessed in some way.

Taking up the problem of population growth previously introduced, it is also associ-
ated with an increase in energy consumption (Figure 1). This growth rate is expected to
continue over time. In fact, the International Energy Outlook [14] predicts a 28% increase
in energy consumption for the period 2015–2040. Other agencies such as the International
Energy Agency estimate this growth by 35% for the period 2010–2035 [15]. Of all the energy
consumed in Europe in 2017, approximately 80% came from fossil sources [16] such as coal,
oil, natural gas and derivatives. Finding new forms of energy to reduce this dependence
on foreign and fossil fuels is strategic. Moreover, given that fossil fuels are known emitters
of greenhouse gases, the reduction in their use is not only strategic, but also necessary. In
fact, of the 4.66 gigatons of equivalent CO2 emitted by the EU, 82.8% of emissions came
from the energy sector [16]. These two reasons mark the roadmap for a more renewable
energy model [17].

Both growth in cereal consumption and production, as well as growth in energy
consumption, lead to several environmental problems such as increased waste generation,
and the possible increase in greenhouse emissions when fossil fuels are used for energy
production [18]. A joint solution for both problems can be provided by Anaerobic Digestion
(AD) [19]. Anaerobic digestion allows the bioconversion of the organic matter present
in organic substrates, such as a residue, into biogas (a renewable energy source) via
microbiological degradation [20]. AD also generates a digestate that can be used as fertilizer.
In this way, an energy source is obtained by reducing the waste generated and it also creates
a circular economy in that process, solving both environmental problems [21].
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Figure 1. Gross biogas production mean curve from the anaerobic digestion of 100 g of residue (Crop Barley Residue) CrM,
and box diagram of its variation.

AD is a very complex process in which different stages occur simultaneously with
different microorganisms [22], each producing the substrates necessary for the next stage
to take place, depending on the substrate composition. It is then important to perfectly
know the composition of the substrate to be digested, so that the process development
can be determined. In addition, because of the complexity of the AD process, in which
different stages occur simultaneously with different microorganisms, a medium in which
all influential parameters are controlled is required to ensure a stable environment [23].
One of the novelties of this study is the use as development of the process indicator, typical
variables such as pH combined with the study of the evolution of the hydrogen content
generated and consumed during the process. H2 is intermediate gas that marks with its
appearance the beginning of the stages of hydrolysis, acidogenesis and acetogenesis, and
with its reduction the development of methanogenesis since it is transformed into methane
via hydrogenotrophic methanogenesis, so that monitoring its evolution can also monitor
the development of the process.

For all of the above, the main objective of this research is to propose and study the
feasibility and process development of treatment by anaerobic digestion of crop residues
generated during harvest of barley that is intended for malt production (barley straw).

To this end, the substrate is completely characterized, the anaerobic digestion process
is analyzed through all phases and processes, focusing on the inhibitions and alterations of
the process and the potential for biogas and methane generation is determined. Finally,
the amount of energy that can be obtained through this route is estimated, against with
the reduction of equivalent CO2 emissions that comes when using this renewable energy
source to replace a conventional energy source.

2. Materials and Methods

2.1. Test Samples

The studied substrate is the residue from barley intended for malt production, here-
inafter CrM. To avoid variability in the composition of the substrate, a laboratory-generated
residue was used. For this purpose, barley of the Hordeum distichon type was used, which
undergoes a malting process, keeping the grains moist for 5 days, dried at 40 ◦C for 24 h
and then at 60 ◦C for one night.

As an inoculum, and therefore the source that provides methane-based and anaerobic
biomass to trigger the biomethanization process, sewage sludge from a Wastewater Treatment
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Plant (WWTP) from Madrid, Spain. To perform the Biochemical Methane Potential (BMP) tests
it is recommended to use a stable and easily accessible inoculum [24]. Fundamental standards
such as UNE-EN ISO 11734 and VDI-4630 [25] recommend using sludge from WWTP. Several
authors advise it because of its accessibility and permanence of biomass [26,27], including
pioneers in conducting Biochemical Methane Potential (BMP) test in 1979 [28], the following
pioneers in the conduct of BMP assays [29]. In particular, in this study it is a granular sludge
from an Upflow Anaerobic Sludge Blanket (UASB) reactor, from an agri-food industry sewage
treatment plant. This type of sludge, along with its granule agglomeration characteristic
makes it resistant to internal or process alterations [30].

2.2. Analytical Methods for Compositional Characterization of Samples, Inoculum and Mixture
Introduced in the Reactor

One of the sub-objectives of this research is to characterize the substrates in depth to
know, draw conclusions and assist in the determination of the development of the process.
For this purpose, the CrM substrate and the inoculum are characterized. In addition,
the same compositional study is also performed to the mixture of substrate + inoculum
introduced into the reactor, before the digestion test and after completion of the BMP test.
In this way it can be compared and determined what changes in the composition has
caused anaerobic digestion, such as how much organic matter has been degraded, whether
the mixture has developed accumulation of (Volatile Fatty Acid) VFA, or how much volatile
solids have been degraded.

In particular, the following compositional determinations according to the standard-
ized methods were carried out (Table 1).

2.3. Biochemical Methane Potential Tests to Determine de Anaerobic Degradation

The Biochemical Methane Potential (BMP) test procedure has been developed in accor-
dance with UNE-EN ISO 11734 [31], including a gas chromatograph for the measurement of
biogas composition. In order to determine the amount of methane produced the UNE-EN
ISO 11734 [31] standard uses manometric methods. The VDI-4630 [25] procedure has been
used to transform the measured pressure inside the reactor into the gas flow generated.

The test conditions were the same as those used on the full scale. Digestion is per-
formed under mesophilic conditions, 37 ± 1 ◦C, with a ratio between substrate and inocu-
lum of 1:3 m/v, that is, for 300 mL of UASB sludge, 100 g of CrM residue are added for
digestion [25].

Pressure changes inside the reactor are measured daily. Also, a sample of the gas
generated in the reactors is extracted daily and analyzed in a gas chromatograph to
determine the proportion of methane and hydrogen in the biogas. An Agilent (California,
USA) 7820A gas chromatograph (GC) was used with a thermal conductivity detector (TCD),
equipped with a Molsieve 5A-CP molecular sieve, and a PoraPLOT Q capillary column.
N2 is used as a carrier gas to detect H2 more easily. In addition, by using N2 as a gas to
ensure air displacement and anaerobic conditions inside the bottles.

Twenty-one repetitions are made with the aim of obtaining reliable results with the
least dispersion possible. Since the substrate is a lab prepared sample, there is no dispersion
in the results due to it. The only dispersion variable is the inoculum, which, as discussed,
is obtained from a UASB reactor from a WWTP. However, attempts have been made to
minimize this dispersion by taking inoculum samples on the same days of the week, when
the level of production was similar and the characterization of the inoculum too.

2.4. Statistical Analysis of Results

As the tests were repeated 21 times, a statistical analysis was necessary to determine
the dispersion between them is so large that there is no relationship, an ANOVA statistical
analysis with a 95% confidence level is performed accompanied by their respective DMS
and Tukey contrasts. The starting hypotheses are H0 = Equality between curves, and
H1 = Inequality between curves.
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Table 1. Standardized procedures used for compositional characterization of substrates and mixtures.

Method Procedure

Physical parameters

Humidity—Hum [% wet weight]
Total Solids—TS [% wet weight] APHA 2540-G
Volatile Solids—vs. [% wet weight]

Macronutritional Analysis (LPCH Content)

Lipids (L) [% wet weight]
UNE-EN-ISO 13804:2013Proteins (P) [% wet weight]

Carbohydrates (CH) [% wet weight]

Organic Content Analysis (Chemical Oxygen Demand COD)

Total COD—CODt [mg O2/g—mL]
Filtered COD—CODf [mg O2/g—mL] APHA 5220-B
Solubility [%]

Nitrogen Content Analysis

Total Kjeldahl Nitrogen—TKN [mg N/g—mL] APHA 4500-N
Amoniacal Nitrogen—AN [mg N/g—mL] APHA 4500-NH3
Organic Nitrogen—ON [mg N/g—mL] APHA 4500-Norg

pH and Alkalinity Analysis

pH

APHA 2320-B
Total Alkalinity—TA [mg CaCO3/g—mL]
Partial Alkalinity—PA [mg CaCO3/g—mL]
Intermediate Alkalinity—IA [mg
CaCO3/g—mL]

Elemental Analysis

C [% dry weight]

UNE-EN-ISO 15104:2011
H [% dry weight]
N [% dry weight]
S [% dry weight]

Some descriptive statistics are also calculated to help determine the level of dispersion
between the results. For this purpose, a visual method is used using box diagrams and a
quantitative method through Analysis of the Coefficient of Variation (CV).

2.5. Mathematical Adjustment and Determinations of Results

Once the results are obtained these are treated mathematically. Methane generation
curves are treated as first-order kinetics, according to the described process by Veeken and
Hamlers [32]. The disintegration constant (kdis) can be obtained directly by considering
the complete anaerobic digestion process, giving information about the depth and speed of
the hydrolysis process. Also, maximum amount of actual methane obtained in the process
(CH4max) can be determined, adjusting the generation data by means of least squares, to a
first order kinetics reaction:

CH4(t) = CH4 max·

[

1 − e−kdis·t
]

, (1)

where CH4(t) represents the production of methane on the t-day; CH4max the maximum
generation of methane recorded (which can be assumed by the latest generation); and kdis
the average disintegration constant measured in days−1.
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The theoretical generation of methane that was to be expected after anaerobic degra-
dation of the substrate can be obtained from the reduction of COD experienced before and
after the BMP test.

Vtheoretical CH4accumulated
[Nml] =

(COD0 − CODf)·Vtest·340
1000

·
1

0.9869
, (2)

where COD0 and CODf represents the COD levels measured at baseline at the end of
the BMP test expressed in mg/l; Vtest the test volume occupied by the mixture substrate
+ sludge expressed in litters; 340 the conversion factor of COD in methane; and 1/0.9869
the conversion factor from standard conditions (0 ◦C and 1 bar) to normal conditions (0 ◦C
and 1 atm).

The level of degradation of the substrate or residue can be calculated analytically
through the COD reduction degradation levels and provides information about the level of
the degradation of the substrate, regardless of degradation inoculum.

BDresidue[%] =

(

CODmixture0 − CODsludge0

)

−

(

CODmixturef
− CODsludgef

)

(

CODmixture0 − CODsludge0

) ·100 . (3)

2.6. Energy Suitability of the Proposed Process: Energy Balance Analysis

One of the objectives to be covered by this research is to determine whether the
proposed solution (anaerobic treatment of barley crop residues) is highly cost-effective.
To do this, it analyses its potential, taking into account the energy generated in form of
biogas, the needs that must be met in the process, and whether there is energy available for
external uses.

The procedure has been developed according to the one described by the authors in
the article [33], which in turn is based on the one described in [19]. Firstly, analyses and
calculates the energy needs of the anaerobic process. Subsequently, with the laboratory
data obtained in this research calculates the energy available in the biogas generated,
depending on the amount of biogas that is produced and its methane content. Finally, it is
determined whether net energy available for external uses exists or not, once the needs of
the process (heat demand and electricity demand) have been met, for example for supply
in the residential sector. In this way, if net available energy exists, the process would be
considered as energy efficient.

2.7. Environmental Suitability of the Proposed Process: Emissions Reduction by Using Generated
Biogas as an Energy Source Rather Than a Conventional Fossil Fuel

The objective of this section is to estimate the reduction in emissions that would occur
if it is decided to use the biogas generated in the proposed solution as an energy source,
rather than obtaining such energy by conventional means in the combustion of a fossil
fuel. To this end, the “Methodology for thermal energy projects aimed at reducing the
consumption of fossil fuels in a new or existing facility” [34], developed by the Carbon
Fund for a Sustainable Economy (FES-CO2) of the Spanish Ministry of Environment, has
been followed.

The methodology is based on calculating the emission reductions associated with the
project as the difference between emissions from a base scenario (final energy is obtained
through the burning of natural gas) and project emissions (the final energy is obtained by
burning the generated methane).

3. Results and Discussion

3.1. Characterization of Samples, Substrates, Inoculum and Mixtures in the Digester

Studying the characterization of substrates, of the inoculum and from the mixture that
exists in the digester, before and at the end of the BMP test, is essential to understand the
development of the process and to be able to make decisions about the results obtained
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during the AD process. All tests have been conducted as described in Section 2.2, and the
results are shown below.

