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The overdependence on fossil fuels has raised concerns about global warming and
the energy crisis, which has warranted significant research to find alternatives. Ligno-
cellulosic biomass has attracted significant attention because it is renewable, abundant,
and carbon-neutral [1]. The past decade has seen increasing research efforts to develop
biomass-to-bioproducts processes. Despite the huge potential proven by recent biorefiner-
ies, the current bioeconomy still faces various technical challenges. In this respect, modern
lignocellulosic biorefineries aim to develop more sustainable biomass conversion processes,
tackling such challenges.

Fractionation of biomass components, typically the first stage in biomass conversion
processes, remains an essential step to facilitate the separation of lignin and polysaccharides.
In this Special Issue, Ahmed et al. [2] studied the effect of gamma-valerolactone (GVL)-
assisted biomass fractionation on lignin extraction and cellulose digestion. GVL was
recently viewed as a sustainable alternative in biomass defragmentation [3]. In this article,
the authors reported that 80% aqueous GVL could effectively remove lignin and enhance
enzymatic digestibility. Lee et al. [4] used a two-step pretreatment approach that includes
an acid-catalyzed steam explosion followed by alkali-catalyzed organosolv treatment to
separate cellulose-rich fraction and lignin from an empty fruit bunch.

In addition to the fractionation methods, this Special Issue covers various bio-products
that can be produced from lignocellulosic biomass. For example, Kim et al. [5] explored a
simultaneous conversion and extraction of furfural from hydrolysates using an aqueous
biphasic system. They specifically focused on converting pentoses found in dilute acid hy-
drolysates into furfural, and the maximum yield of furfural was up to 94.6%. Jang et al. [6]
presented the autohydrolysis of sweet sorghum bagasse to produce fermentable sugars
and xylooligosaccharides (XOSs). Considering that the application areas of XOSs continue
to expand, the production of XOSs from non-edible sources (i.e., lignocellulosic biomass)
would be highly promising. Cho et al. [7] reported the catalytic conversion of α-pinene
into high-density fuel candidates over stannic chloride molten salt hydrates (SnCl4·5H2O),
suggesting reaction mechanisms. Su et al. [8] summarized current metabolic engineering
strategies that have been applied to biomass-to-isobutanol conversion processes. They
also introduced recent advances in the production of isobutanol from various biomass
feedstocks.

Biomass characterization is also an important area of modern biorefineries. Recently,
diverse biomass processings, including chemical, thermal, biological, and hybrid processes,
have been developed. It requires an in-depth characterization of biomass, understanding
how those processes affect biomass structure and properties. Zhuang et al. [9] systemat-
ically used Fourier transform infrared (FTIR) analysis to characterize different types of
biomass and their products. They successfully identified contaminants on the biomass
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surface. The information obtained from this study could help to prevent misunderstanding
the FTIR analysis results of the processes biomass. Koo et al. [10] studied the drying
effect of enzymatic hydrolysis of cellulose. They adopted the drying effect index (DEI),
determined by analysis of porosity and crystallinity, to evaluate the effect of drying on
the following processing. It was found that the drying effect was correlated with cellulose
porosity, mainly due to the fiber hornification.

In recent biorefineries, there has been a shift from perceiving lignin as waste to viewing
lignin as a potential material for value-added produces. Considerable efforts have been
made to develop lignin conversion processes to produce specialty chemicals and polymeric
materials to replace petroleum-based ones. More recently, attention has been placed in
sectors, including the medical, electrochemical, and polymer sector, where lignin can
be valorized. Yu and Kim wrote a review covering the recent research progress in lignin
valorization, specifically focusing on medical, electrochemical, and 3D printing applications
with technoeconomic insights [11].

Lastly, Harahap et al. [12] presented interesting research on technoeconomic evaluation
of hand sanitizer production using oil palm empty fruit bunch (OPEFB)-based bioethanol.
The COVID-19 pandemic increased the demand for ethanol as the primary ingredient
of hand sanitizers. In this article, they evaluated the technoeconomic feasibility of hand
sanitizer production using bioethanol produced from OPEFB. The results clearly suggest
that the production of hand sanitizer from bioethanol is economically viable and can
be implemented at a tolerable price as an alternative application for second-generation
bioethanol.
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Abstract: Gamma-valerolactone (GVL) was found to be an effective, sustainable alternative in
the lignocellulose defragmentation for carbohydrate isolation and, more specifically, for lignin
dissolution. In this study, it was adapted as a green pretreatment reagent for milled pinewood biomass.
The pretreatment evaluation was performed for temperature (140–180 ◦C) and reaction time (2–4 h)
using 80% aqueous GVL to obtain the highest enzymatic digestibility of 92% and highest lignin
yield of 33%. Moreover, the results revealed a positive correlation (R2 = 0.82) between the lignin
removal rate and the crystallinity index of the treated biomass. Moreover, under the aforementioned
conditions, lignin with varying molecular weights (150–300) was obtained by derivatization followed
by reductive cleavage (DFRC). 2D heteronuclear single quantum coherence nuclear magnetic resonance
(2D-HSQC-NMR) spectrum analysis and gel permeation chromatography (GPC) also revealed versatile
lignin properties with relatively high β-O-4 linkages (23.8%–31.1%) as well as average molecular
weights of 2847–4164 with a corresponding polydispersity of 2.54–2.96, indicating this lignin to be
a heterogeneous feedstock for value-added applications of biomass. All this suggested that this
gamma-valerolactone based pretreatment method, which is distinctively advantageous in terms of its
effectiveness and sustainability, can indeed be a competitive option for lignocellulosic biorefineries.

Keywords: pinewood; green pretreatment; enzymatic hydrolysis; lignin structural features

1. Introduction

In the context of the non-sustainable supply of fossil fuels, lignocelluloses have emerged as
one potentially suitable option to theoretically swamp the existing petroleum-based fuels [1]. These
lignocellulosic substrates are highly likely to shape the future of the bioeconomy given their sustainable
supply, relative abundance and readily collectible nature [2]. These biomasses, in their typical native
conformation, are composed of sugar polymers of glucose and xylose and are surrounded by a protective
sheath of lignin [3]. This renewable feedstock is a rich source for the production of fuels, commodity
chemicals and even biomaterials [4]. However, in their native form, certain features associated with their
structural integrity make them unresponsive to any external attacks [5]. For example, the complexity
of the cell wall structure, degree of polymerization, cellulose crystallinity, extent of lignification and
compositional heterogeneity even within one species of biomass, etc. [6,7] are such major factors.
Therefore, pretreatment, to make biomass available for subsequent processing, has been envisaged as
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an unavoidable step in biomass refining processes [8]. This fractionation step, in principle, disrupts
the biomass native structure, exposes the sugar polymers for the subsequent enzymatic process and
makes lignin available for easy extraction [9]. There have been a fair deal of studies involving a variety
of pretreatment strategies including acids, alkaline reagents, hydrothermal pretreatment, organosolv
pretreatment, ionic liquids, steam explosion and even biological pretreatments [10]. These pretreatments
have their pros and cons [11]. For example, acidic pretreatments, along with steam explosion and
hydrothermal ones, dissolve mostly the xylose portion and keep lignin within a biomass web [12].
On the other hand, ionic liquids also have significant effects on biomass fractionation, but their
burdensome cost prohibits their commercial-scale applications [13]. Moreover, biological treatments are
associated with prolonged processing times, making them unfavorable for biorefining processes [14].
Organosolv treatments, as compared with other pretreatment schemes, cause considerable alterations
in the structural features of biomass [15]. These treatments disrupt the biomass by creating internal
slits for enhanced bioconversion efficiency. Moreover, from these solvent pulping strategies, lignin
can be recovered with significant characteristic features [16]. This isolated lignin, with adequate purity
having low polysaccharides, is highly desired for making lignin-based compounds with tailored
properties. Recently, gamma-valerolactone (GVL) has emerged as one such sustainable green solvent for
biomass fractionation [17]. This organic solvent is a self-sustained non-toxic product formed within a
lignocellulosic biorefinery and is capable enough to extract lignin at near-neutral solvent conditions [18].
Typically, GVL/acid/water has been mostly applied for an enhanced delignification rate with improved
cellulose digestion [19]. As it is miscible with water, it induces better hydrolytic effects for biomass to
dissolve out the lignin portion [20]. This reagent has also been applied with synergetic effects of metal
salts, microwaves and acids [21,22]. Therefore, in this study, we adapted a GVL assisted fractionation
of pinewood biomass to study its effects on the lignin isolation and its characteristic features along
with the enzymatic digestion of corresponding carbohydrate fractions. Formally, 80% aqueous GVL
was employed along with ball-milled pinewood into stainless steel reactors and was treated for time
intervals of 2–4 h with a temperature range of 140–180 ◦C.

2. Materials and Methods

2.1. Preparation of Biomass

Pinewood biomass was chosen as a model substrate in this study. It was collected from Gangwon
Province, South Korea. Prior to being employed for experimentation, it was air-dried, chopped and
finally ground to a particle size of 60 mesh. It was subsequently methanol extracted for 24 h and was
then air-dried at a temperature of 60 ◦C. The compositional analysis of this methanol extracted biomass
was determined according to two-step acid hydrolysis of the National Renewable Energy Laboratory’s
(NREL) standard analytical procedure. Its composition was revealed to be: glucan 44%, xylan 7%,
mannan 13%, Klason lignin 28% and 4% moisture contents. All the chemicals used in this study were
of analytical grade and were employed in experimentation without any further modification.

2.2. GVL Assisted Fractionation of the Biomass

The pinewood biomass was subjected to milling for 20 h (on the basis of initial laboratory trials data
not shown) using a laboratory ball mill prior to being used in the pretreatment experiments. Later on,
lab-scale specially designed stainless-steel reactors, with a working volume of 300 mL, were used in the
pretreatment experiments. The milled pinewood was loaded into the reactors at a solids loading of 5%
(20:1 liquid to solid ratio). A measured amount of gamma-valerolactone was added, and the slurry was
mixed well to near complete homogenization prior to heating on an oil bath. For all the experiments, a
pH value of 6–7 was already present, and no external addition of any acidic reagent was made during
the designated pretreatment heating time. After fractionation, the reactors were quenched on an ice
bath to cool down to room temperature. Afterward, the biomass slurry was subjected to filtration with
a Buchner funnel and vacuum pump assembly to collect the solid residue and the dissolved lignin
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fractions as filtrate. The liquid fractions were subjected to lignin separation via the water precipitation
method. For this, a specified volume of DI water (4 times the experimental volume) was added to all the
recovered liquid fractions and was left overnight. It was then separated by centrifugation, freeze-dried
and saved in the refrigerator for any further experiments. The lignin yield was calculated on the basis
of the initial lignin contents of the raw biomass on a weight basis. The corresponding filtered solid
residue was washed and dried in an oven overnight for subsequent processing.

2.3. Enzymatic Saccharification

For enzymatic hydrolysis, GVL treated oven-dried biomass was loaded into Erlenmeyer flasks at
5% solid loading with 50 mM sodium citrate and citric acid buffer solution according to one of our
previous studies [23]. The enzymatic blend of Cellic C-Tec 2 (Novozymes, Denmark), derived from
Trichoderma reesei, with a dose of 30 FPU/g of biomass was used. This enzymatic saccharification was
performed at 50 ◦C and 200 rpm for 72 h in a shaking incubator, and the samples were taken periodically.

2.4. Compositional Analysis and Biosugar Quantification

To determine the biomass composition, a two-step acid hydrolysis protocol adapted from the
National Renewable Energy Laboratory (NREL) was employed [24]. Briefly, dried treated biomass was
first subjected to 72% (v/v) H2SO4 hydrolysis at room temperature, then the second hydrolysis was done
with autoclaving at 121 ◦C for 1 h. After cooling at room temperature, the liquid was filtered out and
prepared for HPLC analysis, whereas the solid residue was dried overnight for lignin quantification. The
monomeric sugar fractions were quantified by HPLC equipped with an RID detector (Thermoscientific
Ultimate 3000) and a Carbosep CHO-87 P column (Concise Solutions, USA). The column temperature
was set at 65 ◦C, and DI water was used as a mobile phase with a flow rate of 0.6 mL/min.

2.5. Statistical Analysis

We used regression analysis to interpret the correlation of enzymatic digestibility and XRD with
lignin yield. The stated R2 values have been reported on the basis of linear regression to clarify the
explanatory roles of enzymatic digestibility and XRD on the lignin yield, respectively. This analysis
was performed with the help of SigmaPlot version 10.0.

2.6. Characterization of Isolated Lignin and Fractionated Biomass

The recovered lignin fractions were analyzed by gel permeation chromatography (GPC),
derivatization followed by reductive cleavage (DFRC) and 2D heteronuclear single quantum coherence
nuclear magnetic resonance (2D-HSQC-NMR) spectrum according to our previous study [25].
To determine the weight average (Mw) and number average (Mn) molecular weights, each isolated
fraction was first subjected to acetylation in pyridine/acetic anhydride (1:1) solution and was periodically
shaken after being maintained at a temperature of 105 ◦C for 2 h. After this, almost 20 mg of this
acetylated lignin was dissolved in 2 mL of tetrahydrofuran and then analyzed using a GPC, Agilent
1200, USA (equipped with an ultraviolet detector (UV) on a PL-gel 5 mm Mixed-c. column, calibrated
with polystyrene standards), and THF was used as a mobile phase while it was flowed at a rate of
1 mL/min. For DFRC analysis, a previous classical approach was adapted in which the extracted lignin
samples, 20 mg for each sample, were dissolved in 4 mL AcOH and 1 mL AcBr solution and kept at
50 ◦C for 1 h with rigorous periodic shaking. Afterward, the residue was obtained by evaporating the
mixture on a rotary evaporator. To this residue, 2 mL of dioxane/acetic acid/water (5:4:1, v/v/v) was
added, and subsequently, zinc dust (50 mg) was also added with stirring and then the whole solution
was kept for 1 h at room temperature. Later on, after the intended time, a precise amount of the internal
standard tetracosane was added into the solution, which was extracted by the mixture with CH2Cl2
and saturated NH4Cl. After this, the pH of the aqueous phase was dropped down to 3 by adding 3%
HCl, and then finally, the organic layer was separated. The water phase was extracted twice with
CH2Cl2, and the combined CH2Cl2 fractions were dried over MgSO4, and ultimately, the filtrate was
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evaporated under reduced pressure. The residue was then subjected to acetylation employing 0.5 mL
each of acetic anhydride and pyridine for at least 1 h with periodic shaking. All the residual matter was
then filtered using syringe filters and finally subjected to quantification by GC-MS (Agilent 7890B USA).
For 2D-HSQC-NMR, the lignin samples were prepared using 20 mg of lignin dissolved in 0.75 mL
DMSO-D6, and then the analysis data were acquired with a Bruker AVANCE 600 spectrometer (Bruker,
Germany). Raw and pretreated pinewood samples were characterized in terms of their crystallinity
indices as well. For this, the crystallinity index (CrI) was determined by measuring X-ray diffraction
(XRD) using a powder X-ray diffractometer (Bruker, D8 Advance with DAVINCI Germany). A sample
was scanned at a rate of 2◦/min in the 2θ range of 3◦–60◦, and the CrI was estimated according to
Equation (1).

CrI (%) = [(ICrystalline − IAmorphous)/ICrystalline] × 100% (1)

where Icrystalline = intensity at 22.26◦ and Iamorphous = intensity at 15.72◦.

3. Results and Discussion

3.1. Effects of Pretreatment Severity on the Chemical Composition of Biomass

Temperature, in general, is a critical parameter in chemical reactions, and this is also the case
for lignocellulosic biomass pretreatment. To observe the effects of GVL fractionation under different
thermal conditions on the milled pinewood composition, a reaction was conducted for 2–4 h in the
presence of 80% aqueous GVL with temperature varying from 120 ◦C to 160 ◦C.

The chemical composition of the treated biomass along with solid recovery are listed in Table 1.
The solid residue, left after the GVL treatment, ranged from 86% to 50%, mainly exhibiting a counter-wise
behavior to the treatment severity. This high biomass dissolution has already been found in a similar
GVL assisted fractionation of biomass [26].

Table 1. Effects of pretreatment conditions on the chemical composition of pinewood biomass.

Sample GVL Extraction Conditions
Solid

Recovery
(%)

Solid Composition (%) Solution pH
after Complete

ReactionGlucan Xylan Mannan Lignin
Time (hours) Temperature (◦C)

Pinewood

2 140 86 42 5 14 29 6.0

4 140 80 38 6 12 30 5.9

2 160 70 37 4 15 26 5.5

4 160 65 34 10 12 25 5.2

2 180 60 28 9 10 24 4.0

4 180 50 25 8 12 30 3.0

The biosugars, glucan and mannan, were mainly not altered due to this severity showing only a
scant variation in their composition. Xylan, however, was dissolved a bit more than the glucan and
mannan. This xylan composition, as a typical amorphous regions dissolution trend, was also supported
by the low pH value that was a direct function of the treatment severity. This pH variation ranged from
6 at 140:2 h to 3 at the harshest conditions of 180 ◦C for a treatment operation of 4 h. The glucan and
mannan were also affected at a high pH and high thermal environment, indicating that GVL was also
effective in dissolving the cellulose portion, although only partly. This biosugar recovery, despite the
harsh processing conditions, was quite high. For example, it was substantially higher than a previous
Fenton-based study in which almost half of the glucan was lost [27].

3.2. Lignin Extraction from Ball-Milled Pinewood

In order to find out the effects of treatment conditions on the lignin yield, the lignin extraction
efficiency, based on initial raw lignin contents, was also determined and is shown in Table 2. Briefly, the
filtrate obtained from all of the six performed experiments under our described conditions was first
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added to 800 mL of DI water and left overnight to settle down the lignin as precipitates. Afterward,
these fractions were centrifuged using a laboratory centrifuge machine. The supernatant was decanted
off carefully, and the leftover solid fractions were subjected to freeze-drying for 24 h. These freeze-dried
lignin samples were used for their characterization and further analysis. The lignin yield, in a somewhat
expected manner, showed a gradual trend in comparison with the treatment severity. For example,
starting from less harsh treatment conditions of 140:2, it was quite a low yield, with only 3.0% lignin.
However, as the thermal severity was increased over a long retention time, the yield was correspondingly
increased to 33%. This trend showed that the ball-milled biomass was dissolved in GVL and it was
likely to separate out the acetyl contents to create an acidic environment as the treatment severity was
prolonged. The highest lignin yield of 33% was obtained at 180:4, the extreme conditions in our case.
Interestingly, the biomass solid recovery and the corresponding pH value of the final solution was
around 50% and 3, respectively. This shows that there was indeed some acidic environment due to
harsher treatment conditions.

Table 2. Lignin yield and corresponding glucose release from treated biomass.

Sample
GVL Extraction Conditions

Lignin Yield (%)
Time (hours) Temperature (◦C)

Pinewood

2 140 3.0

4 140 6.5

2 160 18

4 160 27

2 180 29

4 180 33

3.3. Enzymatic Hydrolysis of Solid Fractions

In order to observe the GVL assisted treatment efficacy, the cellulose digestion of the treated
solid residues as well as the untreated ones was performed, and the results are delineated in Figure 1.
As expected, the untreated biomass showed a very low enzymatic saccharification yield of nearly
25%, mainly due to its intact and smooth surface providing less effective enzymatic absorption sites.
However, for the treated biomass fractions, the glucose release and the corresponding enzymatic
digestibility rose in a gradual way, exhibiting that treatment severity had a positive impact on glucose
release. Initially, the yield was not that high (almost 60% for 140–160 ◦C); however, it increased in a
dramatic fashion (92%) when the thermal conditions went beyond 160 ◦C viz (180 ◦C:4 h). The lignin
was also removed when the treatment conditions were prolonged, so it can be anticipated that, in our
case, the biomass web deconstruction, along with the removal of lignin, provided enhanced accessibility
for enzymatic penetration. From here, it can be anticipated that the cellulose digestion was drastically
improved for the ball-milled pinewood biomass with GVL pretreatment. This treatment operation,
due to its biomass dissolution properties, disrupted the biomass native matrix and exposed inner
surfaces, which escalated the subsequent enzymatic saccharification. From here, it can be conclusively
suggested that this treatment can be one suitable option for lignocellulosic ethanol production.

3.4. Correlation of Enzymatic Hydrolysis with Delignification and Crystallinity Index

Since there was a significant lignin removal during the GVL treatment process, we also determined
the crystallinity index of the treated and the untreated biomass samples to observe any correlation with
enzymatic digestibility. As shown in Figure 2, both the crystallinity indices along with the delignification
showed a positive correlation with the enzymatic digestibility. The high value of R2 also proves this good
agreement. From here, it can be easily concluded that the governing factor for heightened enzymatic
hydrolysis in our case is both the lignin removal as well as the crystallinity index. A similar trend was
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also observed in a previous study where they found an R2 = 0.72 for lignin removal and enzymatic
hydrolysis [28]. Interestingly, a previous study found a negative correlation of crystallinity with the
enzymatic digestibility [19], but in our study, a contrary result was found, which shows that the
governing factor for enhanced glucose yield, at least in our case, is both the crystallinity index and the
lignin removal.
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Figure 1. Digestibility and time graph.
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3.5. Gel Permeation Chromatography

For the extracted lignin fractions, molecular weight analysis and chromatograms employing
the GPC method were performed to more precisely understand their fragmentation during GVL
fractionation. The results for this analysis are shown in Table 3, along with the weight average (Mw)
and number average (Mn) molecular weights as well as the corresponding polydispersity (Mw/Mn).

Table 3. Results of molecular weights and polydispersity.

Sample Mn Mw (Mw/Mn) P

Pine MWL 5157 10660 2.06

GVL Lignin 140:2 4164 12331 2.96

GVL Lignin 140:4 4942 11913 2.41

GVL Lignin 160:2 4575 13162 2.87

GVL Lignin 160:4 3897 10165 2.60

GVL Lignin 180:2 3279 7939 2.42

GVL Lignin 180:4 2847 7245 2.54

As it is quite obvious in the table, the molecular weights ranged from 12,331 to 7245 gm/mol,
which is relatively high compared to a classical lignin, i.e., milled wood lignin (MWL). In one previous
study where GVL was employed as a pretreatment reagent, lignin also exhibited heterogeneous and
diverse properties due to the harsher process conditions [26]. From here, it is presumable that the lignin
underwent condensation during this GVL treatment. In regards to polydispersity, as can be seen from
the table, the value is in the range of 2.54–2.96 and is representative of a narrow margin, which shows a
relative heterogeneity of lignin macromolecules. However, this high value of polydispersity shows
that there are large amounts of low molecular weight species present from the isolated lignin fractions.
This same phenomenon is also supported by the behavior of the chromatograms, which is illustrated in
Figure 3.
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Figure 3. Gel permeation chromatography (GPC) chromatograms.
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3.6. DFRC

For the sake of structural investigation of the obtained lignins, the DFRC method was applied via
its typical selective β-aryl ether structural degradation. The fractions were studied by GC-MS, and the
results are shown in Table 4. As can be seen in the table values, each lignin fraction represents only
the G type of units due to the typical natural G-unit composition of pinewood biomass. The values
for DFRC results range from 300 to 150 µmol/gm of lignin for GVL treatment conditions, whereas
the value of 810 represents an MWL value for very high G-units. It is obvious from the table that as
the treatment severity increases, there is a clear, meaningful, decreasing trend in the DFCR values,
showing that the thermal conditions have led to the degradation of the lignin molecules. From here, it
can be suggested that the isolated lignin fractions, however, were scant in comparison to MWL but
were lower in their β-aryl ether units.

Table 4. Derivatization followed by reductive cleavage (DFRC)—GC/MS results.

Sample G Units S Units Total

Pine MWL 810.6 ± 34.9 - 810.6 ± 34.9

GVL Lignin 140:2 300 ± 35.8 - 300 ± 35.8

GVL Lignin 140:4 250 ± 36.8 - 250 ± 36.8

GVL Lignin 160:2 242 ± 46.0 - 242 ± 46.0

GVL Lignin 160:4 210 ± 10.4 - 242 ± 10.4

GVL Lignin 180:2 196 ± 24.7 - 196 ± 24.7

GVL Lignin 180:4 150 ± 48.1 - 150 ± 48.1

3.7. 2D-HSQC-NMR Spectra

For 2D-HSQC-NMR, the lignin samples were prepared using 20 mg of lignin dissolved in 0.75 mL
DMSO-D6, and then the analysis data were acquired with a Bruker AVANCE 600 spectrometer (Bruker,
Germany). Meanwhile, the relative quantification and the corresponding assignments of Aα, Bα and
Cα are tabulated in Table 5, and their corresponding NMR spectra are delineated and shown in Figure 4.
It is quite obvious that the GVL extracted lignin, in comparison with MWL, was slightly lower in
β–O–4 contents, ranging from 23.8% at more severe conditions to 31.1% at rather mild conditions.
However, the other linkages of β- β and β-5 showed somewhat comparable values with MWL. In one
previous study, 58.2% of β–O–4 linkages were reported when they extracted lignin from cotton stalks
with 80% aqueous GVL but at 170 ◦C and employing H2SO4 as a catalyst [29]. Our lower values might
be due to the crude form of the extracted lignin fractions.

Table 5. Quantification (%) of various structures in four selected lignin samples.

lower in β– –
inkages of β β and β
% of β– –

 

β– – β β β

lower in β– –
inkages of β β and β
% of β– –

β– – β- β β

β β β
β

β β β ββ–O–4 β- β β-5

Pine MWL 43.5 2.0 16.1
GVL Lignin 140:2 28.8 3.5 11.6
GVL Lignin 140:4 31.1 3.6 13.2
GVL Lignin 160:2 26.9 3.0 13.0
GVL Lignin 160:4 23.8 3.8 12.0
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Figure 4. 2D-HSQC-NMR results for milled wood lignin (MWL) and four selected samples (140:2,
140:4, 160:2 and 160:4).

4. Conclusions

Gamma-valerolactone was found to be an efficient green reagent to deconstruct the native
structure of milled pinewood biomass. This reagent, with only 80% aqueous concentration, together
with the synergetic effect of heat, caused considerable compositional changes along with the high
dissolution of lignin contents—up to 33%—and drastically enhanced the enzymatic digestibility of
the corresponding polysaccharide fractions by 92%. This fractionation approach, as a green and
sustainable alternative, seems to be a potential addition to already adapted organosolv pretreatment
strategies for lignocellulosic biomass. Thus, it can be suggested as one potential non-toxic option for
the lignocellulosic biorefining processes.
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Abstract: In this study an empty fruit bunch (EFB) was subjected to a two-step pretreatment to
defragment cellulose-rich fractions as well as lignin polymers from its cell walls. First pretreatment:
acid-catalyzed steam explosion (ACSE) pretreatment of EFB was conducted under the temperature
range of 180–220 ◦C and residence time of 5–20 min. The ACSE-treated EFB was further placed
into the reactor containing 50% aq. ethanol and NaOH as a catalyst and heated at a temperature
of 160 ◦C for 120 min for the second pretreatment: alkali-catalyzed organosolv treatment (ACO).
The mass balance and properties of treated EFB were affected by the residence time. The lowest
yield of a solid fraction was obtained when the residence time was kept at 15 min. Xylose drastically
decreased, especially under the ACSE pretreatment. However, the crystallinity of cellulose increased
by increasing the severity factor of the pretreatment and was 47.8% and 57% udner the most severe
conditions. The organosolv lignin fractions also showed the presence of 14 major peaks via their
pyrolysis-GC analysis. From here, it can be suggested that this kind of pretreatment can indeed be
one potential option for lignocellulosic pretreatment.

Keywords: Biomass; two-step pretreatment; steam explosion; organosolv treatment; empty
fruit bunch

1. Introduction

Over the recent decades, the utilization of empty fruit bunch (EFB) to produce renewable energy
source has been studied extensively. This, EFB typically, is a leftover of the fresh fruit bunches after
their fruit harvesting. Moreover, it is the major downstream residue from the Southeast Asian palm
oil industry. This industry, recently, has produced 70 million metric tons of crude palm oil (CPO)
just within one production year 2017–2018 amounting their production even up to 35% of the total
production of edible vegetable oils [1]. Theoretically, palm oil plantations can produce more than
100 million metric tons of EFB since 1.42–1.88 tons of EFB are generated for every one ton of CPO
produced [2]. However, unfortunately, most of these EFB is dumped and pose serious environmental
problems. Therefore, it is highly desirable to utilize these biomasses for sustainable energy production.

Biochemical conversion of lignocelluloses involving chemical pretreatment followed by enzymatic
hydrolysis and finally anaerobic fermentation is a well-established production line for lignocellulosic
bioethanol production. In this classical approach, due to an inherited complex cell wall structure,
effective fractionation of major lignocellulosic biomass components (cellulose, hemicellulose, and lignin)
is crucial for effective subsequent processing. Undoubtedly, there have been several pretreatment
studies involving EFB to deconstruct its native web into its constituents. In this regard, steam
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explosion, which uses high-pressure steam to breakdown biomass structure, has been widely adapted
strategy [3]. The effects of several factors like biomass particle size, moisture, pressure, residence time,
reaction temperature and catalysts on the steam explosion were consistently investigated for several
decades [4]. Previously, Choi et al. used alkaline reagent (3% NaOH at 160 ◦C) to catalyze steam
explosion pretreatment and dissolved out C5 sugar-based components as well as lignin components
from biomass [5]. Their yields, after enzymatic hydrolysis, for glucose and xylose heightened up
to 93% and 78% respectively. In another study, the steam explosion of rose gum tree (Eucalyptus
grandis) was carried out under the temperature range of 200–210 ◦C and residence time of 2–5 min
after impregnation with 0.087% and 0.175% (w/w) H2SO4 [6]. Their results showed that 0.175% (w/w)
H2SO4-impregnated chips at 210 ◦C for 2 min was the optimal condition for hemicellulose extraction.
Today steam explosion is seen as one of the most widely employed and cost-effective process for
lignocellulose pretreatment, yet the process still needs to be improved to realize industrialization [7].
In addition to this steam explosion strategy, another effective fractionation scheme for lignocelluloses
is organosolv treatment, so-called organosolvation. This process, in principle, extracts lignin from
lignocellulose with organic solvents, such as alcohols, acetone and organic peracids [8]. Previous
studies have shown considerable effects of organosolv treatment (diethylene glycol) of rice straw and
EFB as compared to soda pulping by Gonzalez et al. [9] keeping in view the heterogeneous yet complex
cell wall structure of EFB, it is highly likely to investigate an appropriate pretreatment strategy for
commercial production of biofuels [10]. Therefore, it has to be investigated the proper pretreatment
process of EFB. In this study we adapted a two-step pretreatment strategy to fractionate EFB biomass
into its sugar and non-sugar components. For this two-step pretreatments, EFB was first subjected
to acid-catalyzed steam explosion (ACSE) followed by alkali-catalyzed organosolv treatment (ACO).
Pretreatment efficacy was evaluated in terms of yields, crystallinity, and chemical composition of each
solid fraction.

2. Materials and Methods

2.1. Feedstock Analysis

As raw biomass for this study, EFB (≤6% moisture) was provided by the Korea Institute of Science
and Technology, in a setting of 0.5–2 mm fiber. Holocellulose, lignin, and ash content in the EFB
sample were analyzed according to the National Renewable Energy Laboratory (NREL) standard
procedures [11–13]. Carbon, hydrogen, and nitrogen contents were measured by using a CHNS-932
analyzer (LECO Corp., St. Joseph, MI, USA) and inorganic elements were analyzed by inductively
coupled plasma emission spectroscopy (iCAP7400 Duo, Thermo Fisher Scientific, Waltham, MA,
USA) [14]. Thermogravimetric analysis was performed under an inert atmosphere (50 mL/min N2

flow) at a heating rate of 10 ◦C/min up to 800 ◦C with a TGA/DSC 3+ (METTLER TOLEDO, Columbus,
OH, USA) [14]. All the results with the corresponding values are listed in Table 1.

Table 1. Chemical and thermal characteristics of empty fruit bunch.

Properties Value

Elemental analysis (wt%)

Carbon 45.4 ± 0.4

Hydrogen 5.0 ± 0.2

Nitrogen 0.6 ± 0.0

Oxygen 1 49.0 ± 0.2
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Table 1. Cont.

Properties Value

Component analysis (wt%)

Holocellulose 70.6 ± 0.2

Arabinose 6.1

Galactose 3.1

Glucose 39.0

Xylose 18.8

Lignin 18.0 ± 0.2

Extractives 4.6 ± 0.1

Ash 6.2 ± 0.3

Inorganic element (ppm)

Aluminum 1760

Calcium 2170

Iron 2680

Magnesium 790

Potassium 11,930

Phosphorus 750

Silicon 760

Thermogravimetric analysis

Volatiles (wt%) 80.5

Char (wt%) 19.5

Temperature at max. degradation rate (◦C) 318.8
1 By difference.

2.2. ACSE-First Pretreatment

Initially, we screened out experimental conditions based on our initial trials and proceeded
accordingly as described below for the pretreatment. The complete fractionation processes are
delineated in Figure 1. Briefly, for ACSE treatment, EFB was first washed to remove inorganic elements
using a method suggested by Moon et al. [15] Later on it was impregnated in distilled water for 120 min
with slow stirring, and finally the feedstock was dried in an oven at 75 ◦C. It was then impregnated in
dilute sulfuric acid (0.5, 1, 2 wt%) for 4 h to make it ready for steam explosion pretreatment. The effect
of dilute acid concentration on impregnation was examined by the component analysis (holocellulose,
lignin, and sugar) [12].

For ACSE experiments, autoclave reactors with 2 L high pressure steam were loaded first with
150 g of raw EFB biomass samples on dry basis as a control. The final temperature in the reactor was
applied to reach in the interval of 180–220 ◦C and the residence time was 5–15 min. After the intended
reaction time, a valve was opened to release the pressure immediately. Solid fractions (E-S) from the
steam explosion was washed with distilled water, and the resulting aqueous fraction (E-L) was also
collected. Then, acid impregnated EFB, with the same solids loading, was steam-treated under the
temperature of 220 ◦C and 20 min of residence time, the most severe conditions that could be stably
maintained with the reactor. After the reaction and cooling, solid fraction (EA-S), and aqueous fraction
(EA-L) were also collected.
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Figure 1. Schematic diagram of the two-step fractionation process of empty fruit bunches (EFB) by
(acid-catalyzed) steam treatment followed by alkali-catalyzed organosolv treatment.

2.3. ACO Second Pretreatment

Organosolv treatment experiments, as a 2nd treatment for both the E-S & EA-S solid fractions
obtained from 1st treatment, were performed as follows: both the solid fractions were placed, one by
one, in a solvent-circulating reactor with a solvent of a 50:50% (w/w) ethanol:water mixture maintaining
a (10:1 (w/w) solvent:solid ratio) along with a 2 wt% of NaOH as a catalyst. The reaction was carried out
at a temperature of 160 ◦C and 120 min residence time. After the desired reaction time, cellulose-rich
solid fractions were collected and labelled as E-S-CS and EA-S-CS and liquid fractions were labelled as
E-S-OL and EA-S-OL corresponding to E-S and EA-S biomass samples, respectively. The organosolv
lignin was precipitated from E-S-OL and EA-S-OL by acidification with a 2 M of hydrochloric acid
maintaining pH = 2. The precipitated organosolv lignin was freeze-dried and collected as a powder
and saved for further experiments.

2.4. Analysis

Yields of each solid fraction were calculated using the following equation:

Yield (%) =weight of a solid fraction (g)/weight of dry feedstock (g) × 100

Holocellulose, lignin, and sugar content in each solid fraction were analyzed by the same process
mentioned in Section 2.1. X-ray powder diffraction patterns (XRD) were analyzed by a Bruker D8
Advance with DAVINCI using Cu Kα radiation (λ = 1.5418 Å), operated at 40 kV and 40 mA with a
scan speed of 0.5 s/min in a range of 2–50 degrees (2 thetas). Chemical compounds in liquid fraction
were quantified and qualified using gas chromatography-mass spectrometry systems (5975C Series
GC/MSD System, Agilent Technologies, Santa Clara, CA, USA) [14]. Organosolv lignin was analyzed
by a coil-type CDS Pyroprobe 5000 (CDS Analytical Inc., Oxford, PA, USA) [16].
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3. Results and Discussion

3.1. Mass Balance

3.1.1. Effect of Residence Time and Temperature on Fractionation

The effects of residence time and temperature on the fractionation process were studied at various
intervals (residence time 5, 10, 15 min and temperature 180, 200, 220 ◦C). Figure 2 shows the mass
distribution of solid fractions obtained from EFB at various temperatures and residence time conditions.

Figure 2. Yields of the solid fractions from steam explosion and organosolv treatment of EFB under
different temperatures and residence times.

Mass composition of the fraction was affected by residence time. At all temperature conditions,
E-S from the steam explosion, and its subsequent, E-S-CS from organosolv treatment decreased with
increasing residence time. For example, at 200 ◦C and in the range of 5–15 min, yields of E-S and
E-S-CS decreased from 79.0 wt% and 73.8 wt% to 68.3 wt% and 61.2 wt%, respectively. The lowest
yield was obtained when the residence time was kept for 15 min, regardless of reaction temperatures.
The effect of temperature was not much clear as that of residence time. Under the same residence time
condition, the yield of E-S and E-S-CS decreased only 3–8 wt%. The combined effect of temperature (T)
and residence time (t) can be expressed as severity factor (log10 (R0)) [R0 = t × exp((T−100)/14.75)) [17].
The severity factor obtained ranged from 3.1 to 4.7. There was a scant negative correlation between the
severity factor and the solid fraction yield, showing that increasing temperature and residence time
results in the removal of compounds from solid fractions.

In general, both mechanical and chemical effects take place when an acetyl group derived from
hemicellulose acts as an acid at high temperature during the steam explosion [18]. These effects
play important roles in the hydrothermal degradation of holocellulose. Hemicellulose and lignin are
isolated by the high temperature in the steam condition. Organosolv treatment, however, on the other
hand, solubilize lignin and provide holocellulose by using organic solvent mixture and inorganic
catalysts [7]. Therefore, holocellulose and lignin compositions of solid fractions were also analyzed to
examine the fractionation efficiency of the process.

Holocellulose and lignin contents of E-S and E-S-CS were calculated for each experiment (Table 2).
Percentage of holocellulose composition decreased with increasing severity of steam explosion.
A maximum of 24.1 wt% of holocellulose (220-15) was dissolved in E-L. On the contrary, the percentage
of lignin composition increased with increasing severity factor. It can be anticipated that lignin melts
under a high temperature and pressure, then condensed with other compounds like extractives or ash
while cooling. Solid fractions which have undergone organosolvation showed an unremarkable change
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of holocellulose contents. In addition, a considerable amount of lignin content still remained in the
solids. Maximum 7.5% of lignin (220-15) was solubilized in 50% ethanol mixture. Lignin fractionation
efficiency of organosolv treatment from EFB was falling short of our expectation because of its low
lignin removal. These results showed EFB presents a high level of recalcitrance to the fractionation
process. Thus, dilute acid pretreatment to level down the EFB recalcitrance had considerable effects
and the results are discussed in Section 3.1.2.

Table 2. Component analysis of pretreated EFB solid fractions under different temperatures and
residence times.

Holocellulose (wt%) Lignin (wt%)

Raw EFB 70.6 ± 0.2 18.0 ± 0.2

E-S

180-5 70.2 ± 0.1 23.3 ± 0.0
180-10 69.3 ± 0.2 22.9 ± 0.1
180-15 70.8 ± 0.2 25.1 ± 0.2
200-5 71.2 ± 0.1 24.2 ± 1.0
200-10 69.9 ± 0.1 27.9 ± 0.8
200-15 71.6 ± 0.4 29.3 ± 0.8
220-5 68.3 ± 0.1 29.4 ± 0.8
220-10 67.5 ± 0.0 33.7 ± 0.1
220-15 67.9 ± 0.3 34.6 ± 0.2

E-S-CS

180-5 80.8 ± 0.3 20.1 ± 0.1
180-10 80.3 ± 0.2 20.2 ± 0.1
180-15 81.1 ± 0.2 21.6 ± 0.3
200-5 83.6 ± 0.1 20.6 ± 0.1
200-10 80.2 ± 0.2 22.8 ± 0.5
200-15 81.5 ± 0.1 22.9 ± 0.9
220-5 83.8 ± 0.2 21.5 ± 0.6
220-10 74.9 ± 0.8 24.6 ± 0.5
220-15 76.2 ± 0.1 22.8 ± 0.2

E-S: solid fraction obtained from steam explosion treatment of EF. E-S-CS: cellulose rich solid fraction obtained from
alkali catalyzed organosolv treatment of E-S fraction.

3.1.2. Effect of Dilute Acid Impregnation on Fractionation

Acid impregnation has been considered to play a vital role for steam explosion treatment [4,19].
Keeping this in view, the effects of dilute acid on the fractionation process was studied with the
feedstock impregnation in dilute sulfuric acid (0.5, 1, 2 wt%) for 4 h. Steam explosion process was
further operated at residence time of 20 min and temperature of 220 ◦C, which showed the highest
severity score so that the effect of dilute acid concentration can be compared clearly. Figure 3 shows
the mass distribution of solid fractions obtained from EFB at various acid concentrations.