Table 2 shows characterization results of the substrate (CrM), of the inoculum (S) and
the mixture in the digester (CrM + S) before the BMP test, and after completion of the latter
at 20 days. All results are indicated in the respective units, per gram of substrate, or per
milliliter of sludge or reactor mix.

Table 2. Characterization results for BMP tests of residue CrM, at the start and after completion of the test.

Substrate
Material CrM

Inoculum
Material S

Initial Reactor Mix
CrM + S

Final Reactor Mix
CrM + S

Physical parameters

Hum [% wet weight] 62.60 94.30 85.37 78.14
TS [% wet weight] 26.31 5.70 10.75 5.18
VS [% wet weight] 25.44 4.92 11.05 4.96

Macronutritional Analysis (LPCH Content)

Lipids (L) [% wet weight] 0.98 0.47 0.55
Proteins (P) [%

wet weight]
7.37 0.53 2.25

Carbohydrates (CH) [%

wet weight]
77.37 0.56 19.87

Organic Content Analysis (COD)

CODt [mg O2/g—mL] 168.80 101.65 117.52 105.40
CODf [mg O2/g—mL] 87.77 37.08 49.70 22.06

Solubility [%] 58.81 36.48 42.30 20.93

Nitrogen Content Analysis

TKN [mg N/g—mL] 12.31 2.00 4.55 4.72
AN [mg N/g—mL] 0.53 1.15 0.96 1.24
ON [mg N/g—mL] 11.78 0.85 3.58 3.23

pH and Alkalinity Analysis

pH 5.22 7.46 6.85 6.97
TA [mg

CaCO3/g—mL]
5.81 8.88 8.06 11.06

PA [mg
CaCO3/g—mL]

- 5.22 5.35 5.15

IA [mg CaCO3/g—mL] 5.81 3.65 2.71 4.47

Elemental Analysis

C [% dry weight] 52.32 11.19 21.48
H [% dry weight] 4.43 9.00 7.75
N [% dry weight] 4.24 2.22 2.71
S [% dry weight] 0.07 0.18 0.15

C/N Ratio 12.33 5.04 7.93

CrM substrate is presented as a substrate with a high humidity level (62.60%) which
makes its solubilization, in principle, easy and the process fast and profound. If the LPCH
content is compared, it is observed that it is a carbohydrate-type substrate, especially rich
in simple cellulose-type carbohydrates. The digestion of this type of substrate is stable and
fast, but with the likelihood of releasing VFA during its digestion from the acid digestion
of monosaccharides and other simple carbohydrates. However, because of the presence of
a certain protein content, a small amount of ammoniacal nitrogen is likely to be released
that can compensate by acting as a buffer for the slight acidification caused by VFA. In
terms of COD it is a relatively rich substrate in carbonous matter and organic matter, with
a particularly high solubility (of 58.81%), indicating that, of the entire COD, almost 60%
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is directly accessible to microorganisms without the need to hydrolyze or release from
encapsulation due to being a particulate substrate. For this easy accessibility, a rapid
degradation is expected, even though the inoculum is a granular UASB sludge, difficult to
solubilize. In terms of nitrogen content, it is not very high. It is distributed in ON that comes
from the light protein content, and in AN, whose content is not excessive, in fact, is below
the limit of accumulation studied (2 g/L), so it is expected that the AN will be released as a
buffer for pH control and compensate for possible acidifications, without accumulating
and ending up inhibiting the process by excess ammonia in the reactor. The CrM material
has a C/N ratio of 12.33, which is close to the optimal C/N ratio (approx. 20) [33,35,36] to
ensure stable digestion so it is expected that the process will have alterations, but without
impact, such as a release of VFA due to the carbohydrate content, compensated with a
slight release of ammoniacal nitrogen that will act as buffer dampening its effect.

Analyzing changes in the composition of the mixture in the reactor, before and after
the BMP test, it can be observed that the humidity has been slightly reduced, by −8.50%,
which is logical when it comes to anaerobic, closed, and wet digestion digesters, as is
the case of a UASB digester specially designed for liquid substrates. The reduction of vs.
and TS is very remarkable, of −51.82% and −55.11% respectively, which gives an idea
that the process has developed correctly because the organic matter present in solids form
has been digested. The reduction of COD has been very low, of −10.31%, indicating that,
although the digestion process has been correct, the methanization has not been completely
profound (later it will be analyzed with the content in methane, since the carbon contained
in the COD is the one that is transformed into methane). However, the reduction in CODf
has been very noticeable, of −55.61%, indicating that, although only 10% of the COD has
been reduced to be converted into methane, this has been practically a reduction in COD
that is not encapsulated, and is therefore directly accessible to micro-strategies. This means
that the methanization process has not been complete, by a failure of the disintegration +
hydrolysis stage, which will provide a lower-than-expected methane content, below 60%
which is considered the stable development limit. According to the nitrogen content, TKN
is slightly increased by 3.89% by the release of some of the nitrogen encapsulated in the
proteins, the ON. In fact, the ON is reduced by −9.75% precisely by the release of this
nitrogen, by degrading the proteins. For its part, the AN is increased by 28.29% when the
ON is released, until it reaches a value of 1.24 mg/mL, falling below the accumulation
limit (2 g/L) in this way it is expected that the released ammoniacal nitrogen will act as
a buffer, dampening any acidification, for example, that coming from the release of VFA
when digesting carbohydrates. The initial and final pH values are very similar; however,
they are expected to have varied during the 20 days of process. As for alkalinity, TA is
increased by 43.92%, giving an idea of the stability of the process. Intermediate alkalinity
is also increased by 64.94%, indicating that either no VFA has been released, or on the
contrary these have been neutralized by the buffer effect of the released AN.

All these assumptions should be checked later with the analysis of the process
that develops.

3.2. Biogas Production

To determine biogas production, the internal pressure generated inside the digesters
during the development of BMP tests is measured, and then translated into the volume of
gas generated, as described in Section 2.3.

The most convenient measure to express biogas generation is gross production, that
is, biogas generated by a certain amount of waste. However, several authors [37,38]
recommend expressing it in terms of specific production, that is, in biogas generation for
each vs. containing the residue, in this way it can be compared with another substrate
more quickly. Therefore, the results are commented based on gross production but are also
displayed based on specific production.

As shown in Figure 1, biogas generation is completed on day 10, producing an average
of 1604 (±19.980%) NmL of biogas measured under normal conditions, per 100 g of digested
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CrM residue (Table 3). Although there are some failed assays, based on the results of the
ANOVA analysis developed, all curves can be considered equal and assumed by the mean
curve. This is because, after performing the ANOVA analysis, the significance level is, in
all curves except those that the process has been failed, 1000, so that the null assumption of
average equality can be accepted, and therefore all curves equal to the mean curve can be
assumed. This convergence of results was to be expected since the substrate to be treated,
as advanced in Section 3.1 is a substrate rich in simple carbohydrates, which gives it the
property to generate stable digestions.

Table 3. Numerical results of the BMP tests when digestion residue CrM. Gross and specific production of biogas, methane
and hydrogen, methane and hydrogen content of the produced biogas and descriptive statistics.

Production
[NmL/100 g of residue CrM]

Standard
Deviation

Coefficient of
Variation

Relative Error

Biogas 1604.22 NmL 525.39 0.32 19.98%
Methane 458.55 NmL 189.61 0.41 24.83%

Hydrogen 0.69 NmL + 0.33 NmL 0.60 + 0.15 0.87 + 0.48 105.72% + 134.45%

Specific Production
[NmL/g of vs. of residue

CrM]

Biogas 63.05 NmL 20.65 0.01 96.53%
Methane 18.02 NmL 7.45 0.01 96.80%

Hydrogen 0.02 NmL + 0.01 NmL 0.02 + 0.02 0.03 + 0.08 92.60% + 5.28%

Content
[% vol]

Methane 27.48 7.22 0.26 16.20%
Hydrogen 0.28% + 0.03% 0.14 + 0.14 0.43 + 4.37 39.90% + 349.72%

Figure 1 shows the average curve of all the 21 curves obtained, which can be assumed
as determined by the ANOVA analysis. It can be seen in them that the initial part of the
curves, there are two clearly differentiated slope changes. During the first day there is a
delay, and on days 1–4 there is a linear generation, which stops until day 8–9 in which
generation resumes to stabilize on day 12. Although it will be demonstrated later in the
analysis of the results of the following sections, it is an indicator that anaerobic digestion
occurs in two phases. Given the characteristic particulate substrate, in the first place the
organic matter is digested directly accessible, that is, the solubilized, and subsequently,
after hydrolyzing the particulate matter, it begins to digest it. This assumption will be
demonstrated later with the joint analysis of all the variables studied, especially with the
evolution of hydrogen, as well as evolutions and compositional changes.

If the generation of biogas is compared with that obtained by the inoculum alone, the
effect of adding the CrM substrate has been positive, by increasing the generation of gas by
311.33%, from the 390 mL of biogas produced by the inoculum to the 1604.22 NmL produced
in joint digestion and by increasing the process speed, as you can see by comparing the
slope of the start of the curves.

As for the specific production of biogas, the conclusions obtained are analogous to
those of gross biogas production, as well as their curves, which are proportional. Specific
production is nothing more than the production of biogas expressed, not by amount of
gross waste, but for each gram of volatile solid contained in the residue, hence the curves
are proportional. Specific production, as shown in Table 3, is estimated at 63,058 NmL of
biogas per gram of vs. of CrM waste introduced into the reactor.

3.3. Methane Production

Figure 2 represents all the mean methane generation curves obtained during BMP
tests. According to the ANOVA analysis performed, all curves can be assumed by the
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average curve, so this one will be used for the study, along with the error bars and the
diagram of boxes and whiskers. The shape of the curves and the information obtained
from them is similar to that obtained in biogas generation curves. Digestion occurs in the
same way and clearly in two phases, and the stabilization of the process and therefore the
generation of methane occurs around 10 days. In particular, the generation of methane
obtained is 458.550 (±24.838%) Biogas NmL measured under normal conditions, per 100 g
of digested CrM residue (Table 3).

Figure 2. Gross methane production mean curve from the anaerobic digestion of 100 g of residue CrM and box diagram of
its variation.

Although the dispersion between curves is similar to that obtained in the production
of biogas, as inferred from the box and whisker diagram depicted in Figures 1 and 2 the
descriptive statistics in Table 3 show that this variability between curves is not pronounced,
in fact the dispersion between methane generation curves is less than the deviation between
biodegradability curves or biogas production. It follows then that the process is quite stable,
and the changes between them are not due to failures in the process, but to changes in the
proportion of methane in biogas, which is a good indicator of the stability and development
of the process and is therefore studied in a section of its own.

As for the specific production of methane, this is determined at 18.024 NmL of
methanol per gram of vs. of CrM residue introduced into the reactor.

3.4. Methane Content of Biogas Generated

It can be seen in Figure 3 that the proportion of methane in biogas begins to detect
something before the first day, begins to grow until day 5, slows slightly, resumes until
moderately stabilized on day 10. The curves converge around 27% of methane. This double
growth and observed slope change reconfirms the two-phase digestion phenomenon
that occurs, a first phase in which directly accessible organic matter is digested, and
secondly particulate or encapsulated organic matter, although this must be corroborated
with a somewhat more thorough analysis such as the evolution of H2 to be done in
subsequent sections.

As noted, and as seen in the mean curve of Figure 4, the average methane content in
the generated biogas is 27.485 (±16.201%) % of CH4, resulting in an increase of 128.098%
compared to the methane content of the biogas generated by the inoculum, so it is inferred
again that the effect of adding CrM substrate has been positive.
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Figure 3. Methane content mean curve from the biogas produced in the anaerobic digestion of 100 g of residue CrM and
box diagram of its variation.

Figure 4. Gross hydrogen production mean curve from the anaerobic digestion of 100 g of
residue CrM.