Mass composition of EA-S did not affect by the acid concentration clearly until the concentration
reaches 2.0%. Moreover, at 0.5 and 1.0% dilute acid concentrations, EA-S from ACSE also showed
no remarkable changes in the mass distribution. In the range of 0%–1.0% dilute acid concentration,
yields of EA-S decreased from 73.0 to 70.8 wt%. However, EA-S-CS from ACO decreased with an
increase in the acid concentration. In the same range of 0%–1.0% dilute acid concentration, EA-S-CS
decreased from 59.0 to 45.9 wt%. At 2.0% dilute acid concentration, EA-S and EA-S-CS decreased with
an increase in the acidity.
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Figure 3. Yields of the solid fractions from acid catalyzed steam explosion (ACSE) and alkali-catalyzed
organosolv treatment (ACO) of EFB.

Table 3 shows the holocellulose and lignin contents of EA-S and EA-S-CS calculated for each
experimental run. The total amount of holocellulose harshly decreased with increasing dilute acid
concentration. At 0.5% dilute acid concentration, 41.3 and 26.8 wt% of holocellulose still remained in
EA-S and EA-S-CS, respectively. When the concentration increased to 2.0%, however, only 28.1 and
16.0 wt% of holocellulose remained in EA-S and EA-S-CS, respectively. Lignin exhibited somewhat
different behavior in mass decrease. The amount of lignin did change slightly by the steam treatment.
Hwoever, after ACO, 4.3%–6.7% of lignin was removed from the solid fractions. The removal efficiency
of lignin between 0.5% and 2.0% acid concentration respectively. Similar studies were reported for the
dilute acid treatment of rice straw [20] and corn stover [21]. However, the proper acid concentration
or removal efficiencies of hemicellulose and lignin were different by feedstock properties. Since the
purpose of this experiments is to lower only hemicellulose and lignin contents in EFB, so a high acid
concentration was not adapted to avoid the loss of holocellulose contents.

Table 3. Component analysis of acid pretreated EFB solid fractions.

Holocellulose (wt%) Lignin (wt%)

Raw EFB 70.6 ± 0.2 18.0 ± 0.2

EA-S

220-20 69.0 ± 0.2 24.4 ± 0.8
0.5% 56.7 ± 0.2 33.7 ± 0.2
1.0% 52.0 ± 0.1 38.0 ± 0.1
2.0% 45.6 ± 0.1 45.9 ± 0.8

EA-S-CS

220-20 64.1 ± 0.1 23.2 ± 0.8
0.5% 56.5 ± 0.4 25.3 ± 0.4
1.0% 49.3 ± 0.3 27.9 ± 0.4
2.0% 42.8 ± 0.1 30.1 ± 0.3

EA-S: solid fraction obtained from acid catalyzed steam explosion treatment of acid impregnated EFB. EA-S-CS:
cellulose rich solid fraction obtained from alkali catalyzed organosolv treatment of EA-S fraction.

3.1.3. Sugars Quantification

Tables 4 and 5 show the total sugar contents of each product fractions (EA-S, EA-S-CS, EA-L, and
EA-S-OL). Glucose content in the solid fractions showed no significant change while lignin content
increased compared to the raw material. It means that the glucose in the EFB took limited damage
by the steam explosion process and the organosolv treatment. It is possible that long reaction times
increased the accumulation of degradation by-products and mass losses by volatilization [22]. As the
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acid concentration increased, however, the amount of glucose in the solid steadily decreased. When
the acid concentration increased to 2.0%, the glucose amount decreased from 415 to 380 mg/g fraction.
In contrast, concentration of glucose in EA-L dropped with 0.5 wt% acid pretreatment but increased
by increasing acid concentration. Xylosyl groups were the most affected hemicellulose components
during acid impregnation and the pretreatment process. The amount of xylose in the solid drastically
decreased with increasing dilute acid concentration. As a result, concentration of xylose in the liquid
fraction increased to twice of the control (10.1–21.9 mg/mL liquid). At 2.0% dilute acid concentration,
more than 70% of the xylan in the EFB was hydrolyzed during two-step pretreatments. Arabinosyl,
galactosyl, and mannosyl residues were removed from the solids by steam explosion with more than
0.5% acid concentration (Table 5).

Table 4. Sugar content of pretreated EFB solid fractions under different temperatures and residence times.

Total Sugar (mg/g Fraction) Lignin
(mg/g

Fraction)
Glucose Xylose Arabinose Galactose Mannose

EA-S

220-20 483 170 23 10 4 244
0.5% 433 104 - - - 337
1.0% 421 76 - - - 380
2.0% 373 33 - - - 459

EA-S-CS

220-20 447 161 20 8 5 232
0.5% 426 89 - - - 253
1.0% 405 50 - - - 279
2.0% 380 48 - - - 301

Table 5. Sugar content of acid pretreated EFB liquid fractions.

Total Sugar (mg/mL Liquid) Lignin
(mg/mL
Liquid)

Glucose Xylose Arabinose Galactose Mannose

EA-L

220-20 12.2 10.1 3.6 0.3 - n.d.
0.5% 0.3 13.4 0.7 0.3 - n.d.
1.0% 1.4 20.6 0.8 0.4 0.2 n.d.
2.0% 7.9 21.9 1.1 0.7 1.0 n.d.

EA-S-OL

220-20 - 2.2 3.0 - 0.4 38.2
0.5% 0.8 3.2 - - - 19.0
1.0% 0.1 1.4 - - - 20.5
2.0% - 2.4 - - - 12.2

EA-L: liquid fraction obtained from acid catalyzed steam explosion treatment of acid impregnated EFB. EA-S-OL:
organosolv liquor obtained from alkali catalyzed organosolv treatment of EA-S fraction.

3.2. Cellulose Crystallinity

The change of cellulose crystallinity as a result of the steam explosion and organosolv treatment
was determined by analyzing the x-ray diffraction patterns (Figure 4 and Table 6). By the XRD peak
height method, crystallinity index was calculated from the ratio of the height of the 002 peaks (22.7◦)
and the height of the minimum (18.3◦) between the 002 and the 101 peaks [23]. The crystallinity of
EFB fiber decreased due to the steam explosion and organosolv treatment. The lowest crystallinity
was shown in E-S-CS under the condition of 180-10 (35.9%). The crystallinity of EFB increased by
increasing the severity factor. This might be caused by the removal of the amorphous structure of
cellulose or components like hemicellulose.

Cellulose crystallinity after the dilute acid impregnation followed by two-step pretreatment was
determined by analyzing the X-ray diffraction patterns. The crystallinity of EFB fiber also decreased by
both ACSE process and ACO. There was little change of crystallinity, however, between the raw and
organosolv treatment.
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Figure 4. X-ray diffraction of (A) E-S-CS and (B) EA-S and follow-up EA-S-CS.

Table 6. X-ray diffraction of (A) E-S-CS and (B) EA-S and follow-up EA-S-CS.

Crystallinity Index (%)

Raw 58.3

E-S-CS
180-10 35.9
200-10 47.8
220-10 60.0

EA-S 2.0% 47.8
EA-S-CS 2.0% 57.0

3.3. Chemical Properties of Organosolv Lignin

Qualitative and quantitative analysis of obtained organosolv lignins from E-S-OL were performed
via pyrolysis-GC-MS analysis, and the results are listed in Table 7. Organosolv lignin obtained
under steam explosion conditions of 200 ◦C and 5–10 min exhibited more than 14 peaks. Phenolic
compounds, such as toluene (1), phenol (2), guaiacol (5), syringol (8), and isoeugenol (10), were the
major compounds. As shown in Table 7, the number of chemical compounds and the overall peak size
in the organosolv lignin decreased by increasing residence time. This might be explained by the fact
that the lignin compounds can be condensed in harsher conditions and less decomposed by heat.

Table 7. Qualitative and quantitative analysis of chemical compounds in the organosolv lignin
from E-S-OL.

No. Compound
Concentration (Area/IS Area)

220-5 220-10

1 Toluene 0.45 0.15
2 Phenol 4.66 1.67
3 o-Cresol 0.44 0.16
4 p-Cresol 0.54 0.19
5 Guaiacol 0.51 0.33
6 Creosol 0.53 0.25
7 2-Methoxy-4-vinylphenol 0.40 0.12
8 Syringol- 1.01 0.61
9 3,5-Dimethoxy-4-hydroxytoluene 1.05 0.33

10 Isoeugenol 0.30 0.10
11 2,6-Dimethyl-3-(methoxymethyl)-benzoquinone 0.55 0.12
12 (E)-4-Propenylsyringol 0.68 0.19
13 n-Hexadecanoic acid 1.07 0.36
14 Octadecanoic acid 0.33 0.15

12.50 4.72
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4. Conclusions

Two-step pretreatment, ACSE followed by ACO of EFB, was performed under a temperature
range of 180–220 ◦C and residence time of 5–20 min after impregnation with 0.5%–2.0% dilute sulfuric
acid. The mass balance and the chemical composition of pretreated EFB fractions were noticeably
affected by the reaction temperature, residence time, and acid concentration during the steam explosion
process. Moreover, glucose and xylose contents decreased under the acid-catalyzed pretreatment
conditions. All the analyses together with the XRD peaks showed that the crystallinity of cellulose
increased by increasing severity factor. In this experiment, the effect of two-step pretreatment was in
no way remarkable but showed potential to advance it. Further study is needed to sort out the optimal
conditions for this two-step EFB pretreatment to conclusively suggest its potential for EFB fractionation.
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Abstract: This study optimizes furfural production from pentose released in the liquid hydrolysate
of hardwood using an aqueous biphasic system. Dilute acid pretreatment with 4% sulfuric acid
was conducted to extract pentose from liquid Quercus mongolica hydrolysate. To produce furfural
from xylose, a xylose standard solution with the same acid concentration of the liquid hydrolysate
and extracting solvent (tetrahydrofuran) were applied to the aqueous biphasic system. A response
surface methodology was adopted to optimize furfural production in the aqueous biphasic system.
A maximum furfural yield of 72.39% was achieved at optimal conditions as per the RSM; a reaction
temperature of 170 ◦C, reaction time of 120 min, and a xylose concentration of 10 g/L. Tetrahydro-
furan, toluene, and dimethyl sulfoxide were evaluated to understand the effects of the solvent on
furfural production. Tetrahydrofuran generated the highest furfural yield, while DMSO gave the
lowest yield. A furfural yield of 68.20% from pentose was achieved in the liquid hydrolysate of
Quercus mongolica under optimal conditions using tetrahydrofuran as the extracting solvent. The
aqueous and tetrahydrofuran fractions were separated from the aqueous biphasic solvent by salt-
ing out using sodium chloride, and 94.63% of the furfural produced was drawn out through two
extractions using tetrahydrofuran.

Keywords: aqueous biphasic system; dilute acid hydrolysate; furfural production; solvent extraction;
response surface methodology

1. Introduction

Lignocellulosic biomass is considered as an alternative energy resource that can mit-
igate the climate change associated with the excessive use of fossil fuels [1]. Owing to its
abundance and non-edibility, cellulose in particular, the key component of biomass, is a
rich source of carbohydrates and has been applied to value-add to chemicals or biofuels [2].
Hemicellulose and lignin, the other main components of biomass, combine complex and
dense forms of cellulose [3]. This physical barrier makes lignocellulosic biomass chemically
and microbiologically resistant [4]. This recalcitrance of biomass requires a pretreatment pro-
cess to ensure that lignocellulosic biomass is utilized properly and efficiently. The purpose of
the pretreatment process is to cleave lignin and hemicellulose and obtain cellulose to improve
accessibility for chemicals or enzymes [5]. Among several pretreatment methods, dilute acid
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pretreatment is considered to be a leading pretreatment technology. This is because it is able
to enhance the total sugar yield of the process by solubilizing and converting hemicellulose
to pentose [6]. As the pretreatment of lignocellulosic biomass is highly demanding in terms
of energy and additional processes compared to edible biomass, its economic feasibility is
reduced [7]. As such, utilization of all the main components of biomass to generate valuable
products is essential to make this resource more economically feasible.

Hemicellulose is a heteropolysaccharide composed of various monosaccharides such
as xylose, arabinose, and mannose [8]. Traditionally, it is considered a by-product in the
pulping industry, whereby most hemicellulose is dissolved into black liquor and used as a
heating source [9]. However, pentose in hemicellulose may also be converted to valuable
chemicals in the same manner as cellulose. This will subsequently improve the economic
feasibility of the biorefinery industry through the utilization of lignocellulosic biomass.

Furfural is a building block chemical applied to various fields such as fuel, chemicals,
polymers, and pharmaceuticals. Most furfural is produced by acid-catalyzed dehydration
of pentose derived from hemicellulose [10]. It may also be produced from lignocellulosic
biomass directly via acid catalyst treatment. Although this is a simple and mature process,
it is characterized by several disadvantages including low furfural yield, generation of
undesirable by-products, and difficulties in utilizing the remaining biomass, such as
cellulose or lignin [11]. For this reason, many studies have proposed a two-step process in
which hemicellulose is hydrolyzed into pentose or pentose-derived oligomers, and then
the pentose or the oligomer is dehydrated into furfural in different reaction systems. This
separated system offers several advantages including being able to produce a high furfural
yield via the optimization of the reaction system for furfural production (catalyst, solvent,
reaction condition, etc.) [12]. The separation of furfural from reaction media continues to
be a challenge due to several complicated processes [13].

Furfural may be degraded and condensed in the presence of an acidic catalyst and
water [14]. In an aqueous furfural production system that uses water as a solvent, the
degradation and self-condensation of furfural limits high yields of furfural. This is de-
spite the fact that water is a commonly used solvent for furfural production because it is
inexpensive and eco-friendly. To solve this problem, furfural must be separated from the
aqueous solvent system immediately after conversion from pentose.

An aqueous biphasic system may be used to separate furfural from water in the
system. The aqueous phase contains water, and the acid catalyst converts pentose to
furfural, while the organic phase is composed of the organic solvent that absorbs furfural
converted into the organic phase. Dichloromethane (DCM) [15], methylisobuthylketone
(MIBK) [16], and tetrahydrofuran (THF) [17] have been used as organic solvents for the
extraction. These organic solvents are advantageous in terms of conducting a simultaneous
process, including the conversion of pentose to furfural and the extraction of furfural.
Furfural is produced by an acid catalyst in the aqueous phase and is extracted immediately
by the organic phase [18]. Organic solvents may minimize furfural degradation, improving
furfural yield [19].

This study aims to optimize furfural production from the dilute acid hydrolysate
of Quercus mongolica. A xylose standard solution with the same acid concentration of
dilute acid hydrolysate and extracting solvent (THF) were applied to the aqueous biphasic
system to determine the optimal conditions for furfural production. A response surface
methodology (RSM) in which the independent variables were reaction temperature, time,
and xylose concentration was adopted to optimize the aqueous biphasic system. The
organic solvent was also evaluated to select the solvent that prevented the degradation and
self-condensation of furfural.

2. Materials and Methods

2.1. Materials

The xylose standard was purchased from Sigma-Aldrich Korea Co. (Yongin, Republic
of Korea). Quercus mongolica, a xylan-rich hardwood was used as the raw material for
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pentose and it was supplied by the National Institute of Forest Science (NIFoS, Seoul,
Republic of Korea). The particle size of the raw material was reduced to less than 0.5 mm
through grinding and sieving using a sawdust producer and air classifier mill, respectively.
The moisture content was less than 5%, and the chemical composition was determined
using the Laboratory Analytical Procedure of National Renewable Energy Laboratory
(NREL, Golden, CO, USA) [20].

2.2. Dilute Acid Pretreatment for Pentose Production from Lignocellulosic Biomass

Dilute acid pretreatment of Quercus mongolica for pentose production was conducted
following the methodology described in previous research [21]. Briefly, raw material was
mixed with sulfuric acid solution (4%, w/w) in an Erlenmeyer flask; the solid to liquid
ratio was 1 to 7. Then, the flask was placed in an autoclave (MLS-3020, Sanyo, Osaka,
Japan) at 121 ◦C for 102.3 min; these are the optimal conditions for pentose production
from Quercus mongolica as described in the previous research [21]. Following the dilute acid
pretreatment, the flask was immediately cooled to room temperature in the ice chamber to
stop the reaction. Then, the pentose-rich hydrolysate was separated from the solid residue
using a Büchner funnel equipped with filter paper (No. 52, Hyundai Micro Co., Seoul,
Korea). The chemical composition of the hydrolysate is shown in Table 1.

Table 1. Chemical composition of dilute acid hydrolysate of Quercus mongolica.

Component Concentration (g/L)

Sugars
Glucose 2.01 ± 0.05

Xylose+mannose+galactose (XMG) 20.02 ± 0.46
Arabinose 1.64 ± 0.06

Sugar derivatives
Acetic acid 6.17 ± 0.13
Formic acid 0.03 ± 0.00

Furfural 0.32 ± 0.04
5-Hydroxymethylfurfural (5-HMF) 0.01 ± 0.00

2.3. Response Surface Methodology for Optimization of Furfural Production from Xylose Standard

To maximize furfural production from the hydrolysate, the optimum conditions
needed to be determined; optimization was conducted using a xylose standard solution.
The xylose standard solution was adopted to investigate the relationship between reaction
conditions and furfural yield, excluding the effect of impurities. Briefly, 10 mL of xylose
standard solution containing a certain concentration of xylose was mixed with 20 mL of
organic solvent in a Teflon-lined reactor. The sulfuric acid concentration of the xylose stan-
dard solution was adjusted to 4% (w/w); this was the same as the dilute acid hydrolysate
used to obtain the optimum reaction conditions for the hydrolysate. The reactor was
then sealed and soaked in an oil bath that had been pre-heated to a target temperature.
The mixed hydrolysate was stirred during the reaction using a magnetic stirrer, and the
temperature was maintained for a certain reaction time at the target temperature. After
the reaction, the reactor was removed from the oil bath and immediately stored in the ice
chamber to cool to room temperature and prevent undesirable reactions.

An RSM was adopted to optimize furfural production using a xylose standard solution.
The analysis was conducted based on a 23 factorial central design (CCD) using Design Expert
11.1.0.1 software (Stat-Ease, Inc., Minneapolis, MN, USA). Table 2 presents 17 sets of reaction
conditions composed of six axial points and a duplication of the central point. The reaction
temperature (X1, ◦C), reaction time (X2, min), and xylose concentration (X3, g/L) were
designated as independent variables, while furfural yield (Y1, %) was the dependent variable.
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Table 2. 23 factorial experimental design varying on 3 factors and results of furfural yield.

Independent Variables Dependent Variable

No.
Reaction Temperature

(X1, ◦C)
Reaction Time

(X2, min)
Xylose Concentration

(X3, g/L)
Furfural Yield

(Y1, %)

1 140 60 10 6.96
2 180 60 10 69.87
3 140 180 10 39.47
4 180 180 10 62.48
5 140 60 30 6.67
6 180 60 30 66.83
7 140 180 30 46.59
8 180 180 30 59.23
9 126.36 120 20 4.69
10 193.64 120 20 61.33
11 160 19.09 20 0.71
12 160 220.91 20 68.12
13 160 120 3.18 67.99
14 160 120 36.82 67.77
15 160 120 20 67.75
16 160 120 20 67.75
17 160 120 20 68.02

The coded level of the CCD from each run was applied to real independent variables
as follows:

Variable = value of central point/variation of coded level per one point
Reaction temperature (◦C) = 160/20, reaction time (min) = 120/60, xylose concentra-

tion (g/L) = 20/10
Following the optimization of reaction conditions based on the RSM, the extraction

solvent was altered from THF to dimethyl sulfoxide (DMSO) or toluene in the optimum
conditions to analyze the effects of the extraction solvent.

2.4. Furfural Production from Pentose Derived from Quercus Mongolica

Simultaneous reactions occurred involving the release of pentose from xylose and
the conversion of pentose to furfural in the same reactor without a separation process;
this places it in a good stead for industrial application. The pentose derived from xylose
was converted to furfural in the same reactor, used for pentose release. The dilute acid
hydrolysate of Quercus mongolica was mixed with 4% sulfuric acid to adjust xylose concen-
tration to optimal conditions in the Teflon-lined reactor; the total volume was adjusted to
10 mL. Then, 20 mL of THF (i.e., the organic solvent), was added into reactor for furfural
extraction. The reaction temperature and time were set to the optimal values as per the
results from the RSM analysis. After the reaction, the reactor was removed from the oil bath
and immediately stored in the ice chamber to cool to room temperature and prevent unde-
sirable reactions. The organic phase of THF, containing furfural, was separated from the
aqueous phase through the addition of NaCl. This was done to investigate the separation
efficiency of furfural from the final solution, including furfural and other products.

2.5. Analysis of Furfural and Other Products in Mixed Hydrolysate

The content of furfural and other products such as the remaining sugars was deter-
mined using high performance liquid chromatography (Ultimate-3000, Thermo Dionex,
Waltham, MA, USA) with an Aminex 87H column (eluent: 0.01 N sulfuric acid, oven
temperature: 40 ◦C, flow rate: 0.5 mL/min). Peaks were identified by comparing the
retention time of each peak. The concentration of peaks was identified by comparing the
standard calibration curve of each chemical. The furfural yield (Equation (1)) and pentose
conversion (Equation (2)) were calculated as follows:

Furfural yield (%) = furfural after reaction (mol)/pentose before reaction (mol) × 100 (1)

Pentose conversion (%) = (pentose before − after reaction (mol))/pentose before reaction (mol) × 100 (2)

32



Appl. Sci. 2021, 11, 163

3. Results and Discussion

3.1. Pentose Production during Dilute Acid Pretreatment

Quercus mongolica is chemically composed of 46.67% of glucose, 19.14% of xylose,
mannose and galactose (XMG), 0.77% of arabinose, 22.56% of acid insoluble lignin (AIL),
3.19% of acid soluble lignin (ASL), 2.06% of extractives, and 0.05% of ash. It is known
that the glycosidic bond between hemicellulose-cellulose is cleaved, and the separated
hemicellulose is converted to pentose-like XMG dilute acid pretreatment [22]. As shown in
Table 1, the main component in dilute acid hydrolysate was XMG, and the main pentose
was xylose [21]. Glucose and arabinose derived from arabinoxylan or glucuronoxylan were
also detected; however, they were present in very small amounts compared with pentose.
In sugar derivatives, the main product was acetic acid derived from the O-acetyl group in
hemicellulose. Although furanic compounds such as 5-hydroxymethylfurfural (5-HMF)
and furfural were produced by the acidic dehydration of released sugar, there was only a
small amount of these compounds owing to the low severity of the dilute acid pretreatment.
This pretreatment had not boosted the dehydration of sugar to the furanic [23].

3.2. RSM for Furfural Production from Xylose Standard Solution with Extracting Solvent

Furfural was produced from the xylose standard by acid-catalyzed dehydration, as
listed in Table 2. In run #2 with a reaction temperature of 180 ◦C, over a 60 min duration
using a xylose concentration of 10 g/L, the maximum furfural yield was 69.87% with
96.02% xylose conversion. Although the maximum xylose conversion was 99.32% at run
#12, the furfural yield under these conditions was 68.12%; this is lower than the yield in
run #2. These results indicate that the more severe experimental conditions of run #12 as
a result of a longer reaction time induced the degradation of the furfural that had been
produced. The lower furfural yield due to furfural degradation under severe experimental
conditions was also observed in runs #4, 8, and 10; these runs were also characterized by
long reaction times at certain temperatures. It is inferred that these reaction conditions
caused furfural degradation despite the presence of the extraction solvent to prevent
furfural degradation. However, a previous study has reported that the amount of furfural
degradation due to severe experimental conditions when using an extracting solvent is
marginal compared to the amount of furfural degradation in conditions with no extracting
solvent [24]. The condensation of furfural was suppressed through the addition of the THF;
as such, there were no insoluble precipitates detected from furfural condensation in all
experimental conditions.

To evaluate the effect of each variable on furfural yield, regression analysis was
undertaken using a 23 factorial design matrix with corresponding furfural yield (%). The
following quadratic equation was generated (Equation (3)), based on the outcomes of the
regression analysis:

Furfural yield (%) = −1122.2746 + 11.8539 X1 + 2.4079 X2 + 1.0355 X3 − 0.0091 X1X2
− 0.0082 X1X3 + 0.0015 X2X3 − 0.0302 X1

2
− 0.0032 X2

2 + 0.0024 X3
2 (3)

In the equation, X1, X2, and X3 represent the actual reaction temperature, reaction
time, and xylose concentration, respectively. The model had a high regression coefficient
(R2 = 0.95), indicating 95% variability in the response, while the p-value was extremely low
(0.001), indicating that this regression model was significant. The coefficient of variation
(CV) was 18.74%, which indicates the high precision and reliability of the experiments [25].

A three-dimensional (3D) plot and detailed contour of the RSM for furfural yield was
established using Equation (3), by varying the three variables within the experimental range
(Figure 1). As shown in Figure 1a, the furfural yield increased with reaction temperature
and time to approximately 185 ◦C and 180 min, respectively. Once the temperature and
time exceeded these points, there was a decrease in furfural yield due to its degradation
under severe experimental conditions [26].
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Figure 1. Three-dimensional plot and detailed contour of response surface methodology of furfural yield from xylose
standard solution with extraction solvent (THF): (a) fixed xylose concentration (10 g/L); (b) fixed reaction time (120 min);
(c) fixed reaction temperature (160 ◦C); (d) contour of furfural yield depending on reaction temperature and time.

This phenomenon was clearly observed in Figure 1b,c. Figure 1b depicts the furfural
yield based on the reaction temperature and xylose concentration with a fixed reaction time of
120 min. The furfural yield increased with temperature until approximately 165 ◦C, and then
remained stable at temperatures of 165–185 ◦C, which was where the maximum yield was
observed. Then, yield decreased when the temperature increased above 185 ◦C regardless of
the xylose concentration. These results are similar to the findings from previous research where
furfural production from biomass occurred using sulfuric acid as a catalyst [27,28]. Figure 1c
depicts the relationship between the furfural yield, the reaction time, and xylose concentration
with a fixed reaction temperature of 160 ◦C. The furfural yield increased with reaction time
up to 180 min. Beyond this time, yield decreased due to furfural decomposition [29] and
self-condensation [30]. The xylose concentration was considered a less influential variable
when compared to reaction temperature and time, as shown in Figure 1b,c. This inference was
also supported by the p-value of the variables (Table 3).

The sources related to xylose concentration (X3, X1X3, X2X3, X3
2) had high p-values,

indicating that xylose concentration was not as significant a factor for furfural yield. This
result differs from previous research, which has demonstrated that furfural yield generally
has an inverse relationship with xylose concentration. Higher xylose concentrations are
able to produce more furfural at once, leading to a higher collision possibility that causes
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condensation of the furfural reaction [31]. It was assumed that the 10–30 g/L xylose concen-
tration range used in this study was too narrow of a range to affect furfural yield. This was
unlike a study by Yang [32] where they produced furfural at high xylose concentrations.
Yang [32] varied the xylose concentration from 40 to 120 g/L and found that furfural yield
had been relatively stable when the xylose concentration was from 40 to 70 g/L. Based
on the xylose concentration range used in this study (10–30 g/L), the effect on furfural
yield was negligible compared to reaction time and temperature. With a fixed xylose
concentration there was greater clarity in terms of the optimal conditions to maximize
furfural yield. Additionally, the reaction temperature and time were expanded compared
to the experimental range (Figure 1d).

Table 3. Analysis of variance (ANOVA) for furfural yield in dehydration of xylose model compound
and coefficients for quadratic equation.

Source Sum of Squares DF Mean Square F-Value p-Value Coefficient

Model 10,697.21 9 1188.58 14.13 0.0010 67.77
X1 4722.88 1 4722.88 56.14 0.0001 18.60
X2 2136.23 1 2136.23 25.39 0.0015 12.51
X3 0.00 1 0.00 0.00 0.9963 0.01

X1X2 955.35 1 955.35 11.36 0.0119 −10.93
X1X3 21.51 1 21.51 0.26 0.6287 −1.64
X1X3 6.48 1 6.48 0.08 0.7894 0.90
X1

2 1646.23 1 1646.23 19.57 0.0031 −12.08
X2

2 1513.50 1 1513.50 17.99 0.0038 −11.59
X3

2 0.67 1 0.67 0.01 0.9314 0.24
Residual 588.94 7 84.13

Lack of fit 588.89 5 117.78 4825.36 0.0002
Pure error 0.05 2 0.02

Corrected total 11,286.15 16

The optimal conditions to maximize furfural yield was calculated based on Equation (3).
The maximum furfural yield in the predicted reaction conditions was 75.1%, where the
reaction temperature was 170 ◦C, reaction time was 120 min, and xylose concentration was
10 g/L. To verify the model, actual furfural production was carried out using these predicted
optimal conditions, rendering a furfural yield of 72.39%, similar to the predicted yield.

3.3. Effect of Organic Solvent for Furfural Production and Extraction

Three kinds of organic solvents, THF, toluene, and DMSO, were evaluated to under-
stand the effects of organic solvents on furfural production and extraction. Toluene is
considered an effective solvent for furfural extraction [33], whereby it does not require
additional salt for phase separation because of its immiscibility with water. DMSO has been
used to improve the selectivity of 5-HMF from glucose by increasing the fructofuranose
isomer and stabilizing 5-HMF by hydrogen bonding [34]. Under a similar mechanism,
it was anticipated that DMSO could also improve furfural yield from xylose. Reaction
conditions were set to the optimal values predicted from analysis of variance (ANOVA);
this was a reaction temperature of 170 ◦C, reaction time of 120 min, xylose concentration of
10 g/L of, and the use of a 4% of sulfuric acid solution.

Table 4 shows the furfural yield from the xylose standard solution depending on
the organic solvent. THF had the highest furfural yield from the xylose standard, while
DMSO had the lowest among the three solvents. It was assumed that DMSO may not
effectively protect the generated furfural from acid or water as furfural has no hydroxyl
group compared with 5-HMF. In addition, DMSO has a reduced interaction with furfural
compared to the other organic solvents such as toluene or THF, as its polarity is higher
than that of furfural. THF had a higher furfural yield than toluene, even though the
polarity of toluene was close to furfural. To explain this phenomenon, the partition
coefficient of furfural in THF/water and toluene/water was calculated by dividing furfural
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concentration in the organic solvent by the concentration of furfural in aqueous water
(Table 4) to compare the solubility of furfural in a two-liquid mixture (water and organic
solvent). To calculate the partition coefficient of furfural to THF/water, NaCl was added to
separate THF from the water phase (salting out). THF had a higher partition coefficient
than toluene, indicating that the former was more effective in extracting furfural than
toluene, and yielding higher amounts of furfural.

Table 4. Properties of organic solvent and furfural yield from xylose standard based on the type of
organic solvent utilized.

Solvent THF Toluene DMSO

Spectroscopic polarity
(Furfural: 0.426 [35]) 0.6 [36] 0.55 [37] 1 [38]

Partition coefficient * 9.05 5.82 N/D **
Furfural yield (%) 72.39 ± 0.50 58.01 ± 0.00 38.28 ± 0.00

* Partition coefficient = [Furfural]org/[Furfural]aq, ** N/D: Not detected.

3.4. Production of Furfural from Pentose in Dilute Acid Hydrolysate

The optimal reaction conditions as predicted using the ANOVA (i.e., 170 ◦C, 120 min,
and 10 g/L of xylose) were adopted to maximize furfural production from pentose in
dilute acid hydrolysate. The xylose concentration was adjusted by mixing the hydrolysate,
which had already contained 4% (w/w) sulfuric acid, with 4% sulfuric acid solution. The
total volume of the aqueous phase was adjusted to 10 mL, similar to the xylose standard
solution, and 20 mL of THF was added to extract furfural from the aqueous phase.

Table 5 describes the pentose conversion and furfural yield from the xylose standard
and dilute acid hydrolysate. The furfural yield and pentose conversion of hydrolysate
were slightly lower, compared with the xylose standard. The presence of impurities such
as hexoses, organic acids, and acid soluble lignin, may have impacted on the extraction
efficiency of furfural from the hydrolysate [39].

Table 5. Pentose conversion and furfural yield from xylose standard and dilute acid hydrolysate.

Pentose Conversion (%) Furfural Yield (%)

Xylose standard solution 100 ± 0.00 72.39 ± 0.50
Liquid hydrolysate 94.69 ± 0.76 68.20 ± 0.20

The difference in furfural yield between the xylose standard and the hydrolysate was
not as considerable as had been expected. This indicates that THF effectively prevents
furfural loss by inhibiting the ring opening of furfural and condensation between furfural
and acid soluble lignin to form insoluble precipitate [40].

To investigate the distribution of impurities in the organic and aqueous phases, NaCl
was added to separate the hydrolysate into the organic and aqueous phases. Table 6
presents the change in the distribution of furfural and other chemicals in furfural that
produced hydrolysate by phase separation. Most furfural produced was extracted in the
organic phase with a partition coefficient of 8.43; this is slightly lower than that of the xylose
standard solution (9.05). Sugars, such as glucose, XMG, and arabinose favor the aqueous
phase owing to their hydroxyl group, while other chemicals such as furfural, organic acids,
and ASL tend to be extracted by the organic phase of THF. It is known that THF is able to
effectively dissolve lignin as it has a high affinity to phenolic compounds [41], thus, most
ASL was extracted to THF. Approximately three-quarters of organic acids were extracted to
the organic phase, and the THF was effective in extracting various organic acids; however,
the detailed extraction mechanism of THF to organic acid continues to be unclear [42,43].
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Table 6. Concentration of chemicals in furfural produced liquor prior to and after phase separation (organic phase, aqueous
phase) through the addition of NaCl.

Concentration (g/L)

Furfural Glucose XMG Arabinose Formic Acid Acetic Acid Acid Soluble Lignin

Before separation 3.08 ± 0.11 0.09 ± 0.02 0.22 ± 0.03 0.05 ± 0.02 0.49 ± 0.02 1.22 ± 0.03 0.84 ± 0.02
Organic phase 4.84 ± 0.10 0.00 ± 0.00 0.09 ± 0.00 0.00 ± 0.00 0.63 ± 0.02 1.61 ± 0.04 1.24 ± 0.00
Aqueous phase 0.58 ± 0.05 0.25 ± 0.05 0.29 ± 0.05 0.05 ± 0.00 0.21 ± 0.00 0.55 ± 0.03 0.21 ± 0.00

THF, the separated organic phase, was removed, and 20 mL of fresh THF was added
to 10 mL of furfural extracted aqueous phase to enhance the extraction rate of furfural to
the organic phase. After each additional extraction, the amount of extracted furfural and
other compounds were analyzed; the extraction rate was calculated as (Equation (4)):

Extraction rate (%) = Amount of products extracted in THF phase (g)/Amount of
products existed in furfural produced liquor before phase separation (g)

(4)

Figure 2 shows the increase in the furfural extraction rate to THF with the number
of extractions. Following the second additional extraction, the extraction rate increased
from 86.03% to 94.63%. However, impurities such as organic acids and ASL had also been
further extracted as the number of extractions increased. In particular, organic acids such
as formic acid and acetic acid were completely extracted to THF following the second
extraction. This means that additional impurity separation is required to acquire furfural
with higher purity. It was reported that organic acids and ASL may be separated from THF
by the ion exchange resin [44,45], and absorbents such as activated carbon, respectively [46].
However, lignin separation by an absorbent must occur prior to furfural production, as the
absorbent absorbs furfural and ASL through a π-π interaction [47].
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Figure 2. Extraction rate of products in furfural generated hydrolysate by extracting solvent (THF).

4. Conclusions

This study aimed to optimize furfural production from pentose in the dilute acid
hydrolysate of Quercus mongolica. The main component of the acid hydrolysate was XMG,
which was dominated by xylose. The optimization of furfural production was conducted
using RSM with a xylose standard solution and an extracting solvent THF, to enhance
furfural yield. The optimal conditions included a reaction temperature of 170 ◦C at a
reaction time of 120 min with a xylose concentration of 10 g/L; the predicted furfural yield
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was 75.1% under these conditions. An experimental furfural yield of 72.39% was obtained
under the optimal experimental conditions, similar to the predicted yield. Extracted
solvents such as THF, toluene, and DMSO were evaluated to understand the effect of the
solvent on furfural yield. THF achieved the highest furfural yield, while DMSO had the
lowest yield. Based on this result, furfural was produced from dilute acid hydrolysate
under optimized reaction conditions using THF as the extracting solvent. A furfural yield
of 68.20% was obtained based on pentose in the hydrolysate, similar to that of the xylose
standard solution (72.39%). Following phase separation through the addition of NaCl,
86.03% of the furfural produced was in the organic phase. The THF, and two additional
extractions using fresh THF enhanced the furfural extraction rate to 94.63%.
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Abstract: Xylooligosaccharides (XOS) production from sweet sorghum bagasse (SSB) has been barely
studied using other edible biomasses. Therefore, we evaluated the XOS content as well as its purity
by comparing the content of total sugars from SSB. An environmentally friendly approach involving
autohydrolysis was employed, and the reaction temperature and time had variations in order to
search for the conditions that would yield high-purity XOS. After autohydrolysis, the remaining
solid residues, the glucan-rich fraction, were used as substrates to be enzymatically hydrolyzed for
glucose conversion. The highest XOS was observed for total sugars (68.7%) at 190 ◦C for 5 min among
the autohydrolysis conditions. However, we also suggested two alternative conditions, 180 ◦C for
20 min and 190 ◦C for 15 min, because the former condition might have the XOS at a low degree of
polymerization with a high XOS ratio (67.6%), while the latter condition presented a high glucose to
total sugar ratio (91.4%) with a moderate level XOS ratio (64.4%). Although it was challenging to
conclude on the autohydrolysis conditions required to obtain the best result of XOS content and purity
and glucose yield, this study presented approaches that could maximize the desired product from
SSB, and additional processes to reduce these differences in conditions may warrant further research.

Keywords: xylooligosaccharides; autohydrolysis; enzymatic hydrolysis; sweet sorghum bagasse

1. Introduction

Due to an emerging interest in a healthy lifestyle, probiotics have attracted attention [1]. Probiotics
have several beneficial effects on the human body, especially as it reduces the risk of colon-related
diseases and dysfunctions [2]. Prebiotics have also attracted great interest because they facilitate the
growth of probiotics and inhibit the growth of pathogenic microorganisms in the human intestine [3].

Xylooligosaccharides (XOS) are one of the fascinating products of biomass that have unique
properties as prebiotics [4]. XOS do not only reduce the risk of colon cancer, but also improve
beneficial biological activities, including reducing dental caries, boosting the immune system, and
restraining the growth of pathogens [5]. Food and food additives have been recognized as conventional
methods for XOS ingestion, but the application area of XOS is expanding the pharmaceutical, chemical,
and nutraceutical industries [6]. The global market size of XOS is expected to grow by 4.1% annually
and reach 135.7 million dollars by 2026 [7].

XOS is typically defined as two to ten xylose combined by β-1,4 linkages with arabinose, acetyl
groups, and uronic acid substitution [8]. Chemical (acid pretreatment and autohydrolysis) and
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biological (enzymatic hydrolysis by xylanase) approaches have been developed for hydrolyzing and
extracting the xylan chain in a biomass [9]. Concentrated acid pretreatment using inorganic acids has
been reported to result in fast isolation of the xylan fraction, but this method is not environmentally
friendly and corrodes the equipment [10]. Meanwhile, the biological method can control the generation
of byproducts, as shown in the results of acid pretreatment, but it has drawbacks such as long reaction
time, relatively low XOS yield, and high cost of xylanase [11,12]. Autohydrolysis is considered an
eco-friendly pretreatment method because it does not use any chemicals for the reaction [13]. When a
biomass is heated in water, the uronic and acetyl groups from the hemicellulose fraction can be released
in the form of an acid followed by acid-hydrolysis of the carbohydrate [14]. This acidic circumstance of
autohydrolysis from the side groups of hemicellulose does not lead to an extremely low pH condition
compared to the mineral acids of typical acid pretreatments [15]. Thus, autohydrolysis can be a less
corrosive and low-cost approach for XOS production than other chemical methods [13].

Several types of xylan-rich biomasses are used for producing XOS, such as corn stover, wheat straw,
sugarcane straw, and sugarcane bagasse [16–19]. However, the straws from agricultural residues
usually contain a high amount of minerals, including amorphous silica, which can cause chemical
reactions to occur in an undesired manner [20]. The production of numerous XOS has been focused
on the utilization of sugarcane bagasse, while interest for sweet sorghum is still lower than that of
other biomasses [21]. Sweet sorghum can be cultivated in most regions of the world, from temperate
to tropical [22]. It typically grows over 3 m tall, ensuring a high energy density per cultivating area up
to 20.2 tons per ha [23]. Additionally, sweet sorghum bagasse (SSB) contains an abundant amount of
xylan, which is an advantage for XOS production [24].