The methane content is below 60%, which is the limit considered acceptable for a
stable and deeply developed process. In this case it is around 30%, so the process is inferred
that it is not entirely complete, as indicated in previous paragraphs and is probably due to
low degradation levels, which will be demonstrated later with the mathematical analyses
and determinations including the level of biodegradation of the substrate. In this case it
has already been indicated that there is first digestion, only of the organic matter directly
accessible or solubilized, and subsequently the encapsulation, which will logically not
be digested in depth or in full (and will be determined by the analysis of the level of
degradation of the substrate). Although some of the results of previous research conducted
by other authors yield similar values of methane content, this study explains by the nature
of the inoculum, a granular UASB substrate, specially designed to digest solubilized organic
matter, and that its characteristic of granule grouping makes the hydrolysis of particulate
matter complicated, since microorganisms and hydrolytic enzymes, grouped in a granule
have fewer freedoms and the ability to adhere to the walls of the particulate substrate
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and start hydrolyzing it, being easier directly to act with that COD that is solubilized and
directly accessible (CODf).

3.5. Hydrogen Production

Hydrogen generation occurs once hydrolysis has been completed and the acidic stages
of acidogenesis and acetogenesis begin, which will consequently become CH4 through
acetoclastic methanogenesis. Hydrogen once generated begins to disappear when it is
transformed into methane using hydrogenotrophic methanogenesis. It is therefore a good
indicator of process development and hydrolysis speed, although its use is not widespread
as it is difficult to detect and measure against other indicators such as pH. This research
will use it for this purpose, providing added value and novelty to the study.

It is to be expected that hydrogen will form during the first few days and the larger
its production and the faster the production peak is reached, the faster and deeper the
hydrolysis process will be. As soon as hydrogen is generated, that is, as soon as hydrolysis
is complete, the production of acidic elements by acidic elements through acidogenesis and
acetogenesis begins, so it is accompanied by a decrease in pH. When the peak is reached it is
understood that hydrolysis has completed, and when it begins to disappear hydrogen it is
inferred that hydrogenotrophic methanogenesis begins. Methanogenesis should also be ace-
toclastic, that is, it must be formed from acetic acid and acidic elements. If methanogenesis
occurs correctly, hydrogen reduction (by its transformation into methane) is accompanied
by an increase of pH (by the transformation of acidic elements into methane). Any other
development with hydrogen is identified with a process failure, inhibition or stop, for
example if hydrogen reduction is slowed and also coincides with a pH that is maintained
at low levels, it is understood that there has been a build-up of acidic elements that has
led to inhibition of methanogenesis, and the process has been inhibited without methane
production through acetoclastic methanogenesis.

Figure 4 represents the average of gross hydrogen generation curves obtained in each
BMP test, along with the error bars. The ANOVA analysis demonstrates by the level of
significance that in all cases curves can be resembling the middle curve and studying the
process through it.

There is a first hydrogen peak on day 3. This means that hydrolysis ends on day 1,
and as hydrogen grows the acidic phases begin. The hydrogen generation for this peak
is 0.690 (±105.727%) NmL of hydrogen measured under normal conditions, per 100 g of
digested CrM residue (Table 3). The variability of the data is very high, which is logical
since production occurs in less than a day and many averages are performed after this
period, on days 1–3. In any case, the presence of a maximum hydrogen on day 3 is clear
in any test curve. From this day the amount of hydrogen begins to decrease, at a certain
rate, the reduction stops between days 4 and 5, and resumes until the 6th day. This change
in slope in the reduction of H2 may be due to some kind of slowdown, which should be
studied and determined with subsequent analyses, such as pH evolution, although it is
likely to be due to an accumulation of VFA, since this substrate is prone to release them as
stated in Section 3.1.

There is a second peak of H2 generation on day 9 although lower value 0.330 (±134.450%) NmL
for every 100 g of CrM residue introduced into the reactor). The appearance of this second
peak may be due; well begins the digestion of particulate organic matter, which has released
the components after hydrolyzing the outer membranes of the waste particles; or inhibition
of methanogenesis, which subsequently resumes. Both options may be valid given the
characteristics of the CrM residue studied in Section 3.1:

• CrM residue is susceptible to release VFA during digestion by having a significant car-
bohydrate content (although this does not seem likely due to changes occurring in AI,
which does not look particularly altered and does not indicate excessive accumulation
of VFA).

• CrM residue is strongly particulate, with resistant external membranes, especially
for its content in lignocellulosic compounds. This will cause CODf to be digested at
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first, that is, The OM directly solubilized and accessible to microorganisms, and once
hydrolysis has developed, the OM or COD that is encapsulated in the substrate begins
to be digested.

In terms of specific production, the curves are proportional to those already described,
there is a first generation peak on day 3 worth 0.027 (±39.903%) NmL per gram if vs. of
CrM residue introduced, and a second peak on day 9 worth 0.033 (±349.718%) NmL for
each gram of vs. of CrM waste introduced into the reactor.

3.6. Hydrogen Content of Biogas Produced

Like hydrogen generation, hydrogen content (Figure 5) can be used as a process
indicator. Although methane is one of the final gases of AD and is therefore accumulated,
H2 is an intermediate gas that appears and subsequently transforms into a final compound.
The hydrogen ratio of the biogas generated increases in the first few days when hydrolysis,
acidogenesis and acetogenesis occur, until the peak is reached as soon as the latter ends.
When methanogenesis begins, the ratio of H2 should drop as hydrogen is transformed into
methane by hydrogenotrophic route.

Figure 5. Hydrogen content mean curve from the biogas produced in the anaerobic digestion of 100 g
of residue CrM.

As noted, there are the two peaks described above. The first and most pronounced
occurs on day 3 with a hydrogen content of 0.289 (±9.903%) %, and the second occurs
on day 9 reaching a hydrogen content of 0.033 (±349.718%) %. The occurrence of these
two peaks reconfirms the possibility of two-phase digestion or a slowdown of the process
that is subsequently recovered. To determine the reasons why this occurs, and to give a
definitive explanation for the development of the process, we go on to study together all the
generation curves together with the pH evolution curve, and to analyze them, taking into
account the changes in the composition of the mixture at the end of the digestion process.

3.7. Assessment of the Evolution of the Anaerobic Process

Figure 6 represents the biogas, methane and hydrogen generation curves, along with
the pH evolution recorded during the CrM residue AD process, and the process as a whole,
can be evaluated. It is observed that:
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Figure 6. Evolution of the digestion process of residue CrM. Comparison of the generation of biogas, methane and hydrogen
together with the evolution of pH.

During the first day (day 0–day 1), there is a delay in the generations without a trace
of methane or hydrogen, so it is assumed that the phase of disintegration + hydrolysis
occurs during the first day.

Between days 1 and 3 hydrogen generation begins until it reaches a peak on day 3.
This means that during days 1 to 3 the phases of acidogenesis and acetogenesis occur. In
fact, it is associated with a reduction in pH, indicating that acidic elements such as acetic
acid and VFA have formed. At that point biogas and methane begin to appear. The growth
of methane is slower (with a lower slope) as it is formed only by acetoclastic route.

During days 3–4 hydrogen disappears at a steady rate as methane and biogas continue
to grow, indicating that methane is also generated by acetoclastic methanogenesis.

Between days 4 and 5 the reduction of hydrogen stops, and so do biogas and methane,
so it is assumed that there is a slowdown of the process and not an inhibition, since it is
subsequently resumed. In addition, being associated with a decrease in pH is assumed to
be a slowdown by accumulation of acid elements, which is subsequently resumed when
the pH is increased again during days 5 to 6. This is due to the small content in AN that is
released and acts as a buffer, as expected as studied in Section 3.1.

From day 6 the second peak of generation and hydrogen appears, which is accom-
panied by a decrease in pH, so it is understood that the phases of acidogenesis and
acetogenesis are resumed and the process of digestion resumes, In fact generations of
biogas and methane are also resumed, which occurs mainly by acetoclastic route as the pH
is increased by the transformation of the acid elements into methane.

From day 9 hydrogen reduction begins, so it is understood that hydrogenotrophic
methanogenesis begins. This is confirmed by the generations of biogas and methane
increasing its speed and slope, so methanogenesis is two-way, acetoclastic (pH increases)
and hydrogenotrophic (hydrogen content is reduced).

On day 11 hydrogen is completely consumed, continuous methanogenesis by aceto-
clastic, pH is progressively increased to neutral values.

The process is stabilized on day 12–13 and ends without any inhibition, with correct
pH parameters and with an evolution as expected and studied.

For all of the above, the process develops correctly, with a slight acidification by
accumulation of acidic elements, but without impacts when it is dampened by the buffer
effect of the AN released during the degradation of the small percentage of proteins. There
are two phases of digestion, clearly identified by hydrogen peaks and the two pH changes.
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It is therefore assumed that during the first phase the organic matter is digested directly
accessible, and during the second stage part of the non-soluble organic matter begins
to hydrolyze.

3.8. Determinations and Mathematical Adjustment of The Anaerobic Process

Depending on the COD values determined before the BMP test and once it has been
completed, therefore the degraded COD values are known, along with the values obtained
in terms of methane generation, the process can be mathematically adjusted (Table 4) as
studied in Section 2.5, to extrapolate and compare it with other scenarios.

Table 4. Results obtained in mathematical processing of the parameters of waste CrM biodegradation.

Standard Deviation Relative Error

Theoretical methane generation 487.87 NmL/100 g of residue CrM 145.08 97.87%
Maximum methane
generation (obtained)

458.82 NmL/100 g of residue CrM 143.19 106.02%

Disintegration constant 0.16 days−1 0.05 0.03%
Substrate biodegradation [%] 15.28 2.83 1.91%

Based on the initial and final COD values in the reactor mixture, the theoretical
production of methane is determined, that is, what is expected to be obtained if the process
had been developed correctly and all that degraded COD would have been transformed
into methane. This is estimated at 487.879 NmL of methane per 100 g of CrM residue
introduced into the digester. The theoretical generation is only 6.396% higher than the
average generation obtained, so it is understood that, within the degraded COD, the
process has been complete since virtually all the COD consumed in methane has been
transformed.

By adjusting the methane generation process to a kinetics of the first order, the max-
imum generation of methane obtained in all trials, quantified at 458.820 (±106.029%) is
obtained. NmL of methane per 100 g of CrM residue, practically identical to the average
generation of methane obtained. The disintegration constant, which provides information
on the speed of the process and especially hydrolysis, can also be determined. In this case
it is estimated at 0.164 days−1, a fairly fast constant compared to other constants of disinte-
gration of other elements, and that allows to compare the speed of the process with that of
other substrates. This disintegration constant is an indication of the speed of hydrolysis,
but not the depth of the process, for this it is necessary to go to another parameter.

It has been seen that of all the COD digested, almost everything has been transformed
into methane, so the process has been robust, and has also been rapid according to the
hydrolysis constant, but now arises the question of whether the process has been deep
and complete, that is, whether much of the organic matter available in the substrate has
been degraded in the substrate, or only a small part has been degraded. To do this, the
degradation coefficient of the substrate that provides information on how much COD of
the substrate has been biodegraded in the anaerobic process is analyzed. In this case it
has been determined at 15.282%, that is, although almost all the degraded COD has been
transformed into methane, with respect to the total COD available on the CrM substrate
only 15.282%. This indicates that the CODf which is directly accessible to microorganisms
has probably been degraded, and subsequently, in the second stage of digestion, part of
the COD that is encapsulated in the substrate is digested. It should be remembered that
because of its high content of hemicellulose and lignin is a particulate substrate with strong
outer membranes that makes it difficult to hydrolysate and release OM. In addition, it
should be borne in mind that the nature of UASB sludge is granular, specially thought
for wet digestion, combining two factors, that the substrate is strongly particulate by the
high content of hemicellulose and lignin, and the granular nature of the inoculum, which
complicates the adhesion of hydrolytic enzymes to the substrate. These low levels of
degradation would also explain the methane content below 60%. These results open the
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door to process improvement through techniques such as pre-treated, which improve
accessibility to the substrate, breaking the barriers created by lignocellulose and making
the particulate and encapsulated COD solubilized and therefore directly accessible.

3.9. Comparison of Results with Previous Literature

This section compares the results obtained with some of previous research. This is
intended to check whether the test conditions have been adequate, whether the use of the
new process indicators can be reliable, and whether the methodology applied is valid. They
also serve to leave the main innovations developed in this manuscript marked. Publications
with a considerable time lapse and similar test characteristics have been selected, however
they are not the same, since precisely one of the novelties introduced is the use of UASB
sludge as an inoculum. The approach of most research is microbiological, not process
development, so it is also another point in favor of innovation and original input.