The physiological activities of XOS have been considered to be strongly related to the linkage-type,
substituted side groups, and the degree of polymerization (DP) [25]. Regarding the DP, XOS has a
low DP from xylobiose (DP = 2) to xylotetraose (DP = 4), and performs better as a prebiotic than XOS
with a high DP [26,27]. On the other hand, xylose and furfural, which are dehydrated products from
xylose, can be excessively produced when high temperature or/and low pH conditions are induced
to focus on the cleavage of the xylan structure [28]. Therefore, suitable autohydrolysis conditions
for improving the XOS yield and purity should be investigated. In addition, when the high-valued
XOS containing a dominant amount of DP 2-4 XOS produced with additional xylanase treatment as a
follow-up step, the optimum conditions can reduce the purification and production costs. In this study,
SSB, a promising biomass, was subjected to the autohydrolysis process to produce XOS. The conditions
were evaluated for a high ratio of XOS to total sugars. After autohydrolysis, the remaining solid
residues, cellulose-rich fraction, were used for enzymatic hydrolysis to produce a glucose solution.

2. Materials and Methods

2.1. Feedstock

Sweet sorghum (Sorghum bicolor (L.)) bagasse was generously supplied by Good Farmer Co., Ltd.,
Yecheon-gun, Gyeongsangbuk-do, Korea. The feedstock was oven dried and milled to <0.5 mm using
a knife mill. The chemical composition of sweet sorghum is shown in Table 1.

Table 1. Chemical composition of sweet sorghum (g/100 g oven dry weight).

Composition 1 Sweet Sorghum Bagasse (SSB)

Extractives 9.3 ± 0.4

Carbohydrate 67.3
Glucan 37.6 ± 0.4
XGM 2 21.2 ± 0.5
Arabinan 2.3 ± 0.0
Acetate 6.1 ± 0.0
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Table 1. Cont.

Composition 1 Sweet Sorghum Bagasse (SSB)

Lignin 17.2
Acid-insoluble 15.1 ± 0.1
Acid-soluble 2.1 ± 0.1

Ash 1.1 ± 0.0

Crude protein 6.5 ± 0.0

Total 101.3
1 All the numbers are based on the initial (OD) weight of the analyzed sample. 2 Sum of xylan, galactan, and mannan.

2.2. Autohydrolysis

Autohydrolysis was conducted to identify a good point to maximize the XOS amount in the liquid
hydrolysate. It was carried out using a bomb-type mini-reactor (30 mm ID × 140 mm L, wall thickness
5 mm, total volume 100 mL, KRICT, Daejeon, Korea), equipped with a K-type thermocouple for
monitoring the actual reaction temperature. The reaction temperature was set as a variable from 160 to
200 ◦C at 10 ◦C intervals. One gram of the oven-dried weight of sweet sorghum bagasse was placed
in a custom-made reactor with 20 mL of water. When the reactor reached the designated reaction
temperature in an oil bath, it was held for 20 min (reaction time). The reaction time was also changed
for 180 and 190 ◦C conditions from 5 to 20 min with 5 min intervals. After autohydrolysis, slurries
were recovered from the reactor into a 50 mL conical tube using an additional 20 mL of water and
separated into a solid residue and liquid hydrolysate by centrifugation.

2.3. Enzymatic Hydrolysis

Enzymatic hydrolysis was performed using the solid residue from autohydrolysis. The solid
residue obtained from each autohydrolysis condition was directly used as a substrate for the commercial
cellulase complex Cellic CTec3 (Novozyme Korea, Seoul, Korea). The dosage of the cellulase complex
was 10 FPU/g glucan in the substrate. The citrate buffer solution was adjusted to pH 5.5, and the
mixture was incubated in a shaker at 50 ◦C for 72 h at 150 rpm.

The glucose to total sugar ratio was calculated as follow:

Glucose to total sugar ratio (%) =
Glucose in the solution a f ter enzymatic hydrolysis (g)

Total sugars in the solution a f ter enzymatic hydrolysis (g)
× 100 (1)

2.4. Determination of the Chemical Composition

The chemical composition of the liquid hydrolysate, enzymatic hydrolysis solution, and the
raw material (SSB) were determined using the Laboratory Analytical Procedure of NREL [29,30].
Furthermore, additional acid hydrolysis using 4% sulfuric acid solution was conducted to convert all
kinds of carbohydrates in the liquid hydrolysate to monomeric sugars. The amount of monomeric
sugars was quantified by high-performance liquid chromatography (HPLC) (Agilent 1200 Infinity,
Agilent Technologies Korea Inc., Seoul, Korea). HPLC was equipped with an HPX-87H (300 × 7.8 mm)
column (Bio-Rad, Hercules, CA, USA) and a refractive index detector (RID-6A, Bio-Rad, Hercules, CA,
USA). Twenty microliters of sample was injected for the HPLC analysis, and the oven temperature
was set at 50 ◦C. The mobile phase was 5 mM sulfuric acid solution and eluted at a 0.6 mL/min
flow rate. For quantification, the calibration curves were made using standard materials (glucose,
xylose, and arabinose), which were purchased from Sigma-Aldrich Korea Co. (Yongin, Korea).
The nitrogen content of SSB was determined with an elemental analyzer (Flash EA 2000, Thermo
Electron Corporation, Waltham, MA, USA), and crude protein content was calculated using nitrogen
content and conversion factor (6.25) [31].
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The XOS to total sugar ratio was calculated by following formula:

XOS to total sugar ratio (%) =
XOS in the liquid hydrolysate a f ter autohydrolysis (g)

Total sugars in the liquid hydrolysate a f ter autohydrolysis (g)
× 100 (2)

3. Results

3.1. Xylooligosaccharides Production Depending on the Changes of the Reaction Temperature

Hemicellulose fractions in SSB were released into the liquid hydrolysate in the form of both
monomeric and oligomeric sugars after autohydrolysis (Table 2). Hemicellulosic sugars could not be
fully hydrolyzed due to the severity of autohydrolysis, and a large amount of oligomeric sugars might
be dissolved in the liquid hydrolysate together with monomeric sugars.

Table 2. Chemical composition of the liquid hydrolysate by reaction temperature variables.

Conditions Sugars Acetic
Acid

Degradation Product

Reaction Temperature (◦C) pH Glucose XGM 1 Arabinose HMF 2 Furfural

160 4.1 3.2 ± 0.1 5.9 ± 0.9 2.0 ± 0.1 0.2 ± 0.0 ND 3 ND

170 3.8 3.7 ± 0.1 12.2 ± 0.9 2.2 ± 0.1 0.4 ± 0.0 ND ND

180 3.7 3.9 ± 0.1 16.9 ± 0.1 2.1 ± 0.1 0.8 ± 0.1 ND 0.2 ± 0.0

190 3.5 3.9 ± 0.0 17.9 ± 0.0 1.6 ± 0.1 1.5 ± 0.0 ND 0.8 ± 0.0

200 3.3 3.8 ± 0.1 13.9 ± 0.9 1.0 ± 0.1 2.4 ± 0.2 0.2 ± 0.0 2.3 ± 0.3
1 Sum of xylose, galactose, and mannose; 2 Hydroxymethylfurfural; 3 Not detected.

The release trends of the three kinds of sugars were different depending on the changes in
the reaction temperature. The XGM content in the liquid hydrolysate increased by increasing the
reaction temperature to 18.4% based on the initial biomass, while the XGM content sharply decreased
at temperatures above 200 ◦C. Based on the initial arabinan content as monomers, 84.6% of the
arabinose could be released at 170 ◦C. The hemicellulosic sugars have good solubility in water after
autohydrolysis, but the maximum release point was slightly different between XGM and arabinose.
The glucose content showed a constant value of approximately 4% in the liquid hydrolysate. Compared
to the initial glucan content in SSB, a small portion of glucose was released from SSB regardless of the
reaction temperature changes. Thus, the autohydrolysis could selectively extract XGM in SSB, and the
liquid hydrolysate generally had a large amount of XGM and a small amount of glucose and arabinose.

As the reaction temperature increased, the content of monomeric XGM dramatically increased
due to the excess hydrolysis of hemicellulose (Figure 1). Meanwhile, XOS content was maximized at
180 ◦C (15.5%). Similar to the XOS content, the highest XOS to total sugar ratio was achieved at the
same reaction temperature (180 ◦C). Therefore, an appropriate reaction temperature for improving the
XOS ratio in the liquid hydrolysate could be found for SSB.
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Figure 1. XGM content and XOS to total sugar ratio with the reaction temperature change.

3.2. Xylooligosaccharides Production Depending on the Changes of the Reaction Time

The autohydrolysis conditions for XOS production were investigated by changing the reaction
time because it has been considered as one of the critical hydrothermal treatment parameters for the
control of XOS DP. The reaction time was specified in 5-min intervals within 20 min to confirm the
result in a shorter reaction time than that of the previous sections. The reaction temperature was set at
180 and 190 ◦C, which has a good performance for the high XOS ratio in the liquid hydrolysates.

The XGM content in the liquid hydrolysate was changed by an increase in the reaction time
(Table 3). Both reaction temperature conditions presented an increasing trend of XGM content with
longer reaction times, except for 20 min at 190 ◦C. The maximum XGM content was obtained at 180 ◦C
for 20 min (16.9%) and 190 ◦C for 15 min (18.3%), respectively.

Table 3. Monomeric sugar composition of the liquid hydrolysate by reaction temperature and
time variables.

Conditions Sugars
Acetic
Acid

Degradation Product

Reaction
Temperature (◦C)

Reaction
Time (min)

Glucose XGM 1 Arabinose HMF 2 Furfural

180

5 3.5 ± 0.2 11.3 ± 1.3 1.5 ± 1.1 0.4 ± 0.0 ND 3 0.1 ± 0.0

10 3.8 ± 0.1 13.6 ± 0.8 2.1 ± 0.1 0.6 ± 0.2 ND 0.1 ± 0.0

15 3.9 ± 0.0 15.5 ± 0.9 2.1 ± 0.0 0.6 ± 0.1 ND 0.1 ± 0.0

20 3.9 ± 0.1 16.9 ± 0.1 2.1 ± 0.1 0.8 ± 0.1 ND 0.2 ± 0.0

190

5 3.8 ± 0.0 15.6 ± 1.2 2.0 ± 0.0 0.7 ± 0.2 ND 0.1 ± 0.1

10 3.8 ± 0.2 16.9 ± 0.7 1.9 ± 0.1 0.9 ± 0.1 ND 0.3 ± 0.1

15 3.9 ± 0.0 18.3 ± 0.2 1.8 ± 0.1 1.2 ± 0.2 ND 0.5 ± 0.1

20 3.9 ± 0.0 17.9 ± 0.0 1.6 ± 0.0 1.5 ± 0.0 ND 0.8 ± 0.0
1 Sum of xylose, galactose, and mannose; 2 Hydroxymethylfurfural; 3 Not detected.

Although a good maximum XGM content was obtained at 190 ◦C than at 180 ◦C, the results of the
XOS to total sugar ratio are quite different between the two conditions (Figure 2). In the cases of 180 ◦C,
the XOS to total sugar ratio was constant even though the reaction time was changed (Figure 2a).
Meanwhile, the ratio showed a sharp decrease as the reaction time was extended to 20 min at 190 ◦C
(Figure 2b). Although 180 ◦C for 20 min showed the highest XOS content (15.4%), this condition could
not guarantee the highest level of XOS to total sugar ratio (67.7%). Therefore, 190 ◦C for 5 min might
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be considered as the best point for XOS production from SSB due to the high content of XOS (14.7%)
and high purity (XOS to total sugar ratio: 68.7%) than other autohydrolysis conditions.

Figure 2. XGM content and XOS to total sugar ratio with reaction time change: (a) 180 ◦C; (b) 190 ◦C.

3.3. Glucose Conversion Depending on the Reaction Temparature Changes

The cellulose fraction in the solid residues after autohydrolysis was hydrolyzed to glucose by
an enzyme cocktail (Figure 3). According to the sugar composition in the liquid hydrolysate, a small
amount of glucose was released regardless of the changes in the reaction temperature (Table 1).
However, the glucose yield after enzymatic hydrolysis showed an increasing trend with increasing
reaction temperature. The glucose to total sugar ratio presented a similar trend with the glucose yield
corresponding to the reaction temperature increase. Thus, the maximum glucose yield (36.6%) and
glucose to total sugar ratio (94.2%) were obtained at 200 ◦C.

Figure 3. Glucose yield and glucose to total sugar ratio after enzymatic hydrolysis.

3.4. Glucose Conversion Depending on the Changes of the Reaction Time

The glucose yield was improved by extending the reaction time under both reaction temperature
conditions (Figure 4). In addition, the glucose to total sugar ratio was maximized at 20 min, but the
results were slightly different between the 180 ◦C (86.2%) and 190 ◦C (93.9%) conditions. However,
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it was revealed that a condition with a high glucose to total sugar ratio does not ensure a high XOS to
total sugar ratio by comparing the results of the previous section.

Figure 4. Glucose content and conversion ratio after enzymatic hydrolysis: (a) 180 ◦C; (b) 190 ◦C.

This trade-off relationship between XOS and glucose is obvious in the mass balance profile of this
study (Figure 5). This figure suggests three autohydrolysis conditions: the first and second conditions
represent the highest XOS to total sugar ratio at 180 and 190 ◦C, respectively. At 190 ◦C for 5 min,
the XOS to total sugar ratio was higher (68.7%) than that at 180 ◦C for 20 min (67.6%). Meanwhile,
the 180 ◦C condition has a superb result for the glucose to total sugars ratio (86.2%) than the 180 ◦C
result (83.5%). Meanwhile, the 190 ◦C for 15 min condition presented a higher number of glucose to
total sugar ratios (91.4%) compared to the two previous conditions, even though this condition had a
moderate level of XOS to total sugar ratio (64.4%). Therefore, the autohydrolysis condition should be
properly considered for optimizing the production of major products from SSB.

Figure 5. Mass balance of the XOS and glucose production from sweet sorghum bagasse.

4. Discussion

Numerous studies have attempted to improve the release performance of XOS from biomasses
that directly connected the productivity of XOS [16–19]. However, control of impurities in the liquid
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fraction after treatment is considered a major factor affecting the market price of XOS as well as its
yield [2,32]. Due to the fact that the purification process of XOS is costly, it can dramatically increase if a
high amount of impurities are simultaneously mixed with XOS [28]. Another reason for the importance
of controlling the impurities is related to the XOS activity [26]. In other words, the concept of impurity
can be expanded to monomeric sugars, such as xylose [33]. XOS has several beneficial activities for the
human body as a prebiotic, while xylose does not have any function like XOS [34]. Thus, preventing
the excess generation of xylose is an essential factor for increasing the productivity of XOS.

The chemical composition of SSB showed good potential for XOS production (Table 1). It had a
high amount of xylan, and a low amount of ash and other hemicellulosic sugars. In particular, a very
tiny amount of galactan and mannan in SSB has been reported in previous studies [35,36]. Therefore,
the XGM monomer in the liquid hydrolysate can be considered as xylose alone, and the XGM oligomer
implied XOS in this study.

The acid-hydrolysis pathway of xylan is shown by the variation of the XGM content with an
increase in the reaction temperature (Table 2). The xylan seemed to be fully degraded and dissolved in
liquid hydrolysate at 190 ◦C. Then, the XGM content sharply dropped at 200 ◦C because it converted
to HMF and furfural, which are degradation products. The pH level gradually decreased by providing
more heat energy due to the cleavage of the acetyl group from the hemicellulose chain, which
resulted in more acidic circumstances at higher reaction temperature conditions [37]. This means
that xylan degradation might be accelerated by positive feedback from heat energy and acids during
autohydrolysis. This phenomenon was revealed by the variation in the XGM monomer content, which
increased more in the higher reaction temperature conditions (Figure 1). Thus, autohydrolysis proved
that the xylan structure in SSB can be sufficiently decomposed without the addition of chemical catalysts.

As mentioned above, the quality of XOS might be controlled by reducing the impurities, including
the monomeric sugars. In this term, the ratio between the XOS and the sum of glucose, arabinose,
and XGM monomer in the liquid hydrolysate was calculated to evaluate the quality of XOS, and it was
named XOS to total sugar ratio in this study. In other words, the XOS to total sugar ratio implies the
proportion of XOS compared to the total sugars in the liquid hydrolysate. When the autohydrolysis
conditions had a designated reaction time (20 min), the 170 ◦C condition showed a better XOS to total
sugar ratio (64.2%) than that at 190 ◦C (57.5%) (Figure 1). The liquid hydrolysate at 170 ◦C might have
fewer impurities than that at 190 ◦C, but the quantity of XOS and monomers at 190 ◦C (13.9% and
4.5%) was higher than that at 170 ◦C (11.6% and 0.5%). Considering the acid-hydrolysis pathway of
xylan during autohydrolysis, the high amount of XGM monomer implies that the liquid hydrolysate at
190 ◦C could have a higher amount of low DP of XOS than that at 170 ◦C [38]. According to previous
research, the low DP of XOS presented performed better as a prebiotic than high DP (above 4) of
XOS [39].

180 ◦C, which had the highest XOS to total sugar ratio, and 190 ◦C conditions were selected for
evaluating XOS production from SSB with several variations of the reaction time (Figure 3). The highest
XOS content (15.4%) in this study was obtained at 180 ◦C for 20 min and 190 ◦C for 15 min. This XOS
content can be converted to conversion ratio based on the initial amount of xylan in SSB (64.1%),
which may be considered as a noteworthy value compared with the results of previous autohydrolysis
studies: 60.9% from miscanthus [32], 61% from the brewery’s spent grain [40], 51.7% from rice husks,
and 51.8% from corn cob [41].

Glucan was presented as a major carbohydrate in SSB, even though it contained twice as much as
the XGM in this study. Glucose has been recognized as a platform chemical from biomass and can
be easily produced by enzymatic hydrolysis if the cell wall structure is appropriately degraded by
the pretreatment [42]. The glucose to total sugar ratio, which was calculated in the same manner as
the case of XOS, gradually increased with an increase in the reaction temperature and time (Figures 2
and 4). Meanwhile, less than 4% of glucose was released into the liquid hydrolysate even at the
highest reaction temperature (Tables 2 and 3). This means that the amount of remaining glucan had
not changed much by changing the autohydrolysis conditions, but the cell wall structure might be
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degraded toward a suitable form for cellulase activity at high reaction temperatures and long reaction
times. The highest glucose to total sugar ratio (94.2%) was observed at 200 ◦C for 20 min, and an
indication of glucan degradation could not be found under the autohydrolysis conditions in this study.

The ideal autohydrolysis condition for XOS production could be suggested by the variations in
reaction temperature and time (Figure 5). A XOS to total sugar ratio of 68.7% was obtained at 190 ◦C
for 5 min, and a short reaction time can be an advantage for large-scale plants [43]. However, the
result of this condition is concerned that the XOS might consist of a significant amount of high DP of
XOS. According to this assumption, the liquid hydrolysate under this condition may require further
processing to reduce the DP by xylanase. Additionally, this condition showed a relatively low glucose
to total sugar ratio (83.5%), another main product of autohydrolysis, than other conditions. In this
term, 180 ◦C for 20 min can be an alternative to 190 ◦C for 5 min because the XOS to total sugar ratio
in this condition (67.6%) is slightly lower than that at 190 ◦C for 5 min. Meanwhile, the higher XGM
monomer content (1.4%) in this condition means that the average DP might be lower than that at
190 ◦C for 5 min. If xylanase treatment followed by autohydrolysis induces the formation of XOS
with a narrow DP from 2 to 4, the XOS DP variation in the liquid hydrolysate should be considered as
an important factor in determining the amount of xylanase consumed. In this regard, 180 ◦C for 20
min might be more favorable for producing high-value XOS than at 190 ◦C for 5 min. On the other
hand, 190 ◦C for 15 min can be chosen to obtain a high purity of glucose, 91.4% of glucose to total
sugar ratio, even though this condition showed a moderate level of XOS to total sugar ratio (64.4%).
This trade-off relationship between XOS and glucose might be controlled by inducing an additional
process between the autohydrolysis and enzymatic hydrolysis steps. For instance, mechanical refining
can be employed for solid residues, and it improves glucose conversion by collapsing the cell wall
structure, even though the solid residue is produced under low reaction temperature conditions [44].

5. Conclusions

The xylan-rich edible biomass, SSB, was utilized for XOS and glucose production using the
autohydrolysis process. The purity of XOS was improved by controlling the autohydrolysis conditions,
and XOS to total sugar ratio was maximized by up to 68.7%, which is expected to reduce production
costs for the purification process. However, both XOS purity and content should be considered to
determine the optimum conditions for XOS production. On the other hand, the remaining solid
residue after autohydrolysis was successfully converted to glucose by enzymatic hydrolysis, and the
highest glucose to total sugar ratio was 94.2%. Although there was a discrepancy between the ideal
conditions for XOS and glucose production, the results of this study can be useful in selecting the
suitable autohydrolysis condition for improving the production of the desired material from SSB.
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Abstract: The synthesis of dimeric products from monoterpene hydrocarbons has been studied for the
development of renewable high-density fuel. In this regard, the conversion of α-pinene in turpentine
over stannic chloride molten salt hydrates (SnCl4·5H2O) as a catalyst was investigated, and the reaction
products were analyzed with gas chromatography/flame ionization detector/mass spectrometer
(GC/FID/MS). Overall, the content of α-pinene in a reaction mixture decreased precipitously with an
increasing reaction temperature. Almost 100% of the conversion was shown after 1 h of reaction above
90 ◦C. From α-pinene, dimeric products (hydrocarbons and alcohols/ethers) were mostly formed
and their yield showed a steady increase of up to 61 wt% based on the reaction mixture along with
the reaction temperature. This conversion was thought to be promoted by Brønsted acid activity of
the catalyst, which resulted from a Lewis acid-base interaction between the stannic (Sn(IV)) center
and the coordinated water ligands. As for the unexpected heteroatom-containing products, oxygen
and chlorine atoms were originated from the coordinated water and chloride ligands of the catalyst.
Based on the results, we constructed not only a plausible catalytic cycle of SnCl4·5H2O but also the
mechanism of catalyst decomposition.

Keywords: renewable fuel; high-density fuel; α-pinene dimerization; turpentine; stannic chloride
molten salt hydrates

1. Introduction

Aspirations for alternative biofuel have emerged vigorously worldwide, amid increasing concern
about fossil fuel sustainability and environmental pollution. In this respect, cellulosic biomass-derived
chemicals such as furfural, 5-hydroxymethylfurfural, 2-methylfuran, levulinic esters, and angelica
lactone have attracted considerable attention as renewable resources for the sustainable production of
biofuels [1–3]. Another promising renewable chemical in order to produce synthetic fuel is turpentine.
Turpentine can be obtained by either the distillation of oleoresins or the kraft pulping process as
a side-product and it is mainly composed of α-pinene and lesser amounts of isomers (β-pinene,
camphene, and limonene), which all belong to monoterpene hydrocarbons [4]. Because fuel properties
depend on what consists of the fuel, the fact that hydrocarbons make up the majority of turpentine is an
advantage of itself as the resource of biofuels [5]. It has been reported that the blends of monoterpenes
and petroleum-based fuel could be utilized as drop-in fuels [6,7].
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When it comes to the application of fuel to an aerospace field and ramjet engines, however, drop-in
fuels are required for much higher energy density than neat turpentine. To synthesize high-energy
density fuel from turpentine (α-pinene), dimerization over acid catalysts has been devised to increase
density, thereby increasing energy density [5]. With the advantage of facile separation, various
heterogeneous Brønsted acid catalysts have been studied to carry out the dimerization [8,9]. Because
the four-membered ring of α-pinene is labile to acidic conditions, the ring is easily opened or extended
to five-membered ring. This furnishes isomers including both monocyclic monoterpene hydrocarbons
such as limonene and bicyclic monoterpene hydrocarbons such as camphene. Thus, the acid-catalyzed
dimerization of α-pinene always accompanies the isomerization, which is followed by inevitable
cross-dimerization and makes the reaction mixture consist of not only the isomers of α-pinene but also
the various dimers [8]. It has been found that a dimer fraction has too high viscosity to apply it to a
field where the fuel is exposed to extremely low temperatures [10]. To come up with this problem,
blending the dimer faction with monoterpene hydrocarbons or the partial dimerization of α-pinene
has been devised [5].

Inorganic molten salts hydrates, such as ZnCl2·3H2O, are the hydrated form of inorganic salts
that easily melted like butter at an elevated temperature. A chemical reaction system exploiting
the inorganic molten salts hydrates as a reaction medium has been applied to several processes,
particularly biopolymer conversion. It has been reported that an acidic LiBr salt hydrates can
hydrolyze both the β-1,4 glycosidic bond of cellulose [11] and the aryl ether bond of lignin [12]
and co-produce boromomethylfurfural and furfural directly from lignocellulosic biomass within the
biphasic system [13]. In addition to LiBr salt hydrates, ZnCl2 and SnCl4 salts hydrates have been used
for the synthesis of isosorbide from cellulose [14] and 5-hydroxymethylfurfural from fructose, inulin,
glucose, and chitosan [15–18].

Herein, we focused on the acidic nature of stannic chloride molten salt hydrates (SnCl4·5H2O).
[SnCl4L2] complexes in anhydrous conditions have been reported as Lewis acid-assisted Brønsted
acid catalysts when the L2 are 2′-methoxy-[1,1′-binaphthalen]-2-ol (BINOL-Me), 2′-isopropoxy-
[1,1′-binaphthalen]-2-ol (BINOL-iPr), 2-methoxyphenol (guaiacol), or 2,6-dimethoxyphenol (syringol),
because they can coordinate to the stannic (Sn(IV)) center via the vicinal hydroxy and alkoxy groups in a
bidentate manner [19–22]. Therefore, we have expected that the coordinated water ligands of SnCl4·5H2O
can also act as Lewis acid-assisted Brønsted acids for the catalytic conversion of α-pinene. It has been
remarkable that SnCl4·5H2O can furnish the dimerized products (up to 61 wt% based on the reaction
mixture) from turpentine in a solvent-less condition. However, the decomposition of the catalyst results
in oxygen-containing or chloride-containing products. To overcome this limitation and ponder the
improvement of the reaction system, we have discussed the mechanism of the catalytic conversion of
α-pinene over SnCl4·5H2O.

2. Materials and Methods

2.1. Materials

All purchased chemicals were used without further purification. Turpentine (α-pinene ≥ 92%
by GC) was purchased from Junsei Chemical Co., Ltd. (Tokyo, Japan). Stannic chloride molten salt
hydrates (SnCl4·5H2O, 98%) and n-hexane (95%) were obtained via Samchun Pure Chemicals Co., Ltd.
(Seoul, Korea).

2.2. General Procedure for Catalytic Conversion of α-pinene by Stannic Chloride Molten Salt Hydrates

We set reaction time as 1 h and considered the effect of the reaction temperature (60, 70, 80,
90, 100, and 110 ◦C) or set reaction temperature as 70 ◦C and considered the effect of reaction
time (1, 3, and 5 h) because, upon the reaction temperature crossed, the melting point of stannic
chloride molten salt hydrates (SnCl4·5H2O), α-pinene, quickly disappeared from the reaction mixture.
In a typical experiment, 10 g of turpentine and 1 g of SnCl4·5H2O was added to 50-mL double-neck
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round flask equipped with a magnetic Teflon coated stirrer, a thermometer, and a reflux condenser.
After being purged with nitrogen gas, the reactor was then loaded on a preheated aluminum heating
block and stirred smoothly for 1 h. The temperature of a reaction mixture was reached at the desired
temperature (±3 ◦C) in less than 5 min. Upon completion of the reaction, the reactor was then
removed from the heating block and immediately cooled to room temperature with a water bath.
After cooling, the crude reaction mixture was diluted in 100 mL of n-hexane and filtered over a celite
pad to remove metal compounds. The solvent was removed under reduced pressure. The purified
product was analyzed by Agilent Technologies 7890B gas chromatograph equipped with a DB-5ms
column (30 m × 250 µm, 0.25 µm thickness), a 5977A mass spectrometer detector, and a flame ionization
detector (Agilent-Technologies, Seoul, Korea). The yield of products was calculated based on the below
equation on the basis of the internal standard method (tridecane).

Yield of product i (%) =
Weight of product i after reaction

Initial weight of α− pinene
× 100 (1)

3. Results and Discussion

3.1. Catalytic Conversion of α-Pinene over Stannic Chloride Molten Salt Hydrates

As previously mentioned in the introduction, what we have expected was that the Lewis
acid-assisted Brønsted acidic nature of stannic chloride molten salt hydrates (SnCl4·5H2O) would work
as a catalyst. In accordance with this expectation, the catalytic amount of SnCl4·5H2O was active for
the conversion of α-pinene in a solvent-less condition. As shown in Figure S1, the reaction products
could be divided into four main groups (monomeric hydrocarbon, heteroatom-containing monomeric,
dimeric, and trimeric product regions) on the basis of retention time in gas chromatography/flame
ionization detector (GC/FID) chromatogram and molecular ion peaks in mass spectra. Figure S2A,B
show the representative mass spectra of dimeric and trimeric hydrocarbons including molecular ion
peaks at m/z 272 [C20H32]+ and m/z 408 [C30H48]+, respectively.

Figure 1A shows that α-pinene, which is the main constituent of turpentine, was consumed
precipitously with increasing reaction temperature and the content thereof eventually stands at 0% in
the reaction mixture heated above 90 ◦C. For the cases of dimeric and trimeric products, the contents
increased approximately four-fold and eight-fold when the reaction temperature increased from 60
to 110 ◦C, standing at 60.9% and 15.4%, respectively, at 110 ◦C. There was a large discrepancy in the
conversion of α-pinene and yields of dimeric and trimeric products, which denotes the presence of other
monomeric products formed from α-pinene. Remarkably, our results differ from those of Nie et al. who
suggested that, when phosphotungstic acid supported on MCM-41 was applied, the isomerization of
α-pinene is the main reaction pathway at 100 ◦C and the dimeric products are formed mainly from the
isomers at 160 ◦C [23]. As shown in Figure 1B, even at 70 ◦C of reaction temperature, 100% conversion
of α-pinene can be achieved by increasing the reaction time. Given that the dimeric products were
produced without α-pinene after 3 h of reaction, it can be thought that the monomeric products from
α-pinene also participated in the dimerization [8].

Unfortunately, several mass spectra involving an unexpected molecular ion peak at m/z = 290
(Figure S2C) were extracted from the dimeric product region in Figure 1B. Given the difference between
the m/z of molecular ions, the molecular ion having m/z = 290 could be described as [C20H34O]+,
which means that oxygen-containing dimeric products, possibly dimeric alcohols or ethers, were also
produced during the reaction. In the dimerization of monoterpenes over acidic catalysts, dimeric
products having m/z = 290 as a molecular ion have often been reported. Nie et al. suggested a dimeric
alcohol product in the dimerization of crude turpentine [23]. Moreover, heteropoly acid-catalyzed
conversion of camphene furnished diisobornyl ether in a moderate yield and good selectivity [24].
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Figure 1. Effect of reaction temperature and reaction time on the conversion of α-pinene and yields of
dimeric and trimeric products. The reaction was carried out (A) for 1 h and (B) at 70 ◦C.

Figure 2A,B show the main hydrocarbon product distribution in the monomeric hydrocarbon
region in Figure S1B as a function of the reaction temperature. These monomeric hydrocarbons
could be divided into two groups based on the tendency in the content thereof, according to the
reaction temperature. Limonene, terpinolene, α-terpinene, γ-terpinene, and camphene except for
tricyclene presented a sudden decrease in their yield above 90 ◦C, meaning their participation in
dimerization. On the other hand, the contents of menthenes and p-cymene increased with increasing
reaction temperature until 100 ◦C. These have been reported to form by the disproportionation
of p-menthadienes [25]. In our results, the similar contents of menthenes and p-cymene also
support the disproportionation mechanism. Meanwhile, as the same as the case of dimeric products,
heteroatom-containing monomeric products were also furnished (Figure 2C). Non-negligible amounts
of borneol, bornyl chloride, and fenchyl chloride were only produced as bicyclic compounds during the
reaction. Figure 2D–F show the distribution of monomeric products with increasing reaction time at
70 ◦C of the reaction temperature. The considerable amounts of limonene (18.9%) and camphene (10.5%)
were produced when α-pinene still remained in the reaction system whereas their yields decreased
after the conversion of α-pinene was complete, which denotes their participation in dimerization.
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3.2. Rationalization of the Formation of Monoterpene Isomers and Dimeric Hydrocarbons

There have been a few papers on the SnCl4·5H2O-catalyzed organic reactions. Based on the
crystal structure of SnCl4·5H2O that consists of [SnCl4(H2O)2] linked by hydrogen bonding with
additional water molecules [26], the mechanism of those reactions has been explained in the manner of
both Lewis and Brønsted acid-base interaction. When Lewis basic heteroatom-containing reactants
are used, their coordination to stannic (Sn(IV)) center is considered to be an important step of the
reaction. Such examples involve β-amino alcohol synthesis by epoxide ring-opening [27] and β-amino
carbonyl compound synthesis by the Mannich-type reaction [28]. On the other hand, in the absence
of heteroatom in reactants, the Brønsted acidity of the coordinated water ligands is considered to
be important. For example, the hydration of alkyne has been explained by the initial protonation
of reactants by water, which is activated by the coordination to the stannic center [29]. Such Lewis
acid-assisted Brønsted acids were also developed for enantioselective polyene cyclization [19,20] and
enantioselective protonation of silyl enol [21,22]. Given α-pinene has no heteroatom that can directly
interact with the stannic center in a Lewis acid-base manner, the catalytic conversion of α-pinene by
SnCl4·5H2O should follow the second explanation above.

The possible mechanisms for the conversion of α-pinene to isomerized products (tricyclene,
camphene, limonene, terpinolene, α-terpinene, and γ-terpinene), disproportionated products
(menthenes and p-cymene), and dimerized products by various acid catalysts have been proposed in
the previous papers [8,23]. In this work, we focused on a plausible mechanism involving interaction
between α-pinene and the catalyst, which is shown in Scheme 1.
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Scheme 1. A plausible catalytic cycle of SnCl4·5H2O (A) proposed for the synthesis of limonene (2)
and dimeric hydrocarbons (C20H32) from α-pinene (1).

First, the protonation of α-pinene (1) is thought to be promoted by the Lewis acid-assisted Brønsted
acid activity of the coordinated water ligands in the Sn(IV) complex (A) via TS1 (Scheme 1). Since there
is no polar solvent that can solvate the generated ions, an intimate ion-pair between carbocation and
Sn(IV) ate complex should be a reaction intermediate (Int1) [19,30]. To form limonene (2), the main
isomerized product from compound 1, the pinanyl moiety in the intimate ion-pair Int1 should suffer

57



Appl. Sci. 2020, 10, 7517

from a ring-opening rearrangement, which generates a carbocation/Sn(IV) ate complex ion-pair (Int2).
In this intimate ion-pair Int2, the abstraction of a proton from the carbocation moiety by the hydroxo
ligand via TS2 regenerates stannic complex A and furnishes compound 2 as the product of a catalytic
cycle. If the insertion of another compound 1 into the intimate ion-pair Int2 is prior to the proton
abstraction step, a carbocation/Sn(IV) ate complex ion-pair (Int3) appears for dimeric hydrocarbons
(C20H32) as the product of the catalytic cycle. Along with the case of compound 2, we can construct
distinct routes to complete the catalytic cycle involving the possible combination of carbocation/Sn(IV)

ate complex ion-pairs, which are able to explain the various isomers and dimeric hydrocarbons from
compound 1.

3.3. Rationalization of the Formation of Heteroatom-Containing Dimeric Products

As previously mentioned, from α-pinene, stannic chloride molten salt hydrates (SnCl4·5H2O)
can produce dimerized products that are high-density fuel candidates. There is one limitation of
this reaction system, however, which involves forming not only the dimeric hydrocarbons that show
molecular ion peaks at m/z = 272 [C20H32]+ but also the oxygen-containing dimeric products, such as
possibly dimeric alcohols or dimeric ethers, that show molecular ion peaks at m/z = 290 [C20H34O]+.
Although the inclusion of oxygen-containing species increases the overall density of the fuel mixture [5],
which matches the purpose of augmenting the energy density of renewable fuel, this is not suitable
considering the synthesis of hydrocarbons for drop-in fuel. Therefore, to exclude the production of
oxygen-containing species from the reaction system catalyzed by SnCl4·5H2O, we have started the
rationalization of how such species are formed.

From the fact that the formation of bornyl chloride (3), one particular chlorine-containing
side-product, the decomposition of Sn(IV) complex (A) during the reaction can be postulated (Scheme 2,
left circle). In other words, to form compound 3, the protonation of α-pinene (1) by stannic complex
A and successive ring enlargement by Wagner-Meerwein rearrangement occur first, furnishing a
carbocation/Sn(IV) ate complex ion-pair (Int4). This intimate ion-pair Int4 then suffers from the
dissociation of chloride ligand, producing both compound 3 and decomposed Sn(IV) complex (B).
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As previously mentioned, for the conversion of α-pinene (1) to occur, carbocation/Sn(IV) ate
complex ion-pairs (Int1-4) should be reaction intermediates (Schemes 1 and 2). We considered that
these intermediates are essential clues for the explanation of how the oxygen-containing species are
formed. While bornyl chloride (3) is formed when the dissociation of chloride ligand (Sn-Cl bond)
occurs in the intimate ion-pair Int4, monoterpene alcohols can be formed by the dissociation of hydroxo
ligand (Sn-O bond). At this point, the monoterpene alcohols can occupy an empty coordinate site
of the stannic center as an alcohol ligand, which generates ligand exchanged Sn(IV) complex (C)
(Scheme 2, right circle). Since the same Lewis acid-assisted Brønsted acidic water ligands work as
both catalysts and reactants, this alcohol ligand can also protonate another compound 1, furnishing a
carbocation/Sn(IV) ate complex ion-pair (Int5) via TS3. From this intimate ion-pair Int5, the dissociation
of the remained alkoxo ligand can cause the formation of dimeric ethers (C20H32O) and decomposed
Sn(IV) complex (D).

Based on the above rationalization, we have concluded that, although the reaction system
catalyzed by the Lewis acid-assisted Brønsted acid activity of SnCl4·5H2O can produce high-density
fuel candidates from α-pinene, to synthesize dimeric products as only hydrocarbons, the water ligands
must be switched. Instead of them, monodentate alcohols or phenol ligands, which will form alkoxo or
aryloxo ligand after the protonation ofα-pinene, respectively, also should be avoided since these ligands
can furnish undesirable ether products. Therefore, we have considered bidentate 2-alkoxyphenol
ligands such as 2-methoxyphenol (guaiacol) and 2,6-dimethoxyphenol (syringol), given they can
be tightly bonded to the metallic center with their methoxy group even after the protonation of
α-pinene [19–22]. To prove this hypothesis, further study should be followed.

4. Conclusions

To synthesize renewable high-density fuel from monoterpenes, we investigated whether the
catalytic amount of stannic chloride molten salt hydrates (SnCl4·5H2O) can furnish dimeric products
from α-pinene in a solvent-less condition. SnCl4·5H2O would work as a catalyst for the dimerization
of α-pinene under milder conditions than previously reported ones. This conversion was thought to
be promoted by a Lewis acid-assisted Brønsted acidic nature of the coordinated water ligands on the
stannic (Sn(IV)) center. However, we can also observe the unexpected heteroatom-containing products
of which oxygen and chlorine atoms resulted from the decomposition of the catalyst. Considering the
proposed catalytic cycle and the mechanism of the catalyst decomposition, we suggested bidentate
ligands to minimize the above problem.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/21/7517/s1.
Figure S1: GC/FID chromatograms of (A) the neat turpentine used in this study and (B) the reaction mixture
after 1 h of reaction at 100 ◦C. Figure S2: Representative mass spectra of (A) dimeric hydrocarbons, (B) trimeric
hydrocarbons, and (C) oxygen-containing dimeric products.
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Abstract: Environmental issues have prompted the vigorous development of biorefineries that
use agricultural waste and other biomass feedstock as raw materials. However, most current
biorefinery products are cellulosic ethanol. There is an urgent need for biorefineries to expand into
new bioproducts. Isobutanol is an important bulk chemical with properties that are close to gasoline,
making it a very promising biofuel. The use of microorganisms to produce isobutanol has been
extensively studied, but there is still a considerable gap to achieving the industrial production of
isobutanol from biomass. This review summarizes current metabolic engineering strategies that have
been applied to biomass isobutanol production and recent advances in the production of isobutanol
from different biomass feedstocks.

Keywords: isobutanol; biorefinery; metabolic engineering; biomass utilization

1. Introduction

Energy and the environment are two major issues facing the world. Due to climate change and the
demand for renewable transportation fuels, the production of environmentally friendly biofuels has
aroused great interest. Compared with fossil fuels, biofuels are more sustainable and highly renewable,
which has attracted much attention [1–7].

In the past few years, researchers have focused on the production of biofuels from edible crops [8].
This is not a long-term solution. From the perspective of economy and sustainability, the ultimate
goal is to convert low-cost non-edible biomass resources into high-value biofuels and other chemical
products [9–13]. Therefore, people have proposed the biotransformation of lignocellulosic biomass,
most of which is agricultural waste. With the development of biorefinery, the potential industrialization
of lignocellulosic biomass processing to release monosaccharides that can be fermented and converted
into high-value chemicals has become a reality. Cellulosic isobutanol already occupies a place in the
fuel sector [14].