Table 5 shows the results of other research, and in the variables that can be checked,
the results are quite similar. It is then confirmed that the new methodology used can be
assumed as correct, that the changes introduced are valid and that new information is
provided about:

• Complete characterization of the substrate and in-depth study of the process development.
• UASB sludge can be used as a source of inoculum.
• Hydrogen is a reliable indicator of process development.
• The mathematical determinations developed are accurate and their results provide

valuable information and complete the characterization of the process.

Table 5. Results obtained from bibliographic analysis, to be compared to the results of this research.

Compositional Studies

TS
[%]

VS
[%]

COD *
[mg

O2/g—mL]

TKN *
[mg

N/g—mL]
pH

TA *
[mg

CaCO3/g—mL]
Reference

Malt 17.35 16.76 204.40 9.18 6.40 - [39,40]
Malt 25.4 25.0 168.80 - 5.4 5.50

[41]
Sloe 32.3 31.3 260.9 - 6 7.1

Average 25.01 24.35 211.36 9.18 5.93 6.3

Anaerobic digestion process in similar conditions

TS
removal

[%]

Biogas yield *
[NmL/100 gr residue]

Methane Content
[%]

kdis

[days−1]
Reference

Malt (35%) −41.1 838 25.2 -

[39]
Malt (35%) −46.7 914 24.5 -
Malt (55%) −54.8 1370 36.6 -

Malt (55%) −64.4 876 23.7 -
Malt (1:3) - - - 0.169

[41]Malt (1:3) - - - 0.169
Malt (1:3) −69 - - 0.188

Average −51.75 999.5 27.5 0.175

* Some of the results may vary from the literature review as they were originally expressed in different units from the ones used in this
manuscript. that is, NmL per gram of volatile soled degraded (unit used in other manuscript), instead of gram of volatile solid content in
the residue (unit used in this manuscript).

3.10. Study of Full-Scale Application Potential: Energetic Feasibility and Environmental
Suitability of the Solution. Releasing Its Potential in Spain

Once the laboratory tests have been developed, the potential of the solution is studied
and whether it is applicable on a real scale. To do this, a study will be carried out at the
Spanish level, estimating the amount of CrM waste that is generated in each Autonomous
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Community. Subsequently, and with laboratory results, the amount of energy that is likely
to be generated in each region will be estimated, and if once the needs of anaerobic reactors
are met, energy is available for external use, for example for residential use, quantifying
the number of homes that are estimated to be supplied. In addition, to check whether there
is an environmental benefit, the reduction in emissions involved in the use of generated
biogas rather than a conventional energy source such as natural gas is quantified.

3.10.1. Estimation of CrM Waste Generation

To estimate the amount of CrM waste generated, the statistics of the Survey on Areas
and Crop Yields (ESYRCE) of the Ministry of Agriculture of Spain are thus determined the
number of hectares cultivated of barley in each region, and their yield [42]. Taking into
account the number of hectares of barley used for malt production, and the performance
of this process, as specified in the “Guide to Technical Improvements Available in Spain
of the Maltese processing sector” [43] obtains the amount of waste obtained in malting,
which is identified with the CrM residue. These results are shown in Table 6, separating
them by region, and next to a color scale map representing the distribution of crops in the
Spanish geography.

Table 6. Estimation of CrM waste generation based on data from cultivated barley hectares from [43].

Barley Cultivation
[kha] [43]

CrM Generation
[kton]

Andalusia 71.7 18.9
Asturias 0 0
Aragon 373.8 98.7

Balearic Islands 10 2.6
Canary Islands 57 0.1

Cantabria 57 0.1
Castile-La Mancha 584.8 154.4
Castile and Leon 278 73.4

Catalonia 168.1 44.4
Valencian Community 8.5 2.2

Extremadura 34.3 9.1
Galicia 0.2 0.1

La Rioja 17.1 4.5
Community of Madrid 24.6 6.4

Murcia 6.2 1.6
Navarre 100.8 26.6

Basque Country 18.1 4.7

3.10.2. Estimation of Biogas and Methane Generation in Each Region

Once estimated, CrM production is estimated at the amount of gas and methane that
would be generated if this residue is digested in anaerobic digesters. For this purpose,
the data obtained in the previous sections, summarized in Table 6, are used. The results
of the estimation of biogas and methane for each region of the Spanish geography are
shown in Table 7. Logically these results are proportional to those of the amount of CrM
waste generated, and in those areas where barley production is much higher, more biogas
is produced.
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Table 7. Estimation of the biogas and methane generated with the anaerobic digestion of CrM.

Biogas Generation
[Nm3/year]

Methane Generation
[Nm3/year]

Andalusia 303,724.9 83,481.8
Asturias 0 0
Aragon 1,583,362.6 435,203.1

Balearic Islands 42,352.1 11,640.9
Canary Islands 242 66.5

Cantabria 242 66.5
Castile-La Mancha 2,476,991.5 680,825.9
Castile and Leon 1,177,387.7 323,616.8

Catalonia 712,119.9 195,733.3
Valencian Community 36,301.7 9977.9

Extremadura 145,449.1 39,978.1
Galicia 1210.1 332.6

La Rioja 72,603.5 19,955.8
Community of Madrid 104,186.1 28,636.6

Murcia 26,621.3 7317.1
Navarre 427,150.9 117,406.7

Basque Country 76,959.7 21,153.1

Relative error 19.980% 21.421%

3.10.3. Estimation of the Energy Balance and Energy Available for External Uses in
Each Region

The calculations in this section have been developed as explained in Section 2.6. It has
been assumed that biogas is generated in anaerobic digesters of 4500 m3 capacity, and thus
determine the heat and electricity needs of the installation. Once covered, it is calculated
whether there is excess energy or net available energy. Figure 7 shows the amount of energy
that can be extracted from the biogas generated in each region, the needs required by the
installation, and the excess energy that is available for external uses. Table 8 collects all
this data, determines the power of a plant equivalent to that generation and to give more
applicability to the results is estimated how many homes could be sufficient in one year
with the available energy.

Figure 7. Energy balance of each region when treating CrM residue by anaerobic digestion.
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Table 8. Estimation of the energy balance of CrM’s anaerobic digestion.

Energy from
Biogas

[GJ/year]

Energy Needs [GJ/year] Net Available
Energy

[GJ/year]

Energy Efficiency of
the AD Process [%]

Equivalent Power
Plant[MW]

Heat
Demand

Electricity
Demand

Supplied
Homes

Andalusia 278,829.3 83,987.9 68,158.3 43,703.2 15.6% 13.8 1228
Asturias 0 0 0 0 0 0 0
Aragon 1,453,578.2 434,587.7 355,319.4 231,659.6 15.9% 73.4 6507

Balearic Islands 38,880.5 12,376.1 9504.1 5312.1 13.6% 1.6 149
Canary Islands 222.1 838.6 54.3 −873.0 −392.9% −0.2

Cantabria 222.1 838.6 54.3 −873.0 −392.9% −0.2
Castile-La Mancha 2,273,958.4 679,427.4 555,857 362,918.0 15.9% 115.1 10,194
Castile and Leon 1,080,880.1 323,357.2 264,215.3 172,029.0 15.9% 54.5 4832

Catalonia 653,749.1 195,881.5 159,805.4 103,689.3 15.8% 32.8 2913
Valencian

Community
33,326.2 10,718.4 8146.4 4423.4 13.2% 1.4 124

Extremadura 133,527.0 40,622.9 32,639.9 20,455.3 15.3% 6.4 575
Galicia 1110.8 1103.8 271.5 −730.8 −65.7% −0.2

La Rioja 66,652.4 20,664.5 16,292.8 9755.5 14.6% 3.0 274
Community of

Madrid
95,646.2 29,317.6 23,380.2 14,394.5 15.0% 4.5 404

Murcia 24,439.2 8066.1 5974 3001.5 12.2% 0.9 84
Navarre 392,138.4 117,804.6 95,856.1 61,832.3 15.7% 19.6 1737

Basque Country 70,651.5 21,858.1 17,270.3 10,395.4 14.7% 3.2 292
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As can be observed, the region that is the most energy capable of obtaining is Castille-
La Mancha, which with this solution could become a generating power plant of 115 MW,
followed by Aragon and Castile and Leon. The regions that would take the least advantage
of this solution are Cantabria, Galicia and Canary Islands, which are precisely the regions
that produce the least barley. Precisely for this reason the solution is not energy effective,
when generating little amount of barley, the substrate level is low, little biogas is generated
and is not enough to meet the needs of the reactors. The energy profitability limit can be
set in the case of Murcia, that is, the solution is interesting from an energy point of view in
regions that cultivate at least around 6000 hectares of barley and collect at least 1500 tons of
CrM waste. As for the amount of homes that could be supplied, this solution is especially
attractive for the regions with the highest available energy. For example, Castile-La Mancha
could supply more than 10,000 homes in a year

This could be a solution to lack of energy supply or difficult access to energy in certain
areas. The Energy Poverty report in Spain 2018 [44] of the Association of Environ-mental
Sciences places the regions of Valencian Community, Murcia, Cantabria, Andalusia and
Castile-La Mancha, in this order, as the areas where there is the most inequality in terms of
household warming, so this solution could be of help in these regions, with the exception
of Cantabria, which, as has been seen, is one of the regions in which this solution is not
profitable. It is also interesting for isolated areas, such as the Balearic Islands, as it is an
autonomous generation system that takes advantage of local resources.

With this proposal, renewable energy is obtained from a waste to be disposed of,
thus meeting the Sustainable Development Goals (SDG) #1 (in terms of energy poverty)
#7 on affordable and non-polluting energy, #10 reducing inequalities in access to energy,
#12 in sustainable waste management, and #13 of climate action by providing a renew-
able energy source that reduces emissions into the atmosphere, as demonstrated in the
following section.

3.10.4. Estimate of the Reduction in Emissions Involved in the Use of Biogas Generated
Instead of a Conventional Source of Natural Gas

Precisely, for the above reason of the impact on the SDG #13, and since this solution fits
perfectly into these goals, it is decided to study the environmental benefit that comes with,
in terms of reducing CO2 emissions equivalent. The calculations have been developed in
accordance with Section 2.7 of the methodology, and the results highlight the importance
of the use of biogas rather than conventional sources such as natural gas.

The results are shown in Table 9, and it is confirmed that there is a 55.4% emission
reduction if biogas methane is used to generate energy, rather than natural gas. Specifi-
cally, it is a reduction of 38,060 tons of CO2 equivalent at the Spanish level, being more
notable in the areas where the most biogas has been generated, with Castile-La Mancha at
first position.

It is important, in turn, to take into account that straws are considered biomass accord-
ing to the Commission Regulation (EU) No 601/2012 of 21 June 2012 on the monitoring
and reporting of greenhouse gas emissions [ . . . ] [45], so that if they are issued in the
combustion process the emissions can be considered zero, which represents a reduction
in the impact of global warming in terms of the use of this fuel of 100%, quantified in
approximately 68,750 tons of CO2 equivalent per year less emitted into the atmosphere.

224



Agronomy 2021, 11, 640

Table 9. Estimation of the biogas and methane generated with the anaerobic digestion of CrM.

Conventional Energy Source
Energy from the Generated

Methane
Emissions Reduction

[tons CO2eq/year]

Natural Gas
[Nm3/year]

Emissions
[tons

CO2eq/year]

Methane Gas
[Nm3/year]

Emissions
[tons

CO2eq/year]

Considering
Methane

Emissions

Considering
Zero

Emissions
from Methane

(Biomass)

Andalusia 1,339,157.2 2879.2 1,434,186.9 1285.4 −1593.8 −2879.2
Asturias 0 0 0 0 0 0
Aragon 7,098,524.5 15,262.2 7,602,252.4 6813.5 −844.7 −15,262.2

Balearic Islands 162,775.8 349.9 174,326.7 156.2 −193.7 −349.9
Canary Islands 0 0 0 0 0 0

Cantabria 0 0 0 0 0 0
Castile-La
Mancha

11,120,550.8 23,909.8 11,909,691.1 10674 −13,235.8 −23,909.9

Castile and
Leon

5,271,321 11,333.6 5,645,386.3 5059.6 −6274 −11,333.6

Catalonia 3,177,253.1 6831.3 3,402,718.5 3049.6 −3781.6 −6831.3
Valencian

Community
135,544.7 291.4 145,163.3 130.1 −161.3 −291.4

Extremadura 626,792.9 1347.6 671,271.6 601.6 −746 −1347.6
Galicia 0 0 0 0 0 0

La Rioja 298,931 642.7 320,143.9 286.9 −355.8 −642.7
Community of

Madrid
441,077.1 948.3 472,377 423.3 −524.9 −948.3

Murcia 91,975 197.7 98,501.8 88.2 −109.4 −197.7
Navarre 1,894,670.6 4073.6 2,029,120.9 1818.6 −2255 −4073.6

Basque Country 318,537.4 684.8 341,141.5 305.7 −379.1 −684.8

Total reduction of emissions −38,059.6 −68,752.8
Total reduction of emissions (Compared to the conventional energy source) −55.3% −100%

4. Conclusions

This study has determined that the composition of the CrM residue presents it as a
residue formed, for the most part, by carbohydrates. It has good solubility and is relatively
resistant to pH changes. Despite these positive aspects, its high content of hemicellulose
and lignin may compromise the proper development of AD.