Ethanol has obvious disadvantages compared to fossil fuels, but most current research in
biorefinery is still based on ethanol production. We need to expand the types of chemicals that can be
produced to facilitate further development of biorefinery. Compared with ethanol, most higher alcohols
have lower hygroscopicity, higher energy density, higher octane number, and properties that are closer
to gasoline, so they have a higher compatibility with existing equipment and higher operating safety
factors [15–17]. Isobutanol is an important industrial compound. It is used in lubricants, coatings,
adhesives, automobile spray paint, and as an intermediate for the synthesis of many drugs. In addition,
isobutanol derivatives are widely used in the chemical industry [15]. As a new generation of biofuel,
isobutanol has many advantages (Table 1) and uses [18–20]. Therefore, developing of biorefinery to
produce biomass isobutanol is in line with market needs and sustainable development.
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Table 1. Major characteristics comparison of several common biofuels with gasoline.

Ethanol 1-butanol Isobutanol Gasoline

Lower Heating Value (MJ/kg) 27.0 33.1 33.3 43.5

Flash point (◦C) 13 37 28 −43

Solubility (20 ◦C in water, wt %) Miscible 7.7 8.7 negligible

Boiling temperature (◦C) 78.4 117.7 108 25–215

Vapor toxicity Toxic Moderate Moderate Moderate

Biorefinery involves many steps of biomass treatment, biomass conversion, fermentation, product
purification, fermentation processes, etc. In this article, we discuss the industrial microorganisms used
in biorefinery, review the metabolic engineering strategies of isobutanol production by microorganisms,
and introduce the current situation and developmental prospects of isobutanol production from various
biomass feedstocks.

2. Research on Isobutanol Production

The isobutanol synthesis pathway (Figure 1) starts when pyruvate is converted to 2-ketoisovalerate (KIV)
by acetolactate synthase (AHAS), acetohydroxyacid reductoisomerase (AHARI), and dihydroxyacid
dehydratase (DHAD), respectively. Next, KIV is converted to isobutyraldehyde by the 2-ketoacid
decarboxylase (KIVD), and finally alcohol dehydrogenase (ADH) produces isobutanol (we call the
pathway consisting of these five enzymes the engineered isobutanol pathway below). Microorganisms
that are widely used to biosynthesize isobutanol include Escherichia coli, Corynebacterium glutamicum,
Bacillus subtilis, and Saccharomyces cerevisiae. Most microorganisms do not produce, or only produce
trace amounts of isobutanol on their own. Now several strategies can increase isobutanol production,
such as the overexpression of key enzymes of the isobutanol synthesis pathway, the inhibition of
byproduct production, cofactor engineering, and microbial robustness enhancement. We selected some
representative studies to briefly introduce current microbial isobutanol production strategies.

In 2008, Liao’s group [16] validated the potential of microbes to produce higher alcohols using
E. coli. By introducing KIVD from Lactococcus lactis and ADH from S. cerevisiae, the engineered strain
JCL260 successfully produced isobutanol using glucose as a substrate. Then increasing the pyruvate
and 2-ketoacid concentrations, JCL260 produced 22 g/L of isobutanol, which, at 86% of the theoretical
maximum, demonstrated this strategy’s potential. This is the first time that researchers have used
metabolic engineering strategies to produce isobutanol with microorganisms. The cytotoxicity of
isobutanol causes high concentrations of isobutanol to inhibit cell growth, thus limiting the maximum
titer. Liao’s group [21] further combined an in situ product removal strategy (gas stripping) with
isobutanol production to improve the final titer of isobutanol. The final isobutanol production reached
50 g/L after 72 h of fed-batch fermentation in a bioreactor. They also used the chemical mutagen
N’-nitro-N-nitrosoguanidine (NTG) to induced sequential mutagenesis in E. coli and screened for
a high-yielding isobutanol strain. Repairing an inhibitory mutation resulted in a final isobutanol
titer of 21.2 g/L isobutanol in 99 h [22]. Another factor that limits the isobutanol titer is a cofactor
imbalance. Arnold’s group [23] removed the dependence of the isobutanol synthesis pathway on
NAPDH in E. coli and achieved 100% of the theoretical maximum isobutanol production during growth
in anaerobic conditions.
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Figure 1. Schematic diagram of microorganism isobutanol synthesis pathways. Part (A) shows the
general pathways of isobutanol biosynthesis; Part (B) shows a partial cofactor balancing strategy for
successful optimization of isobutanol synthesis; Part (C) shows the common by-product synthesis
pathways of isobutanol synthesis; and Part (D) shows the sugar metabolism pathway using non-glucose
fermentation to produce isobutanol. The dashed line indicates the source of the precursor substance
for the byproduct; AHAS: Acetolactate synthase; AHARI: Acetohydroxyacid reductoisomerase;
DHAD: Dihydroxyacid dehydratase; KIVD: Keto acid decarboxylase; ADH: Alcohol dehydrogenase;
G6PD: Glucose-6-phosphate dehydrogenase; 6PGD: 6-phosphogluconate dehydrogenase; XR: Xylose
reductase; XDH: Xylitol dehydrogenase; XI: Xylose isomerase; XKS: Xylulokinase; AI: L-arabinose
isomerase; RK: L-Ribulokinase; R5PE: L-Ribulose-5-P-4-epimerase.

C. glutamicum is widely used to produce various amino acids, so some researchers have explored
isobutanol production by C. glutamicum. In 2010, Liao’s group [24] tried to produce isobutanol with
C. glutamicum for the first time. They overexpressed the engineered isobutanol pathway, and on
this basis deleted the PYC gene (encoding pyruvate carboxylase) and LDH gene (encoding lactate
dehydrogenase). This engineered strain they obtained produced 4.9 g/L of isobutanol when fermented
for 96 h. Blombach’s group [25] found that the main byproducts of C. glutamicum during isobutanol
production are lactic and succinate. By knocking out the byproduct synthesis genes, restoring the
redox balance in combination with heterologous expression of transhydrogenase (pntAB from E. coli),
and overexpressing adhA, the final isobutanol titer reached 13 g/L at 48 h. Recently, Inui’s group [26]
has used different promoter combinations to confirm the importance of higher activity of AHAS and
KDC for isobutanol synthesis in C. glutamicum. In combination with a cofactor strategy (altering the
cofactor specificity of AHARI and ADH) and enhanced glycolytic flux strategy (overexpression of
endogenous glycolytic genes and the phosphoenolpyruvate:carbohydrate phosphotransferase system
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(PTS), plus introduction of the Entner–Doudoroff pathway from Zymomonas mobilis), 20.8 g/L isobutanol
was produced at 24 h to reach 84% of the theoretical value.

Wen’s group [27] proved that B. subtilis could be used as a cell factory for isobutanol synthesis
through an isobutanol tolerance test. In 2011, they introduced the engineered isobutanol pathway
into B. subtilis, resulting in strain BSUL03. The concentration of the isobutanol reached 2.63 g/L at
54 h. Next, they performed an elementary mode analysis (EMA) on the engineered strain BSUL03
to identify targets in the metabolic network that could be optimized, lactate dehydrogenase and
pyruvate dehydrogenase complexes. By knocking out the ldh and pdhC genes, they engineered the
strain BSUL05 and obtained an isobutanol titer of 5.5 g/L after 60 h of fermentation [28]. Afterwards,
they performed a metabolic flux analysis and comparison of the two engineered strains. To increase
the concentration of NADPH and achieve a redox balance, the engineered strain BSUL08 was obtained
by knocking out pgi (encoding glucose 6-phosphate isomerase), overexpressing zwf (encoding glucose
6-phosphate dehydrogenase), and further overexpression the transhydrogenase gene (udhA from
E. coli). The production performance was tested with fed-batch fermentation and the isobutanol titer
reached 6.12 g/L at 60 h, which was 63% of the theoretical maximum [29].

S. cerevisiae can produce a small amount of higher alcohols through the biosynthetic pathway
of various amino acids. It also has a natural tolerance to alcohols that is higher than other
microorganisms [30]. In recent years, S. cerevisiae has been widely used to produce higher alcohols.
In 2011, Chen’s group [31] overexpressed of the genes ILV2 (encoding acetolactate synthase),
ILV3 (encoding dihydroxy acid dehydratase), and ILV5 (encoding diacetolactate reductase) to obtain
an isobutanol yield of 3.86 mg/g glucose. This is the first record of S. cerevisiae being used to produce
isobutanol. Based on that, Boles’s group [32] truncated the N-terminal mitochondrial targeting sequence
of the ILVs to achieve expression of ILV2, ILV3, and ILV5 in the cytoplasm, and optimized the codons of
these three genes. They studied the activities of KIVD and ADH and determined that ARO10 and ADH2

were the most active enzymes in the synthesis of isobutanol. The final concentration of isobutanol
produced by the strain they obtained was 0.63 g/L. Then they [33] knocked out the synthesis pathway
of leucine, isoleucine, 2,3-butanediol, glycerol, pantothenate, and isobutyrate, thereby increasing the
carbon flux of the isobutanol metabolism pathway. Here, the isobutanol titer reached 2.09 g/L in 96 h.
Ethanol has always been the largest byproduct of isobutanol production, but the complete removal of
pyruvate decarboxylase activity would also arrest cell growth. Therefore, Avalos’s group [34] designed
two powerful optogenetic gene expression systems in S. cerevisiae. In the presence of light, this system
induces the expression of PDCs and promotes cell growth; in the dark, it induces the expression of
ILV2 to enhance the isobutanol biosynthesis. By controlling light exposure during fermentation, they
could control ethanol production and could increase the isobutanol titer to 8.49 g/L.

3. Biomass Isobutanol Production

3.1. Isobutanol Production from Lignocellulose

Isobutanol is considered a promising alternative to gasoline, and cellulosic isobutanol is becoming
increasingly important in the wave of next-generation biofuels. Extensive research in cellulosic
ethanol [35,36] and cellulosic butanol [37,38] has provided a theoretical basis sufficient for the synthesis
of cellulosic isobutanol. Some researchers have carried out feasibility analyses on the industrial
production of cellulose isobutanol [39,40], confirming the great potential of cellulose isobutanol.
However, few studies focus on the synthesis of isobutanol from lignocellulose biomass (details are
summarized in Table 2).

3.1.1. Cellulosic Isobutanol Produced by Natural Cellulose-Degrading Microorganisms

Degrading cellulose with microorganisms that naturally utilize lignocellulose and convert the
resulting C5 and C6 sugars into isobutanol is the simplest way to obtain cellulosic isobutanol.
To minimize the lignocellulose glycation process and production costs, the consolidated bioprocessing
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(CBP) strategy was developed. The first cellulosic isobutanol was synthesized by introducing the
engineered isobutanol pathway into Clostridium cellulolyticum [41], which utilizes cellulose naturally.
The strain produced a final isobutanol titer of 0.66 g/L. The simple introduction of the isobutanol
synthesis pathway resulted in very low amounts of isobutanol titer, which is not sufficient for industrial
scale production. The inability of C. cellulolyticum to process large amounts of substrate has been
reported [42]. Destroying the ability of C. cellulolyticum to form spores by knocking out the spo0A

gene improved cellulose utilization, but there was little variation in isobutanol titer (even lower
than the wild type when the cellulose substrate reaches 50 g/L) [43]. The biosynthesis of cellulose
isobutanol was also attempted in Geobacillus thermoglucosidasius [44], which produced isobutanol at
0.6 g/L from cellobiose in 60 h. While unsuccessful at producing large volumes of cellulosic isobutanol,
this experiment demonstrated the strong thermal stability of ALAS and KIVD, which are widely used
for isobutanol synthesis.
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Table 2. Summary of microbial utilization of biomass to produce isobutanol.

Microorganism Carbon Source Strategy Genes Involved Titer Time Reactor Reference

Clostridium
cellulolyticum

Cellulose Engineered isobutanol pathway ilvDEC, ilvCEC, yqhDEC, alsSBS,
kivdLL

0.66 g/L 216 h Tube [41]

Cellulose Keto acid pathway
Promoter engineering

∆spo0A,
alsSBS, kivdLL

0.35 g/L ~250 h Unknown [43]

Geobacillus
thermoglucosidasius

Cellobiose Keto acid pathway
Promoter engineering

ilvCGT
alsSBS, kivdLL (LLKF_1386) 0.6 g/L 48 h Tube [44]

Clostridium
thermocellum

Cellulose
Keto acid pathway
Promoter engineering
Optimize fermentation conditions

ilvBCT, ilvNCT, ilvCCT, ilvDCT,
kivdLL

5.4 g/L 75 h Tube [45]

Cellulose Inhibition competition pathway
Adaptive laboratory evolution

∆hpt, ∆ldh, ∆pta,
adhED494G 5.1 g/L 220 h Bioreactor [46]

Trichoderma reesei
and Escherichia coli

Pretreated
corn stover

Random mutagenesis
Engineered isobutanol pathway
Microbial consortium

T. reesei RUTC30:
-
E. coli NV3:
ilvCEC, ilvDEC, alsSBS, kivdLL,
Adh2SC

1.88 g/L 380 h Bioreactor [47]

Caldicellulosiruptor
bescii

Switchgrass Inhibition competition pathway
AOR-ADH pathway

∆ldh
PF0346PF (AOR), Teth514_0564PF
(ADHA)

0.17 g/L 40 h Fermentor [48]

Glucose-xylose
mixture

Dismantle carbon catabolite
repression
Inhibition competition pathway
Engineered isobutanol pathway

∆ldhA, ∆adhE, ∆pflB, ∆pta-ackA,
mlc*,
ilvCEC, ilvDEC, alsSBS, kivdLL,
Adh2SC,

11 g/L 182 h Flask [49]

Cedar

Dismantle carbon catabolite
repression
Inhibition competition pathway
Promoter engineering
Chromosome integration
Optimize fermentation conditions

∆ldhA, ∆adhE, ∆pflB, ∆pta-ackA,
mlc*,
ilvCEC, ilvDEC, alsSBS, kivdLL,
adhALL

3.7 g/L 96 h Flask [49,50]
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Table 2. Cont.

Microorganism Carbon Source Strategy Genes Involved Titer Time Reactor Reference

Saccharomyces
cerevisiae

Xylose Xylose XI pathway
Cytosolic isobutanol pathway

∆Ilv2, ∆Ilv5, ∆Ilv3,
xylACP, Tal1SC, Xks1SC,
Ilv2∆N54SC, Ilv5∆N48SC,
Ilv3∆N19SC,
Aro10SC, Adh2SC

1.36 mg/L 150 h Flask [51]

Xylose

Xylose XI pathway
Chromosome integration
Adaptive laboratory evolution
Mitochondrial isobutanol
pathway
Fed-batch fermentation

∆BAT1, ∆ALD6, ∆PHO13,
∆URA3
RKI1SC, RPE1SC, TKL1SC, TAL1SS,
XYLAPE, XYL3SS,
ILV2SC, ILV5SC, ILV3SC, kivdLL,
AdhARE1

LL

3.1 g/L 192 h Tube [52,53]

Xylose

Xylose XR-XDH pathway
Chromosome integration
Mitochondrial isobutanol
pathway
Copy number optimization
Adaptive laboratory evolution

∆PHO13, ∆GRE3,
hxt7F79S,
XYL1SS, XYL2SS, XYL3SS
ILV2SC, ILV5SC, ILV3SC, ADH7SC,
kivdLL

92.9 mg/
L 144 h Tube [53,54]

Xylose

Xylose XR-XDH pathway
Chromosome integration
Copy number optimization
Mitochondrial isobutanol
pathway
Optimize fermentation conditions
Fed-batch fermentation

∆ALD6, ∆PHO13
XYL1SS, XYL2SS, XYL3SS
ILV2SC, ILV5SC, ILV3SC, kivdLL,
AdhARE1

LL

2.6 g/L Unknown Bioreactor [55,56]

Corynebacterium
glutamicum

Hemicellulose
fraction

Inhibition competition pathway
Xylose XI pathway
Arabinose metabolism pathway
Engineered isobutanol pathway

∆pqo, ∆ilvE, ∆ldhA, ∆mdh,
xylAXC, xylBCG, araBEC, araAEC,
araDEC,
ilvBEC, ilvNEC, ilvCEC, ilvDEC,
pntABEC,
kivdLL, Adh2CG

0.53 g/L ~28 h Flask [57,58]
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Table 2. Cont.

Microorganism Carbon Source Strategy Genes Involved Titer Time Reactor Reference

Cellobiose

Inhibition competition pathway
Copy number optimization
Engineered isobutanol pathway
Cellobiose metabolism pathway

∆adhE, ∆frdBC, ∆fnr, ∆ldhA, ∆pta,
∆pflB,
ilvCEC, ilvDEC, alsSBS, kivdLL,
adhALL,
bglCTF

7.64 g/L 72 h Unknown [59]

Cellobionic Inhibition competition pathway
Engineered isobutanol pathway

∆adhE, ∆frdBC, ∆fnr, ∆ldhA, ∆pta,
∆pflB,
ilvCEC, ilvDEC, alsSBS, kivdLL,
adhALL

1.4 g/L 48 h Unknown [60]

Corynebacterium
crenatum

Duckweed Engineered isobutanol pathway ILV2SC, ILV5SC, ILV3SC, kivdLL,
Adh2SC

1.15 g/L 96 h Flask [61]

Duckweed

Whole-cell mutagenesis
Engineered isobutanol pathway
Simultaneous saccharification
and fermentation

ILV2∗SC, ILV5∗SC, ILV3SC, kivdLL,
Adh6∗SC

5.6 g/L 96 h Flask [62]

Emptyfruit
bunches

Engineered isobutanol pathway
Optimize fermentation conditions
Separate hydrolysis and
fermentation

ilvCEC, ilvDEC, adhPEC,
alsSBS, kivDLL

5.4 g/L 156 h Unknown [62]

Enterobacter
aerogenes

Sugarcane bagasse

Inhibition competition pathway
Engineered isobutanol pathway
Pervaporation-coupled
fermentation

∆ldhA, ∆budA, ∆pflB, ∆ptsG,
ilvDKP, ilvCKP, budBKP,
kivDLL, adhALL

23 g/L 72 h Fermenter [63,64]

Escherichia coli Algal protein
Chemical mutagenesis
Protein conversion
Cofactor engineering

∆glnA, ∆gdhA, ∆luxS, ∆lsrA,
ilvCA71S, R76D, S78D, Q110A,
yqhDG39I, S40R

ilvEEC, ilvAEC, sdabEC, avtaEC,
LueDHTI
ilvDEC, alsSBS, kivDLL

0.2 g/L Unknown Flask [65,66]
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Table 2. Cont.

Microorganism Carbon Source Strategy Genes Involved Titer Time Reactor Reference

E. coli BLF2 and
E. coli AY3
(1:1.5)

Distillers’ grains

Chemical mutagenesis
Protein conversion
Cofactor engineering
Engineered isobutanol pathway
Microbial consortium

E. coli BLF2:
∆ldh
ilvCEC, ilvDEC, YqhDEC, alsSBS,
kivdLL
E. coli AY3:
∆glnA, ∆gdhA, ∆luxS, ∆lsrA,
ilvCA71S, R76D, S78D, Q110A,
yqhDG39I, S40R

ilvEEC, ilvAEC, sdabEC, avtaEC,
LueDHTI
ilvDEC, alsSBS, kivDLL

6.5 g/L 52 h Tube [65,67]

Bacillus subtilis Okara wastes
Activation of ilv-leu
operonInhibition competition
pathwayKeto acid pathway

∆codY, ∆bkdB,
∆relA,LueDHTI,kivDLL, yqhDEC

0.02 g/L Unknown Flask [68]

Bacillus subtilis and
Escherichia coli
(1:4)

Watermelon rind
and
Okara waste

Protein conversion
Engineered isobutanol pathway
Microbial consortium

B. subtilis:
∆codY, ∆bkdB, LueDHTI, kivDLL,
yqhDEC
E. coli:
ilvCEC, ilvDEC, YqhDEC, alsSBS,
kivdLL

0.88 g/L 220 h Flask [69–72]

Note: The abbreviation in the upper left corner of the gene indicates that the gene is a mutation; abbreviations in the lower right corner of genes indicate microorganisms of gene
origin. BS: Bacillus subtilis; CG: Corynebacterium glutamicum; CP: Clostridium phytofermentans; CT: Clostridium thermocellum; EC: Escherichia coli; GT: Geobacillus thermoglucosidasius; KP:
K. pneumoniae KCTC2242; LL: Lactococcus lactis; PE: Piromyces sp. E2; PF: Pyrococcus furiosus; PS: Pichia stipites; SC: Saccharomyces cerevisiae; SS: Scheffersomyces stipitis; TF: Thermobifida fusca;
TI: Thermoactinomycetes intermedius; XC: Xanthomonas campestris.
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The cellulose-utilizing Clostridium thermocellum is considered a promising producer of cellulosic
biofuels, so additional experiments have attempted cellulosic isobutanol synthesis in this bacterial
species [69]. Refinement gene expression systems [70–72] and gene editing techniques [73] have already
been developed for C. thermocellum, and its basic metabolic network has been explored. Introducing
the KIVD into C. thermocellum, optimizing the isobutanol synthesis pathway, and limiting the urea
content of the medium enabled the engineered strain to ferment 5.4 g/L of isobutanol in 75 h [45].
Experiments have also identified a new pathway in C. thermocellum that converts KIV to isobutanol. This
pathway decarboxylates KIV to isobutyryl-CoA with a ketoisovalerate ferrooxide-dependent reductase
(KOR), which is converted to isobutanol by the aldehyde/alcohol dehydrogenase (ADH). Most recently,
Holwerda’s group [46] engineered C. thermocellum by eliminating the acetic and lactic synthesis
pathways and performed adaptive laboratory evolution, resulting in the strain LL1043 that produced
an isobutanol titer of 5.1 g/L. High titer were obtained without optimizing isobutanol synthesis,
suggesting that the production of cellulose isobutanol with C. thermocellum remains a possibility.