It has been determined that the process develops correctly, with a slight accumulation
of VFA without impact when it is dampened by the buffer effect of the released AN. With
the novelty introduced of the analysis of the evolution of hydrogen it has been possible
to determine that the process occurs in two stages, digesting in the first stage the soluble
COD, and in the second phase that of the COD that is particulate and not directly accessible.
Methanization has been correct, transforming almost all the digested COD into methane.
However, only 15.282% of all available COD is digested, due to the strong particulate
characteristic of the substrate and the high content in lignin and hemicellulose, which
makes it difficult for the for hydrolytic enzymes to adhere to particle membranes and
solubilize the enclosed organic compounds; and is also due to the granular nature of the
UASB inoculum. This explains why the methane content of the generated biogas is not
very high.

Numerically, 100 g of CrM residue generates 1604.22 NmL of biogas, with a methane
content of 27.485%. The disintegration constant is 0.164 days−1 and only 15.282% of the
substrate is digested. This low level of degradation opens the door to process improvement
through techniques such as pre-treatments, which improve accessibility to the substrate,
breaking the barriers created by lignocellulose.

As for its applicability at the national scale, it is a particularly interesting solution
from the point of view of energy. It has been determined that this solution is beginning to
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be energy-effective and therefore to produce enough energy available for external uses, in
areas that have at least 6000 hectares of planted barley and collect 1500 tons of CrM waste.
At best, it can be considered that this solution provides, in a given region, the equivalent of
a 115 MW power plant, and could supply 10,000 households per year in that region. It is
also considered an energy-efficient solution that complies with the SDGs #1, #7, #10, #12
and #13, and can guarantee access to energy in isolated areas or with supply problems.
Not only is it an energy-efficient solution, but also, in the case of SDG #13, it has been
estimated that its implementation would result in a 55.4% reduction in emissions if it were
to replace a conventional natural gas energy source, reducing 38,060 tons of equivalent CO2
released into the atmosphere at Spanish level (increased to 68,750 tons if zero emissions are
considered from the burning of biogas, being a form of biomass).
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Abbreviations

AD Anaerobic Digestion
AN Ammoniacal Nitrogen
ANOVA Analysis of Variance
BD Biodegradation
BMP Biochemical Methane Potential
CHP Combined Heat and Power
COD Chemical Oxygen Demand
CrM Crop Barley Residue (Substrate)
CV Coefficient of variation
EU European Union
FAOSTAT Statistics from the Food and Agriculture Organization of the United Nations
FES-CO2 Carbon Fund for a Sustainable Economy
FSC Food Supply Chain
GC Gas Chromatograph
Hum Humidity
IA Intermediate Alkalinity
kdis Disintegration constant
LCFA Long Chain Fatty Acid
LPCH Lipids, Proteins and Carbohydrates content
OM Organic Matter
ON Organic Nitrogen
PA Partial Alkalinity
S Sludge (Inoculum)
TA Total Alkalinity
TCD Thermal Conductivity Detector
TKN Total Kjeldahl Nitrogen
TS Total Solids
UASB Upflow Anaerobic Sludge Blanket reactor
VFA Volatile Fatty Acid
VS Volatile Solids
WWTP Wastewater Treatment Plant
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Abstract: Increased energy demands in today’s world have led to the exploitation of fossil resources
as fuel. Fossil resources are not only on the verge of extinction but also causing environmental
and economic issues. Due to these reasons, scientists have started focusing their interest on other
eco-friendly processes to biofuel and recently, second-generation biorefinery is gaining much more
attention. In second-generation biorefinery, the main objective is the valorization of lignocellulosic
biomass cost-effectively. Therefore, many scientists started different bioprocessing techniques like
Consolidated Bioprocessing (CBP) to produce ethanol by using a single or plethora of microorganisms
to produce ethanol in a single process. In this review, in-depth study on CBP is assessed as well
as biofuel’s socio-economic value and a brief study of biorefineries. The study not only involves
innovative approaches used in CBP but their effect on society and economic aspects.

Keywords: biomass; biorefinery; circular economy; enzyme; consolidated bioprocessing

1. Introduction

The finite nature and rapid depletion of fossil fuels due to growing global energy demands
have negatively impacted the environment as their combustion entails have led to the search for
alternative ways of producing fuels from sustainable, renewable, green, and economical energy
sources [1–5]. One source of renewable energy production is biomass, which can be transformed
into biofuels, which provide many advantages over fossil fuels in terms of mitigating residues
generation and greenhouse gas (GHG), increasing energy independence, and improving the economy
of agriculturalists [1,2,6,7].

The term biofuel refers to any liquid, gas, or solid fuel predominantly produced from a
renewable biomass feedstock. Biofuel examples are bioethanol, biomethanol, biosynthetic gas
(biosyngas), biodiesel, biogas (biomethane), biochar, bio-oil, biohydrogen, and Fischer_Tropsch
produced liquids [1,8]. Biofuels serve as a bridge between the agricultural and energy markets as
agricultural commodities are the significant feedstocks in biofuel production [9].

Recently, crop residues as a potential source of feedstock to produce bioenergy have been gaining
importance as they are not in competition with food production for human consumption. They have
high availability, wide distribution, and almost zero cost [1,10,11]. Crop residues are generally the
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waste generated in the harvesting of any agricultural crop. These are typically the parts of the
products that are often of no value, including the stem, empty fruit bunches, leaves, and stalks.
The amount of agricultural waste is variable and reaches 50% for specific crops [12]. In the production
of commodities like sugar, rice, flour, starch, and oil, only a fraction of the main crop is recovered
and used. The leftover fraction of the processed products are referred to as agro-industrial crop
residue. Generally, these residues are either bagasse, molasses, the spent fibrous pulp left behind
from stalks of crops, or seed coats, shells, and husks [1,12]. The optimal use of agricultural wastes
has excellent economic and ecological advantages due to the possibility of recycling and producing
materials with added value [2]. Wheat straw, rice straw, corn straw, and sugarcane bagasse are the
agricultural residues available in the approximate amounts of 354.34, 731.30, 128.02, and 180.73 million
tons, respectively. The primary composition of these residues is cellulose (20 to 60%), hemicellulose
(20 to 40%), and lignin (10 to 25%) [1,13].

Production and use of biofuels made from crop residues could prevent the over-exploitation of
fossil fuel and low waste management problems in the field. However, this potential can only be
unlocked if they are cost-competitive to petroleum and starch and sucrose-based biofuels. To reduce
capital and processing costs, simplifying the process scheme, and integrating as many unit operations
as possible is necessary. Therefore, the consolidated bioprocessing CBP is a strategy where all four
steps occur in a single reactor. A single microorganism or microbial consortium converts pretreated
biomass to a commodity product such as ethanol without adding saccharolytic enzymes, which would
represent an innovative breakthrough for low-cost biomass processing. In principle, a CBP strategy
can be applied to produce a broad range of chemicals from natural biomass. It requires degrading
recalcitrant biomass substrates into solubilized sugars and metabolic intervention to direct metabolic
flux toward desired products at high yield and titer [14–16].

The increase in population brought a greater demand for food and energy; this requires an increase
in agricultural production and an increase in agricultural waste, which presents enormous challenges
for its proper management. Although crop residues represent a potential source for the generation of
biofuels, the environmental impacts that their use could cause must also be critically evaluated [16].
Therefore, this work aims to briefly describe the current situation of biofuels, available raw materials,
and their production strategies, especially the CBP approach, a strategy that is aimed at the best option
for the sustainable production of biofuels.

2. Biofuels

2.1. Worldwide Scenario of Biofuel Production

We are strongly dependent on fossil fuels due to the extensive use and utilization of petroleum
derivatives limiting the use of petroleum resources, resulting in environmental and political issues [17].
Questions regarding ecological stagnation and unpredictability dependent on the future reservoir
and increasing oil prices have been inspiring methods relying on alternative energy sources [18].
At a national, regional, and global level, there is acceptance of plants’ raw material (i.e., biomass) at
an increased level. It can reinstate a large portion of fossil resources as feedstock for the industrial
generation of both the energy and non-energy (i.e., chemicals and materials) area [17]. It has
been reported to be approximately 2.7% of global transportation (~2.9 TW) that is dominated by
first-generation biofuels. Ethanol derived from sugarcane and cornstarch (28 billion gallons in 2018)
and biodiesel from rapeseed or soybean oils (8 billion gallons in 2018). These raw materials are also
a segment of the food chain supply and do not serve a long-term, high-scale solution; therefore,
first-generation biofuels will not be a considerable section of the transportation fuel supply in 2050.
Therefore, it is essential to replace the 1G biofuels gradually with lignocellulosic biofuels [18].
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2.2. Challenges to Biofuel Production

2.2.1. Policy Initiatives

Several problems are faced in the production of biofuels, among which the production costs above
the fluctuating price of fossil fuels stand out, and the ecological challenges during biofuels production.
The challenges faced are explained in this section.

Various industry considerations (climate change, pricing ambiguity, and geopolitical uncertainty)
are taken into account to explore the utility of substituting biofuels for traditional petroleum-based
fuels as a clean energy alternative. Therefore, the U.S. renewable fuel standard (RFS2) was mainly
designed to motivate biofuel production, relying on reducing the greenhouse gas emission related to
petroleum fuels [19].

Different types of biofuels produced at a global level have overcome 35 billion gallons during
transportation in 2015, and by 2023 will reach 62 billion gallons. The International Energy Agency
(IEA) evaluate that biofuels have the probability of supplying continuously from their ongoing share
of 3% to about 27% of total transportation by liquid [20].

At this moment, our world´s main objective is to maintain economic development without
increasing environmental degradation. Bio-based industries can dramatically alleviate pollution and
ecological damage after the industrial revolution [21]. Twenty years ago, Rio’s acknowledgment of
environment and development took the first step to solve this unorganized scheme for the future. In this
session, several countries reviewed the matter of social, scientific, and technological development.
The use of agricultural residues was one of the activities affecting all the fields [22]. This valorization
consolidates the utilization of second-generation biorefineries.

2.2.2. Market Challenges

One of the dominant objectives in manufacturing renewable fuels is encompassing the target
price of 0.79 $L−1 [23], agreed by the Bioenergy Technologies Office (BETO). Scientists can enhance
renewable fuel generation’s industrial growth by utilizing non-profitable biomass such as forest
residues as a feedstock and producing yields from selling co-products [23]. The shortage of fossil fuel
has led to increasing concern regarding greenhouse gas emissions and air pollution. This has resulted
in rising interest in bioethanol production from natural resources like algal strains, notably from
lignocellulosic biomass via enzymatic route. The estimation for biofuel growth by 2020 will be 4% of
road transport applications, and according to USDA, global ethanol production will grow to 40% by
2022 [24]. The main aim of the biorefinery is to produce broad-spectrum merchandise in a cost-effective
and eco-friendly way. Therefore, second-generation biofuel production is the most feasible process
to generate bioethanol in competition with food resources and fertile land. Hence, in the long run,
bioethanol production from lignocellulosic material through enzymatic hydrolysis is a valuable process,
along with a probability of huge output [25]. It has been reported that 44% cost of biofuel production
in 2G ethanol production is from enzymes. The researchers recommended that on-site or near-site
enzyme generation encourages access to the remarkable decrease in enzymes’ value up to 30–70%
carrying its interpreted purification and logistics [25,26]. According to another author, the cost of
enzymes at 15% and 35% solid pretreated loading during enzymatic hydrolysis varies from 34.63% to
36.38%, respectively [25,27].

2.2.3. Social and Socio-Economic Issues

The problem that is being faced regarding the depletion of fossil fuels is the involvement in energy
security, particularly in the countries that are energy-dependent because of constant clashes in the
oil-exporting countries and climate change as a result of the burning of fossil fuels. All these problems
are arising due to fossil fuels: society realized biofuels to solve these problems. Specifically, the thriving
biofuel sector could administer the opportunity to develop rural areas and generate job opportunities
for the local residents, working towards the development of healthy, efficient communities and reducing
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the emission of greenhouse gases. Recently, some issues regarding biofuel generation and its use have
appeared, such as biofuels’ effect on energy and food markets, working conditions and workers’ rights
regarding occupational health, the disparity of biofuel policies, the land change, etc. should also be
recognized [28].

2.2.4. Sustainability

For biofuel sustainability, it is necessary to deal with the various complex and conflicting estimates
at stake. Hence, the biofuel capability to grant to one particular value cannot guide any definite
conclusion regarding biofuel’s overall sustainability. The range of the sustainability opinion may differ
depending on individuals’ inclination, the time scale, and the geographical region. The five pillars of the
sustainability theory encompasses social, economic, environmental, legal, and cultural considerations.
In a recent study, research proposed estimating various biofuel sustainability objectives for France by
2030, along with a stakeholder-driven perspective; the stakeholders recognize 22 different sustainability
standards for biofuels. Therefore, they had a shallow level of agreement between the various professions
(feedstock producers, biofuel producers, refining industry, fuel distributors, car manufacturers,
end-users, government, and non-governmental organization (NGOs)). The sustainability evaluation
initiation, a set of indicators, has been recognized by stakeholders authorized to quantify biofuel’s
scope to fulfill each of their criteria. There were seventeen biofuel objectives evaluated regarding
economic, social, environmental, cultural, and legal considerations, allowing the identification of
each biofuel’s strengths and weaknesses. Biofuel sustainability evaluation needs a review of a wide
variety of different objectives to endure with their multidimensional impacts. Therefore, the biofuel
capability to accomplish one particular goal cannot reach any infinite conclusion regarding overall
biofuel sustainability, policy efficiency, and if it has a positive or negative impact [29].

Many studies are done on the use of various organic wastes to produce biofuel. These processes
have been reported to be successful in response to global challenges like fossil fuel dependency,
production cost optimization, and waste management. In addition, the matter of emission control
and after so many investigations, everyone concluded that biofuel production from organic waste
has an excellent possibility for sustainable and economic development while confirming minimal
environmental influence and overall production cost [30].

Despite the advantages that lignocellulosic residues represent for the production of biofuels e.g.,
value added to crops, reducing GHG emissions and not competing with food, some issues must be
critically evaluated [1,16]. Currently, crop residues are used in animal feed or left in the field to avoid
erosion, or incorporated by plowing for the recycling of nutrients. Therefore, its use in a massive way
could break the balance in the carbon-nitrogen relationship, decrease the amount of nutrients, and affect
the soil, causing a severe problem in agricultural land quality [16]. Therefore, it must be established for
residues, and the extraction limit of biomass in the corn crop case must also be established. Some data
mention that 40% of the residues can be collected in an intensive cultivation system and up to 70% of
the residues in a no-tillage system to keep the low risk of material organic and soil structure loss [31].

2.2.5. Biorefineries

Plant-based raw materials (i.e., biomass) are progressively recognized as a possible future resource
to supersede large fractions of fossil resources as feedstocks. Therefore, to meet both the energy
and non-energy demands for industrial purposes (i.e., chemicals and materials) sectors, fossil fuel
exploitation at an outside scale occurs [32]. Bioenergy, biofuels, and biochemicals are the three
primary national, regional, and global biorefineries. Building policies to focus on one driver can
have destructive effects on others like local coal reserve exploitation, which increased greenhouse
gases, resulting in global warming. There are other alternative renewable resources (wind, sun, water,
biomass, etc.). However, biomass alone is often a feasible substitute for fossil resources to transport
fuels and chemicals, because it is rich in carbon materials present on earth and in fossil fuels [32].
The perception of biorefinery influences a vast scope of technologies competent of separating biomass
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resources. i.e., wood, grass, corn, etc. into their constituents, i.e., carbohydrates, proteins, triglycerides,
etc., resulting in being reconstructed into superior products, which are biofuels and chemicals [32].
Current industrial science trying to approach compounds from a single agriculture residue is among
the new investigation exercises worldwide. Biorefineries are eco-friendly and very similar to oil
refineries [33]. The objective of oil refineries is to procure comprehensive products from petroleum
through a diverse system. The same theory is practiced on biorefineries. The first basic concepts of
biorefinery were administered in 1990. Before 1997, images of continuity, environmental awareness,
and biorefinery merged with the notion of green technologies [34].

2.3. Generations of Biofuels: A Brief Review

Fuels produced by the biological process are known as biofuel. Primary biofuels are mostly
fuelwood, wood chips, pellets, and organic materials, generally used for heating generation, cooking,
or electricity purposes in a crude state. Secondary biofuels come from energy crops, agricultural and
forestry wastes and by-products, manure, or microbial biomass used extensively in transportation and
industrial purposes [35,36]. Innovative research on biomass for secondary biofuel production has been
continuous for the last five decades of biofuels production. A wide variety of potential feedstock from
all around the world is utilized for biofuels production. Based on the feedstock, biofuels are classified
into four groups, namely: first, second, third, and fourth-generation biofuels [37–39].

• First-generation. 1G biofuels are produced from specific parts (usually edible) of oil-based plants
and starch and sugar crops. Initially, 1G biofuels showed a promising capability to reduce fossil
fuel combustion and lower atmospheric levels of CO2, which is consumed by crops as they
grow [39,40]. Ethanol represents the most common biofuel produced to date. Nowadays, 78%
of biofuel’s total production contributed by bioethanol produced around 28 billion gallons per
year from central corn in the U.S.A. and sugarcane in Brazil [38,41]. However, this generation’s
biofuels increased production by raising questions due to its production-generating competition
food production vs. fuels, arable lands, and biodiversity loss, in addition to being responsible
for ecological degradation [37,42]. Studies have shown that biofuels obtained in this manner
frequently do not contribute to greenhouse gas reduction, and they require a large amount of
energy for their production [43].

• Second generation. 2G biofuels, known as “advanced biofuels,” overcome the problem of
competition “food versus fuels” by using inedible raw materials, in addition the net carbon
(emitted–consumed) from combusting second-generation biofuels is neutral or even negative [42].
Innovative processes producing 2G biofuels from non-food feedstocks sources of biomass included:
residues produced by agricultural and food processing systems (discarded biomass), manure,
used cooking oil, wood and sawdust to garbage, food waste, and energy crops [35,36,38,42].
Among these sources, the lignocellulosic residues of crops would more likely to be the primary
candidates for its abundance, wide availability throughout the world and at times of the year, and its
low cost [1,41]. However, the structural heterogeneity in these residues’ composition requires
more complex production processes, making 2G biofuels not industrially profitable [39,41,42].
Today, the estimated production of 2G biofuels is around 0.4 billion liters/year, i.e., <0.4% of the
overall ethanol production. IEA for advanced biofuels estimates a cellulosic ethanol production
increase to 0.8 billion liters in 2023 [44].

• Third generation. According to the IEA definition, third-generation biofuels are bio-based
fuels produced from aquatic feedstock (usually algae) [36]. Algae are a promising alternative
feedstock due to their high lipid and carbohydrate contents, increased carbon dioxide absorption,
and the possibility of cultivating wastewater and seawater. Unproductive drylands and marginal
farmlands do not compete with food crops on arable land or in freshwater environments [36,38].
Another characteristic that makes algae interesting for biofuels is the low level of lignin.
The growth rate is high [38,42] and the possible production of biodiesel, butanol, and methane
ethanol. Some green algal species can photolyze mediated biohydrogen (H2) production [35,45].
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However, this type of biomass has disadvantages such as its high initial investment for its
production. The biofuel produced from algae is less stable than that produced from other sources,
mainly because the oil generated by the algae is highly unsaturated, which means it is more
volatile at high temperatures, so it is more likely to degrade. Furthermore, the high water quantity
is also a problem when lipids have to be extracted from the algal biomass, requiring dewatering
via either centrifugation or filtration before extracting lipids [46].

• Fourth generation. These biofuels, which are still in the developmental stage, use bioengineered
microorganisms as microalgae, yeast, fungi, and cyanobacteria. Genetically altered crops
used to consume more CO2 from the environment than they emit. These microorganisms
are used to produce different fuels, including ethanol, butanol, hydrogen, methane, vegetable oil,
biodiesel, isoprene, gasoline, and jet fuel [39]. Fourth-generation biofuel research started in 2006,
and significant results have not been published yet in peer-review journals [35]. Figure 1 shows
the schematic representation of the integrated biorefinery for 1G to 4G.

 

 

 

Figure 1. Schematic representation of integrated biorefinery for first, second, third, and fourth
generation of biomass.

2.4. Scale-Up

Bioprocessing Techniques

The dominant predicament in cellulase manufacturing is its low enzyme titer. Numerous scholars
have endeavored to crack distinctive representations to amplify cellulase enhancement in fermentation
technology. It encompasses superior bioprocess performance, employing low-cost material or
rudimentary raw materials as a substrate to produce enzymes and genetically obtained microorganisms
etc. [47]. There are commonly two kinds of fermentation techniques that focus on enhanced cellulase
production: solid-state fermentation (SSF) and submerged fermentation (SMF). These fermentation
techniques use microorganisms such as fungus and bacteria. Recently, a new bioprocessing practice
developed successively by using bioprocessing techniques in a single reactor. All the bioprocessing
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practices are discussed in detail in this section, including advancements in new bioprocessing techniques,
i.e., CBP and other methods for better enzyme generation.

Currently, scientists mainly focus on the scale-up process of both 2G and 3G biofuel. However,
both the sectors are facing problems that are causing interferences in the scaling-up process.

In the 2G biorefinery, in-house enzyme production and enzymatic hydrolysis play a crucial role in
reducing the cost and scaling up 2G-ethanol production. From the two types of fermentation, SSF has
many advantages but its use is confined at mostly lab scale because of some obstacles in controlling
specific parameters and operating variables, which hugely impact microbial growth and metabolite
production [25,29]. Moreover, some other drawbacks corresponding to SSF are heat and mass transfer,
and high equipment costs [25].

As stated by techno-economic research, the potential to operate biomass at high solid loading
during enzymatic hydrolysis will be essential in 2G biorefineries, principally. The equipment cost will
come down and can lead to minimizing the requirement process energy and wastewater treatment.
However, the enzymatic hydrolysis at high solid loading is somehow not an easy occupation to handle
as pretreated solid biomass viscosity increases enormously and starts showing firmly non-Newtonian
flow properties. The complications with both mass and heat transfer in the material and mechanical
problems are pumping and adequate mixing of the biomass slurry. In SSF, researchers observed
ethanol production at high solid loading during simultaneous saccharification and fermentation (SSnF)
requires approximately 60% of the energy content while mixing in SSF. All processes are studied at lab
scale. Nevertheless, there are several parameters like flow behavior (or even the flow regime) and
particular power inputs that change with the reactor scale [48]. According to [49], their study focused
on evaluating a prospective fungal strain Penicillium oxalicum IODBF5 in the production of cellulase
under submerged fermentation. The first shake flask experiment was performed with this strain
at 28 ◦C, 180 RPM and incubated for 8 days and initial cellulase activity reported was 0.7 FPU/mL,
which later increased by 1.7 fold i.e., 1.2 FPU/mL in 8 days. After optimizing specific parameters,
the same experiment was performed at 7 L reactor level in which the temperature maintained was at
28 ◦C and pH at 5.0 by adding 1 M HCl or 1 M NaOH. Fungal spores inoculated around 109 spores/L,
and initial airflow kept was of 1vvm which after 72 h increased to 1.5 vvm and the incubation time
was reduced from eight to four days with the same reproducibility. For effective enzymatic hydrolysis
with the crude enzyme, the temperature and pH were maintained at 50 ◦C and 5.0, respectively.
At 50 ◦C, the natural enzyme preserved their 50% and 26% of their activity at 48 h and 72 h, respectively.
This property of Truffle was reported by [50] in their study where the capability of Tuber maculatum to
secrete an extracellular cellulase during SMF was explained for the first time in their research. In SMF
basal salt media was used with sodium carboxymethyl cellulose (0.5% w/v) as a carbon source at pH 7
and the cellulase activity reported was 1.70 U/mL after seven days of incubation. The stability test was
performed, and it was observed that the enzyme was stable at 50 ◦C and pH 5.0. The enzyme was
thermostable as well as maintained its 99% activity at 50 ◦C temperature. Tray Bioreactor, Packed bed
Bioreactor (PBB), Rotary Drum Bioreactor (RDB), Fluidized Bed Bioreactor (FBB) and Instrumented
Labscale Bioreactor (ILB) are usually used as bioreactors for SSF systems [51]. According to the study
performed by [52], cellulase was produced by microorganism Trichoderma reessei RUT C-30 under SSF.
The substrate used in SSF was wheat bran and cellulose, where cellulose was used as an inducer for
further enhanced cellulase production. The combination of wheat bran and cellulose was added in a
250 mL Erlenmeyer flask. The substrate moistened with mineral salt medium and pH was maintained
at 4.8 by adding 1 N HCl and 1 N NaOH. This experiment was optimized by involving a two-stage
statistical design of experiments, resulting in an increase of CMCase by 3.2 fold i.e., 959.53 IU/gDS.
This method was repeated at pilot scale and the reactors used were tray fermenters, and the same
lab conditions were used, resulting in 457 IU/gDS yield. Cellulase produced in this experiment
was used for enzymatic hydrolysis of alkali pretreated sorghum stover with or without BGL and
the BGL used in this experiment was extracted from Aspergillus niger. The result from hydrolysis
with BGL was reported to be 174% efficient. The hydrolysate produced from hydrolysis of sorghum
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stover was used in the fermentation process to generate ethanol, which resulted in being around
80% effective. In another study, crude olive pomace and exhausted olive pomace was used in SSF as
substrate. They both were pretreated by ultrasound pretreatment, and their comparative study was
also performed. In SSF, both wastes were checked and used as a substrate in SSF to yield cellulase
and xylanase by fungi. The use of exhausted olive pomace as substrate by Aspergillus resulted in
higher titers in the screening. They were therefore used in the experiment of ultrasound pretreatment.
The outcome of sonication showed a 3-fold increase of xylanase activity and harmed cellulase activity.
Furthermore, the liquid part acquired from ultrasound pretreatment was used to maintain substantial
moisture, resulting in a positive effect on enzyme activity, which caused a 3.6-fold increase and 1.2-fold
increase, respectively [53].

To date, large-scale algal cultivation still presents various mechanical threats that interfere with
the process of commercialization as a promising aspect of algal biomass as a renewable feedstock for
biofuels production. These threats or challenges are related to upstream or downstream processing.

In upstream processing, these are the algae and algal cultivation process selection process,
the energy input for handling closed-photobioreactors, nutrient sources, water reusability, and footprint
and susceptibility of algae towards the surrounding.

In downstream processing, this is attributed to harvesting and drying technology for algal cells,
efficient algal lipid extraction methods, biodiesel conversion technologies from algae and biodiesel,
and probability to transform biofuels production from the algal residue after extracting the lipid.
After the technological hurdles, merchandising algal biofuels production’s profitable viability is still
dubious because algal cultivation and correlated biofuels production technologies are in shortage.
Enhance algal biofuels’ commercial potential: it is crucial to understand and recognize technical and
economically related problems [54].

3. Consolidated Bioprocessing

3.1. Strategies for Development Ideal Consolidated Bioprocessing-Enabling Microorganisms

In searching for CBP functional organism, two different strategies have been applied to endow the
microorganism with the capabilities required, such as high hydrolysis rate, tolerance to a compound
derived from pretreatment, and proper fermentation.

3.1.1. Native Strategy

The native strategy focuses on studying organisms with the natural capacity to produce different
enzymes and use different substrates to improve biofuels’ performance. Some approaches to enhance
bioprocessing capabilities include adaptive evolution and isolation of new strains for CBP [55].

The native strains proposed for use in CBP are mainly wild-type strains that are generally poorly
characterized. To date, genetic manipulation tools are established for only some of them, and in a
few cases, their metabolisms are investigated in-depth. Concerning cellulolytic fungi, most genetic
engineering efforts are focused on increasing cellulase production. However, there is a growing interest
in biofuel production using these organisms. Candidates for the native strategy can be classified
into three groups: fungi, bacteria that produce and excrete enzymes, and cellulosome-forming
bacteria [56–58].

However, to date, the organisms discovered with the capacity to carry out CBP are well below
efficient alcohol production expectations. Therefore, the co-cultivation of two or more different
organisms (consortium) taking advantage of their capacities-specific metabolism is a promising method
to improve substrate conversion and ethanol yield [56]. A microbial consortium is an association of
two or more organisms acting together as a community in a complex system, where all benefits from
others’ activities can be enjoyed [59]. Consortia can be classified into natural, artificial, and synthetic.
Natural consortia are symbiotic due to co-evolution; in contrast, artificial consortia and synthetic
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consortia are defined as mixed crop systems, differing from each other. In synthetic consortia,
genetic modifications are performed to achieve specific interactions between mixed strains [60].

3.1.2. Recombinant Strategy

The recombinant strategy aims to provide the fermenting organisms with the hydrolytic capacity.
The hydrolytic organisms to provide them with the fermentation capacity. Therefore, before designing
microorganisms for biomass conversion, it is crucial to select host organisms with the desired
characteristics, emphasizing strains that can use low-cost substrates, resistance to environmental stress,
and a high yield of the desired product [61,62].

The main challenges in the recombinant strategy include the adverse effects of the co-expression of
multiple unwanted genes, the modulation of the expression of different genes at the appropriate levels,
and the improper folding of proteins, which can prevent their secretion, in addition to inadequate
fermentation pathway [61,63].

Recent advances in the development of modified microorganisms through evolutionary,
metabolic and genetic engineering approaches have paved the way for using lignocellulosic biomass
as a substrate for biofuel production [63].

3.2. Aspects of Consolidated Bioprocessing

3.2.1. Economic Viability of Consolidated Bioprocessing

CBP is a promising strategy for effective biofuel production due to the combination of three
processes (enzyme production, saccharification, and fermentation) in CBP. This strategy can reduce the
reactor and the enzyme cost, which are the major impediments to low-cost biomass processing [61].
In the conventional ethanol production process, the cost by CBP production can be reduced by 25%.
When considering capital, raw materials, utilities, and yield loss expenditures, a comparative cost
analysis conducted on ethanol production resulted in a projection of $0.04 gal−1 for CBP. At the same
time, saccharification and co-fermentation was projected at $0.19 gal−1 [64].

Despite the potential advantages that CBP represents, some limitations have not allowed
bioethanol’s industrial production to use this strategy. When using native organisms, the main
problem is low yield and productivity despite long fermentation process periods of between 3 and
12 days [55]. In the case of using engineered modified organisms, a significant hurdle for industrial CBP
organism development is achieving high levels of enzyme production without compromising ethanol
productivity because there are generally problems associated with the co-expression of multiple genes
other than those of interest, tolerance to the culture medium, in addition to the high cost inherent in
the production of this type of organism [39,65] (Table 1).

Table 1. Advantages and disadvantages of CBP [63].

Advantages of CBP Disadvantages of CBP

• Simplification of total operation process
• Fermentation and saccharification vessels

are reduced
• Enzymes addition are totally eliminated
• Risk of contamination is minimal by reducing

carbohydrates and producing ethanol
• Co-fermentation of pentose and hexose
• Capital investment is highly reduced to the

lowest minimum
• Less energy is required during the process

• To date, only engineered microbial strains are
known to perform optimally in CBP.

• The use of recombinant organism is highly
restricted in some countries, and there is
growing public health concern and
environmental risk associated with this.

• Wild-type bacterial/fungal species tested to date
on CBP produce very low concentrations
of ethanol.

• CBP typically requires long periods
of fermentation
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Some pioneering companies that use CBP to produce lignocellulosic ethanol are the American
companies Qteros and Mascoma, who used the microorganism C. phytofermentans, registered as
Q Microbe® (Marlborough, MA, USA). In 2014 Mascoma was acquired by the Canadian company
Lallemand and all its assets, and currently continues to work in the production of advanced biofuels [55].

3.2.2. Long Term Economics of Consolidated Bioprocessing

The increasing demand for oil and cleaner energy research has led to an escalation in biofuels
production (mainly bioethanol). The worldwide production from 2008 to 2017 presents an annual
growth of 5.07% of bioethanol. The ethanol consumption is projected to reach 164 billion liters by
2030, 1.98 times the consumption of 2018. Increased demand for bioethanol is motivated by increased
concern about climate change, the annual increase of 3.8% ± 0.5 in the global car fleet, and the fact that
ethanol’s production and consumption blended with gasoline has been promoted through subsidies,
mandates, and financing for research in 65 countries [44,66].

Even though the large-scale techno-economic analysis of consolidated bioprocessing [67] has
hardly been reported in the literature, the strategy is presented as a promising technology for biofuels.
Different chemical compounds with high value-added compounds, from different types of residual
biomass under the circular economy’s perspective, are the resource of other biochemical processes.
Hence, more beneficial impact is generated long-term. Although it is still a challenge, it is a way
to take advantage of waste and convert it into a source to build capital rather than waste it [68].
Any technology that involves the transformation of biomass is aligned with a sustainable model.

3.2.3. Consolidated Bioprocessing (CBP) and Some Case Studies

In recent years, the consolidated bioprocess CBP, initially known as direct microbial conversion
(D.M.C.), has been investigated. CBP’s critical difference with other biomass bioprocessing strategies lies
in the use of a single organism or their consortium for enzyme production, hydrolysis, and fermentation.
These are generally carried out at room temperature, which results in the reduction of production
costs [64,65,69,70]. Furthermore, the hydrolytic and fermentative processes’ compatibility means that a
single reactor is required, simplifying its operation. Although CBP has great advantages compared
to other production processes, there are issues such as long fermentation periods and low biofuel
yields due to the formation of various by-products (organic acids), the sensitivity of microorganisms to
alcoholic solvents, and growth limited in the supernatant of hydrolysis, which requires the continuous
search for more efficient strategies [64,69].

However, the industrial-scale application of CBP remains challenging so far because of the low
efficiency. Derived from CBP: Consolidated Bio-Saccharification (CBS) strategy proposed fermentation
separated from the integrated process. CBS produces fermentable sugars as the target product
rather than end metabolites such as ethanol. Consequently, fermentation would not be limited by
hydrolysis condition. The cellulolytic capability is maximized as well. Thus, CBS provides new
insight into lignocellulose bioconversion [11,71]. Figure 2 shows the schematic representation of the
consolidated bioprocessing process in terms of biorefinery. The advantages of SSF are linked to the
utilization of agro-industrial residues as solid substrate substituting for carbon and energy sources,
however enzyme production for industrial purposes still surfaces into certain industrial restrictions [72].
On the contrary, SMF is a universally acknowledged fermentation process for industrial enzyme
production as it is more convenient to control all the variables such as pH, temperature, and operational
techniques. The CBP strategy proposed in 1996 and increasing evidence supports that CBP may be
feasible. CBP’s research has focused on developing new and even more effective CBP microorganisms,
a critical challenge [73,74]. Several studies were performed for sustainable ethanol production using
advanced consolidated bioprocessing. In one research study, the subsequent pairing used in CBP
was Clostridium thermocellum ATCG 27,405 with mesophilic microaerobe, Pichia stiptis NCIM-3498.
The biogenic municipal solid waste was pretreated with 0.5% NaOH for reducing the recalcitrance
property. It was observed that subsequent CBP (23.99 g/L) was better than CBP alone (18.10 g/L).
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In subsequent CBP, exogenous xylanase was added to enhance xylan hydrolysis. Subsequent CBP II
biosystem was observed to give maximum ethanol production (36.90 g/L) at pH 5 in a single reactor [75].
In another investigation, the author used yeast engineered with five functional cellulase genes (BGL,
XYNII, EGII, CBHI, and CBHII) where ionic pretreated bagasse and laubholz unbleached kraft pulp
was used as targeted biomass. The screening was performed to observe that it is essential to breed
CBP yeast having the optimized cellulase expressing the ratio for the proposed biomass. In CBP,
yeast development is considered a promising and cheap way in consolidated bioprocessing for ethanol
production [76]. In one such study, the author used a new approach that is partially consolidated
bioprocessing (PCBP). In this process, a mixture of lignocellulosic material was used (mentioned
in Table 2). PCBP was used to prepare mixed lignocellulosic substrate by utilizing non-isothermal
simultaneous pretreatment. Saccharification methods were used for the hydrolysis of the pretreated
substrate. In the saccharification process (Trichoderma Reesei RUT C 30) was exploited the combination
of laccase (Pleurotus djamor) and holocellulase. Then, it was later pursued by the co-fermentation
process in a single reactor. The artificial neural network (Feedforward ANN) model was used to
optimize all parameters in PCBP that resulted in increased ethanol productivity [77]. In one of the
studies, the authors blend two characteristics, i.e., the saccharolytic and fermentation integrated into
one microorganism. It diverted a huge interest towards this process for production of ethanol in
terms of CBP causing lignocellulosic biorefineries to decrease environmental pollution and economic
cost. Therefore, in this study, industrial S. cerevisiae strains are used, expressing strong characteristics
such as thermotolerance and enhanced resistance to inhibitors. The strain was estimated to be great
as it expresses hemicellulolytic enzyme activity on its cell surface. It resulted in increased ethanol
productivity with the addition of commercial cellulase [78]. In one of the investigations, a thermophilic
anaerobic bacterium was isolated from Himalayan hot spring Clostridium sp. DBT-IOC-C19. This strain
was considered suitable for consolidated bioprocessing. It expressed a wide range of substrate
conversion into ethanol, acetate, and lactate in a single step, where ethanol is considered the main
product. DBT-IOC-C19 displayed 94.6% degradation at 5 g/L and 82.74% degradation at 10 g/L of
avicel concentration or loading in 96 h of incubation time during fermentation. Rice straw was used
as a lignocellulosic substrate for comparative analysis with different strains but total product yield
and ethanol production increased in Clostridium DBT-IOC-C19 [79]. The same author studied different
strains for CBP, e.g., Clostridium thermocellum ATCC31924, where crystalline cellulose was used as
the sole carbon source. It was reported that cellulosome extracted from the bacterial strain when
purified resulted in concentrated cellulase and xylanase enzyme [80]. Ionic liquid pretreated pine
needle biomass was used as a substrate in CBP. First, saccharification was performed by using cellulase
and xylanase in a single pot. Then, fermentation of hydrolysate was performed by using yeast to yield
ethanol [81]. CBP cannot only be used for the production of ethanol, but there are other yields as
primary productivity. In one study, the author worked with CBP along with co-cultivation. The author
designed a microbial consortium composed of hemicellulose producing bacteria Thermoanerobacterium,

Thermosacchrolyticum M5, and succinic acid production specialist Actinobacillus succinogens. This
co-cultivation in CBP resulted in increased production of succinic acid under optimized conditions [82].
The three lignocellulolytic bacteria (Clostridium thermocellum, C. stercorarium, and Thermoanaerobacter

thermohydrosulfuricus) were used as collegial co-culture strains in consolidated bioprocessing. This was
performed in terms of a comparative analysis with the monoculture by employing a wide range of
lignocellulosic material. The pretreated and unpretreated substrate was used to study the productivity
(yield) produced from monoculture and triculture, and co-culture [83]. In another investigation,
CBP was used to produce H2. The cellulose-degrading microorganism was retrieved from the
bovine ruminal fluid (BRF). Clostridium acetobutylium had great potential in increasing H2 yield [84].
Figure 3 shows the schematic representation of the consolidated bioprocessing process using strategy
hydrothermal pretreatment processing in the production of biofuels.
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Figure 2. Schematic representation of consolidated bioprocessing processing in terms of biorefinery
from lignocellulosic biomass.

Table 2. Consolidated bioprocessing (CBP) for a mixture of lignocellulosic material in the
enzyme production.

Microorganism Substrate Enzyme Operational Conditions Reference

S. cerevisiae MT8-1

Laubholz
unbleached kraft

pulp and ionic
liquid pre-

treated bagasse

Cellulolytic
enzymes

Incubation time 72–96 h [76]

Saccharomyces cerevisiae

Ricinus
communis and

Saccharum
spontaneum and top

portions of
Saccharum
officinarum

Laccase,
Holo-cellulase

Substrate loading-10% to
30% (v/v),

incubation time
(12–24 h),

temperature 30–37 ◦C.

[77]

Thermophilic bacterium
Clostridium sp.
DBT-IOC-C19

Rice straw,
crystalline cellulose

Cellulosomes
Temperature 55 to 65 ◦C,

pH-7 to 8, time-96 h
[79]

C. thermocellum strain
ATCC 31,924,

Cellulose Cellulosomes

pH-8, temperature-55 ◦C,
inoculum size 4% (v/v) &

0.5% (w/v) substrate
concentration

[80]

B. subtilis G2,
S. cerevisiae and

P. stipitis.

Pine needle
biomass

Cellulase, Xylanase

pH-5.6,
inoculum size-1.5% (v/v),

temperature-30–37 ◦C,
incubation time 24–72 h

[81]

Thermoanaerobacterium
thermosaccharolyticum
M5 & Actinobacillus
succinogenes 130Z

Corn cob
Xylanase &
β-Xylosidase

Temp-55 ◦C & 37 ◦C,
pH-6 to 7,

incubation time-24 h
to 48 h

[82]

CBP thermophile,
Clostridiumthermocellum

ATCC-27405 with
mesophilic

microaerobe,
Pichia stipitis
NCIM-3498

Biogenic municipal
solid

waste (BMSW)
Xylanase

Temp (45–70◦C),
initial pH (6–8),

inoculum volume
(4–12% v/v),

pretreated BMSW
Loading (10–80 g/L

cellulose equivalent)

[75]
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Table 2. Cont.

Microorganism Substrate Enzyme Operational Conditions Reference

Clostridiumthermocellum,
C. stercorarium,

and Thermoanaerobacter
thermohydrosulfuricus

cattail (Typha spp.)
and wheat straw

Cellulase &
Hemicellulase

10% (v/v, monoculture),
5/5% (v/v, dual cultures),

or 3.3/3.3/3.3% (v/v,
tri-culture), temp-45 ◦C,

incubation-4 days

[83]

Clostridium
acetobutylicum

Agave biomass

Enzymatic
commercial

complex Cellic
CTec3®

Novozymes
(Bagsvaerd,
Denmark)

10% solid loading,
pH-5.5, temp-35 ◦C,

incubation-264
[84]

Industrial S. cerevisiae
strains

Corn cob
Hemicellulolytic

enzymes
pH-5, temp-35 ◦C,

incubation time-48 h
[78]

 

 

Figure 3. Schematic representation of consolidated bioprocessing processing using as hydrothermal
strategy pretreatment. Adapted and modified from [15].

3.2.4. Physiochemical Conversion Routes in CBP with Pretreatment Process

The scientific lead that summons the continuous supply of biomass as the natural way for biomass
saccharification with high sugar productivity is still a challenge. The problem is not yet presented
in research programs dealing with biomass processing. However, many scientists aspire to work on
biomass optimization for several decades. The merged yield from biofuels and chemicals still requires
boosting from both technical and economic perspectives. None of the current pretreatment processes
has improved, since their results rely on the type of feedstock, downstream process configuration,
and many other factors. Consolidated bioprocessing (CBP) associates an individual or consortium of
microbes to deteriorate biomass. Physicochemical pretreatment and biological methods are considered
a better approach to reduce the recalcitrant property, leading to high sugar yield.

The hydrothermal pretreatment, i.e., liquid hot water pretreatment, does not require fast
decompression and does not need any chemicals or catalysts. The temperature lifted between
160–240 ◦C, which caused an increase in pressure that required preserving the water in the liquid
state and activating the lignocellulose composition [85]. The main objective of the liquid hot water
pretreatment is to dissociate and solubilize hemicellulose. It makes easy cellulose availability to cellulase
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and limits inhibitory compounds during the reaction. Nonetheless, for avoiding the generation of
inhibitors, the response must be performed at a low pH, i.e., between 4 and 7, reducing monomers’
production [85,86]. Scientists recently established that heating lignin and raising the temperature
above glass transition temperature could split the bond’s existence between carbohydrate lignin.
It emerged into the migration of hydrophobic lignin present in liquid media from the cell walls and
getting re-precipitated into small spherical droplets assembled on both sides (inside and outside) of
fibers [87]. Almost all hemicellulose contents got detached, leaving cellulose fiber bundles behind with
free lignin, because of the lignin’s realignment on both fibers’ sides. After hydrolysis, fast disintegration
was reported by researchers, along with a higher degradation temperature [87]. In another study,
material balance and multiscale characterization techniques utilized the systematic analysis of the effects
of severity factor and pH on the lignin-carbohydrate complex (LCC). Researchers discovered that the
severity factor affects xylan removal under a diverse range of temperature profiles, which means a high
severity factor causes high xylan removal. The temperature does not affect xylan removal. The liquid
phase (hydrolysate) causes pH to drop due to hemicellulose depolymerization and degradation.
It results in the accumulation and production of the acetic acid, causing hydrothermal pretreatment,
and hemicellulose sugar’s high yielding capacity causes increased furfural productivity and xylose
loss. Rare, increased hemicellulose sugar degradation causes reduced furfural production. In contrast,
approximately 80% of the original xylan was lost [88].

3.2.5. Integrated Technologies Based on Hydrolysis for Biofuel (Ethanol) Production

The quest to achieve a higher yield of biofuel per unit of biomass has led to the integration of
different phases of the process; it reduces the cost of capital and makes biofuels more efficient and
economically viable. Given that bioethanol is the most produced secondary biofuel today, the search
for more efficient configurations for its production has been sought.

Simultaneous Saccharification and Fermentation (SSnF)

Conventionally, ethanol production is carried out in separate phases, first the hydrolysis and
later the fermentation. Due to this separation, each one is carried out under optimal conditions [89].
However, the excessive accumulation of sugars during the hydrolysis inhibits the enzymatic activity,
reducing the process [63,69,90]. This problem led to the development of simultaneous saccharification
and fermentation (SSnF). In this process, hydrolysis and fermentation occur together in the same
reactor, reducing enzymatic inhibition due to sugars’ presence since the monosaccharides produced
are immediately consumed by fermenting microorganisms [65,70,90]. Compared to the conventional
process, SSnF achieved a higher hydrolysis rate, and it conducted higher ethanol concentration.
This strategy requires less equipment and a more straightforward operation, and the presence of
ethanol in the wort makes it less susceptible to contamination by unwanted microorganisms [61,70,90].

However, this method’s disadvantage is that the optimal operating conditions for hydrolysis and
fermentation are different, implying difficulty for its control and optimization. Enzymatic hydrolysis is
performed optimally at temperatures above 50 ◦C. For most fermenting microorganisms, the optimum
temperature for their performance is between 28 and 37 ◦C; likewise, the optimum pH for the hydrolysis
and fermentation stages is different [65,70,90].

Work performed on the search and selection of suitable enzymes and microorganisms for this
strategy, and a promising option to overcome this difficulty, is the use of thermotolerant yeasts such as
Kluyveromyces marxianus, which is a promising species since some of its strains grow at temperatures
between 45 and 52 ◦C [91].

Simultaneous Saccharification and Co-Fermentation (SSCF)

This configuration aims to complete all the sugars released during the pretreatment and hydrolysis
of the biomass through mixed yeast cultures that can assimilate both the pentoses and the hexoses
produced in the same reactor. This strategy offers this advantage. By continuously removing the
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final hydrolysis products, causing cellulase and glucosidase activity inhibition can lead to the high
productivity of ethanol, giving greater yield compared to the SFS process. One drawback of this
method is that the organisms that use hexoses grow faster than those that use pentoses, leading to
inhibition by the high ethanol concentration. Genetically modified yeast or bacteria can be used to
achieve efficient ethanol production. To carry out the fermentation of both, pentoses and hexoses are
required [65,70,92,93].

4. Concluding Remarks and Prospects

When scientists started working on the valorization of lignocellulosic biomass, different
bioprocessing technique such SSF and SMF, CBP emerged to play a critical role in the environment
and economy. Scientists are using the genetic engineering method on microorganisms to play all the
functions with or without pretreatment. CBP is timesaving and cost-effective in biorefineries as it is a
one-process technique involving less instruments or one single reactor. In the future, CBP will play
a vital role in converting lignocellulosic biomass to ethanol and other essential products in a single
process or reactor with or without pretreatment because of some microorganisms capable of doing all
at once, making it more economical and timesaving.
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