Some new studies attempt to apply isobutanol production to other microbes. Lin’s group [47]
designed a microbial consortium that cocultured the cellulose utilizing strain Trichoderma reesei with an
isobutanol-producing strain of E. coli to produce 1.88 g/L of isobutanol from pretreated corn stover.
Another study [48] investigated a new AOR-ADH pathway for alcohol production. This pathway
converts acetate to ethanol via aldehyde ferredoxin oxidoreductase (AOR) and ADH. The cellulolytic
extreme thermophile Caldicellulosiruptor bescii naturally produces acetate. Heterologous expression
of the AOR-ADH pathway in C. bescii, resulted in ethanol synthesis. Isobutanol was synthesized
using switchgrass as a carbon source following isobutyrate supplementation, providing new ideas for
subsequent isobutanol synthesis.

3.1.2. Cellulosic Isobutanol Produced by Non-Native Cellulose-Degrading Microorganisms

Another strategy for obtaining cellulosic isobutanol is to further reform the pre-existing engineered
strains for isobutanol production to utilize lignocellulose or its pretreatment products. E. coli and
S. cerevisiae are the most promising cellulosic isobutanol-producing strains. Two model organisms
have invested considerable research in cellulose utilization, which have been summarized in a
considerable number of reviews [74,75]. They both have significant carbon catabolite repression
and cannot utilize glucose simultaneously with other sugars. Xylose is the most abundant sugar
in lignocellulose aside from glucose, so many efforts have been to construct industrially viable
xylose-utilizing strains. To eliminate carbon catabolite repression, E. coli used UV mutagenized
screened a new target gene [49], Mlc, encoding a DNA-binding transcriptional repressor. A strain with
this mutant Mlc gene outperformed previous research in fermenting isobutanol from mixed glucose
and xylose. Further optimization of the isobutanol synthesis pathway genes expression (ilvC, ilvD,
alsS, kivd and adhA) with the biomass-inducible chromosome-based expression system (BICES) [50],
achieved an isobutanol titer of 3.7 g/L from cedar hydrolysate.

S. cerevisiae cannot convert xylose naturally, but considerable efforts have been made to engineer
a strain of S. cerevisiae that can [76]. There are two types of xylose metabolism (Figure 1D), one
catalyzed by xylose reductase (XR) and xylitol dehydrogenase (XDH), the other by xylose isomerase
(XI). However, the XR-XDH pathway requires the cofactor NADPH that is also in high demand for
isobutanol synthesis, prone to cofactor imbalance. For this reason, the XI pathway is favored for
isobutanol synthesis, but most attempts to express heterologous xylose isomerases in S. cerevisiae

have failed. XylA, a xylose isomerase from Clostridium phytofermentans, was successfully expressed
in S. cerevisiae by Boles’ group [51]. Further, they increased xylose metabolism by overexpressing
Xks1 and Tal1, with the redesigned cytoplasmic isobutanol pathway, it achieved first isobutanol
production by using xylose as the sole carbon source. Stephanopoulos’ group engineered a strain to
produce ethanol from xylose by the introducing xylose isomerase from Piromyces sp. E2 in S. cerevisiae.
Overexpressing RKI1, RPE1, TKL1, TAL1 and XYL3 in this background increased xylose assimilation
and facilitated adaptive laboratory evolution [52]. Boles’ group [53] further optimized the use of
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xylose in this strain by knocking out gene PHO13. With expression of the mitochondrial isobutanol
pathway and inhibition of valine and acetic acid synthesis, the production of isobutanol was 3.1 g/L in
192 h of fed-batch fermentation. These experiments show that xylose promotes mitochondrial activity
significantly more than glucose does and increases with increasing concentrations of xylose. Thus,
the advantages of isobutanol production through the mitochondrial isobutanol pathway from xylose
were demonstrated. Another xylose utilization pathway, the XR-XDH pathway, has also been used to
produce isobutanol. Runguphan’s group [77] determined through combinatorial screening that the
xylose metabolism pathway from Scheffersomyces stipitis is most effective when applied to isobutanol
synthesis. Incorporating the strategies identified in previous studies to enhance xylose conversion and
assimilation (knockout PHO13, GRE3 and overexpression of XYL3) and optimizing the copy number
of isobutanol pathway genes produced 48.4 mg/L of isobutanol within 144 h. Adaptive laboratory
evolution of the resulting engineered strain, and identification of two newly discovered mutation
targets (the CCR4A638S and TIFA79S) to improve xylose utilization [54] increased the xylose ratio growth
rate by 40.6%, but had little impact on isobutanol production. Using the XR-XDH pathway is likely
to cause redox imbalance, and numerous studies have attempted to alleviate the cofactor imbalance
by altering the cofactor specificity of the enzyme [78–80]. Jin’s group [55] adjusted the copy numbers
of three genes (XYL1, XYL2, and XYL3) in S. cerevisiae to improve redox balance and reduce acetate
and xylitol accumulation. These results of evolutionary engineering confirmed the importance of
deleting PHO13 for xylose utilization. The final isobutanol titer was 2.6 g/L when coupled with the
mitochondrial isobutanol pathway [56]. Metabolite analysis of the engineered strain revealed that the
use of xylose increased valine levels in S. cerevisiae, which can be converted by branched-chain amino
acid transaminases into KIV. This once again confirms that xylose promotes isobutanol synthesis.

C. glutamicum is also a promising industrial producer of isobutanol, and it is necessary to develop an
engineered strain that can utilize cellulose. By heterologous expression the xylose XI and the arabinose
metabolic pathways from E. coli, Blombach’s group [57] succeeded in constructing strains that can
rapidly utilize mixed sugars, including glucose. When combined with previous strategies to optimize
isobutanol synthesis [25,58], 0.53 g/L of isobutanol could be produced from hemicellulose fractions.

One way to address the fermentation of mixed sugars containing xylose is to bypass the use of
glucose. Cellobiose is an intermediate product of cellulose hydrolysis to glucose and has no carbon
catabolite repression effects on cells. Mixed sugar fermentation using cellobiose and xylose has
been reported [81,82], but no studies have addressed isobutanol synthesis. Isobutanol production
using cellobiose was attempted based on a previously engineered strain from E. coli. Expression of
β-glucosidase from Thermobifida fusca resulted in an isobutanol production of 7.64 g/L by optimizing
gene copy number [59]. It should be noted that direct transport of cellobiose to intracellular hydrolysis
is required to avoid carbon catabolite repression, and no growth of cells expressing the cytoplasmic
enzyme was observed in this study. Another study [60] tested cellobionic acid, the main product of
cellulose hydrolysis assisted by the use of lytic polysaccharide monooxygenase (LPMO), as a carbon
source for the production of isobutanol. E. coli was found a naturally utilize the cellobionic acid
pathway. A final titer of 1.4 g/L was produced from the cellulose hydrolysate of Neurospora crassa

conversion, thus expanding the available carbon source for cellulosic isobutanol.
Most of the studies described above are based on either industrially produced cellulose or

the monosaccharides obtained from its hydrolysis as substrates, but there is a lack of studies on
the direct use of cellulose or its hydrolysates to produce isobutanol. Depending on the source of
cellulosic biomass, the proportions of cellulose, hemicellulose, and lignin can vary considerably [83].
The hydrolysis products will also be significantly different, depending on how the pretreatment is
metabolized [84]. These hydrolysis products (weak acids, furan derivatives, phenolic compounds,
etc.) toxic to cells and reduce the isobutanol titer. Several experiments have tested the ability of
engineered isobutanol-producing strains designed to ferment the hydrolysis products of cellulosic
biomass. Duckweed [61,85] is a fast-growing non-food crop with few growth requirements that is
very easy to handle. Empty fruit bunches [62] are a large byproduct of palm oil production and
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sugarcane bagasse [63] is a common industrial byproduct. Their pretreated fermentation inhibitor
content is low, as can be concluded from the comparison with glucose fermentation. This resulted
in these biomasses being good carbon source providers. The best isobutanol titer was obtained from
Enterobacter aerogenes [64] use of sugarcane bagasse hydrolysates to produce 23 g/L of isobutanol by
pervaporation-coupled fermentation.

3.2. Isobutanol Production from Protein

Biorefinery is focused on the industrial production of high-value compounds from biomass.
Industrial waste like distillers’ grains and okara waste cannot be integrated into the most existing
strategies due to their primary component, proteins. For the process of protein hydrolysis to amino
acids, some amino acids produce 2-keto acids, which are precursors of isobutanol. Liao’s group [65,86]
has pioneered the use of proteins as feedstock for higher alcohols production. In E. coli, they used
chemical mutagenesis to screen the YH19 strain that can utilize 13 amino acids as a sole carbon source.
The restriction of ammonia assimilation, introduction of three exogenous transamines and deamines
cycles, and knocking out population-sensing genes (luxS and lsrA) generated the strain YH83 [65].
Strain YH83 expresses the engineered isobutanol pathway that used algal protein hydrolysates
to produce higher alcohols. Taking the more severe cofactor imbalance triggered by the use of
protein biomass into consideration, Davis’ group [66] performed cofactor-specific reconstructions of
2,3-dihydroxy isovalerate oxidoreductase (IlvC) and NADPH-dependent isobutanal dehydrogenase
(YqhD) in the YH83 strain to obtain an isobutanol titer of 0.2 g/L from algae protein hydrolysate.
Davis’ group [67] then attempted to utilize both sugars and proteins from biomass by constructing
an E. coli microbial consortium, that is coculturing a proportional mix of strain AY3, which can
produce heteroalcohols from proteins, and strain BL2, which can produce isobutanol from glucose
and xylose. Protein utilization increased from 16.3% to 31.3% in a separate culture at a ratio of 1.5:1.
The fermentation of distillers’ grains hydrolysate under these conditions also resulted in the highest
isobutanol titer of 6.5 g/L, which was higher than the 5.5 g/L achieved with strain BL2 fermentation
alone. The fermentation of other biomass like algal protein hydrolysates was also investigated and the
highest isobutanol titer of 2.38 g/L was achieved when strains AY3 and BL2 were fermented in a 4:1
ratio, demonstrating the industrial potential of this microbial consortium.

Since E. coli does not naturally produce the proteases required to process protein biomass, further
attempts were made in B. subtilis, which secretes proteases that enable growth on polypeptides. Due to
the different genetic backgrounds of E. coli and B. subtilis, a series of experiments were performed to
determine the importance of codY (a global regulator) deletion for inhibiting ammonia assimilation
and improving branched-chain amino acid synthesis. Combined with a strategy of preventing the
degradation of branched-chain amino acid by knocking out the dihydrolipoyl acyltransferase (bkdb) in
the branched-chain 2-keto acid dehydrogenase complex, a final biofuel titer of 0.72 g/L was obtained
from protein biomass [86]. Based on this, Choi’s group [68] knocked out RelA, expressing the regulatory
protein responsible, that recognizes nutritional stress to activate the ilv-leu operon [87] and further
promotes branched-chain amino acids synthesis. Comparing the results of spent coffee grounds and
okara wastes fermentation, the triple deletion strain expressing KIVD and ADH produced almost
no isobutanol with spent coffee grounds hydrolysate as a substrate, while okara wastes hydrolysate
fermented about 0.02 g/L of isobutanol in eight days. The microbial consortium strategy was also
applied to this engineered strain and isobutanol was successfully obtained from the hydrolysates of
watermelon rind and soybean residue by coculturing with E. coli AY3 [88]. The highest isobutanol
titer was 0.88 g/L at an E. coli to Bacillus subtilis ratio of 4:1. From these studies that used proteins to
produce isobutanol, it was found that differences in the source of biomass could lead to large changes
in product ratios, which require further research.
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4. Conclusions

In recent years, researchers have made considerable effort to increase the yield of microbial
biofuel production and continued to explore chemical synthesis from different biomass materials [13].
In addition, some achievements have been made in the production of bioethanol [14,89]. In this paper
we summarized current metabolic engineering strategies applied to biomass isobutanol production
and recent advances in the production of isobutanol from different biomass feedstocks.

It can be seen that in the last decade, there was a significant improvement in the production
of cellulosic isobutanol while the synthesis of isobutanol from protein biomass was demonstrated.
Biomass isobutanol is no longer at the theoretical stage. However, the efforts made in the broader
context of biorefining were not enough. Since isobutanol is a secondary metabolite, controlling the
competing pathway to maximize the conversion of pyruvate to isobutanol is difficult, and removing
the largest competitor, the ethanol pathway, can lead to severe growth defects. Coupled with the
fact that biomass utilization efficiencies are low, the combination of the two problems leads to very
low yields. Efficient inhibition of ethanol synthesis has been accomplished using light-controlled
genetic systems [34], but the in vivo metabolic backgrounds of different microorganisms are very
different, and further investment in research is needed to accomplish an efficient inhibition of the
competing pathways. Another issue is how to enhance the robustness of engineered microorganisms,
as both isobutanol and organics from biomass hydrolysates can cause considerable cellular damage.
This issue includes how to improve the redox imbalance caused by isobutanol production, as it has
been shown an improved redox significantly increases strain isobutanol tolerance [90] or furfural
tolerance [91–93] and thus isobutanol production. Adaptive laboratory evolutionary applications for
tolerance enhancement have obtained some results, with a large number of target genes being identified.
However, the tolerance mechanisms are still opaque for both isobutanol and lignocellulose-derived
microbial inhibitors. Research on the application of tolerance enhancement strategies to biomass
isobutanol production is also quite scarce.

In particular, it should be noted that of all the current studies on the production of isobutanol
from biomass, the highest titers reach 23 g/L by pervaporation-coupled fermentation, while the highest
titers of isobutanol production are currently over 50 g/L due to in situ product removal. The timely
isolation of isobutanol from the medium reduces the inhibitory effect of isobutanol on cells, reduces
cytotoxicity, and significantly enhances the final titer. Fermentation processes also have a considerable
influence on the production of isobutanol, but the existing research on microbial isobutanol synthesis
and product separation [92,93] is weakly linked. This aspect also needs to be strengthened in future
research on microbial isobutanol production. We believe that the synthesis of biomass isobutanol will
make significant progress with the further research on these issues.
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Abstract: With rapidly increased interests in biomass, diverse chemical and biological processes
have been applied for biomass utilization. Fourier transform infrared (FTIR) analysis has been used
for characterizing different types of biomass and their products, including natural and processed
biomass. During biomass treatments, some solvents and/or catalysts can be retained and contaminate
biomass. In addition, contaminants can be generated by the decomposition of biomass components.
Herein, we report FTIR analyses of a series of contaminants, such as various solvents, chemicals,
enzymes, and possibly formed degradation by-products in the biomass conversion process along
with poplar biomass. This information helps to prevent misunderstanding the FTIR analysis results
of the processed biomass.

Keywords: poplar; FTIR; contaminants; by-products

1. Introduction

A proper understanding of biomass characteristics is important for the effective utilization of
biomass. It not only provides natural properties of biomass but also tells the influences of the
applied processes on the biomass structures. Characteristics of biomass have been investigated
in different aspects, including physical, chemical, thermal, mineral, and surface properties. For a
better understanding of biomass and its products, several different analytical approaches have been
developed using diverse analytical techniques such as high-performance liquid chromatography
(HPLC), gas chromatography (GC), gel permeation chromatography (GPC), nuclear magnetic
resonance (NMR), time-of-flight secondary ion mass spectrometry (ToF-SIMS), X-ray, transmission
electron microscopy (TEM), scanning electron microscopy (SEM), differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), and Fourier transform infrared (FTIR) for measuring
carbohydrate contents, identification and quantity of products, molecular weights, structural
information such as linkages and composition, spatial distribution of molecules and chemical structures
on surface, crystallinity, morphological characteristics in nano- and micro-scales, thermal properties
(melting point, glass transition temperature, etc.), functional groups and chemical bonds, and other
important information of biomass and its products and by-products [1–9]. Among these methods,
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FTIR spectroscopy is one of the most widely applied analytical methods to study the functional
groups of biomass by measuring the absorption bands of samples [10]. It provides qualitative
and semi-quantitative information for functional groups of biomass by determining the presence of
fundamental molecular vibrations [11]. Its Fellgett and Jacquinot advantages allow for rapid and ready
characterization compared to many other biomass analysis methods [12]. Moreover, it does not need
any modification and/or deconstruction of biomass; therefore, original properties can be monitored as
the sample is. Despite these advantages, the characterization of biomass using FTIR is still challenged
by overlapping the bands from different biomass components and/or unexpected impurities from the
applied catalysts and solvents. In particular, fingerprint regions are complicated to identify because of
many series of absorptions. For fast and reliable analysis of the substances from different processing,
detection, and identification of possible contaminants are very important.

Lignocellulosic biomass is a heterogeneous matrix. Due to the complicated composition and
structural properties of biomass, single or multi-stage pretreatment/preprocessing is necessary for its
utilization, isolation, and analyses. Various chemicals, such as organic solvents, acids, alkalis, and
inorganic salt solutions have been applied for isolation, pretreatment, conversion, and other reactions
on biomass [13–19]. Biological catalysts, such as enzymes, have also been used in many biomass
conversion processes or characterization methods [20]. Besides, each biomass component could be
decomposed and/or modified under severe process conditions [21]. The presence of these chemicals
and by-products are considered as impurities and could potentially affect their characterization results;
therefore, they should be completely removed after the processes. Unfortunately, these components
are possibly retained on the surface of biomass after these preprocessing and cause misinterpretation
of the targeted biomass structure by their overlapped FTIR spectra. Besides the misreading of the
biomass properties, the detection of contaminants can be used to determine the necessity of biomass
washing step. Although the IR assignments of many chemicals and solvents are available individually,
their actual contaminations are not easily detected due to the spectra of biomass itself. In this study,
poplar biomass was mixed with known chemicals and enzymes, which are potential contaminants,
and their overlapped FTIR spectra in each sample were identified and discussed.

2. Materials and Methods

2.1. Materials

Poplar was harvested in the Oak Ridge National Laboratory in 2008. Prior to the FTIR analysis,
the sample was Wiley-milled and screened to 0.42 mm. Extractives were removed from the original
poplar sample (~10 g) by toluene/ethanol Soxhlet extraction (2:1, v/v, 200 mL) for 8 h followed by 6 h of
water extraction. All chemicals (acetone, ethanol, methanol, tetrahydrofuran, dioxane, toluene, glycerol,
chloroform, pyridine, sulfuric acid, hydrochloric acid, phosphoric acid, acetic acid, sodium hydroxide,
ammonium hydroxide, 1-butyl-3-methylimidazolium chloride, 1-benzyl-3-methylimidazolium
chloride, choline chloride, urea, p-hydroxybenzoic acid, 4-hydroxybenzaldehyde, p-coumaric acid,
hydroxymethylfurfural, and furfural) and enzymes (cellulase and β-glucosidase) used in this study
were purchased from VWR, Sigma-Aldrich, or Fisher Scientific. Deep eutectic solvents (DESs) formed
by combining hydrogen bonding donors (HBDs: urea, p-hydroxybenzoic acid, 4-hydroxybenzaldehyde,
p-coumaric acid) and hydrogen bonding acceptor (HBA: choline chloride) at 80 ◦C prior to the
FTIR analysis.

2.2. Isolation of Cellulose, Hemicellulose, and Lignin

Cellulose, hemicellulose, and lignin were isolated from the extractives-free poplar, as described in
the previous studies [2,22]. In brief, the biomass was delignified using peracetic acid at 25 ◦C with 5%
(wt/wt) solid loading for 24 h. The remaining solid, holocellulose, was air dried for 24 h. Two-step
alkali extraction with 17.5% (wt/wt) and 8.75% (wt/wt) sodium hydroxide was conducted at 25 ◦C for
2 h in each step. The remaining solid fraction was called α-cellulose after being air dried, and the
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liquid fraction was neutralized with anhydrous acetic acid and mixed with ethanol three times to
precipitate hemicellulose.

Cellulolytic enzyme lignin (CEL) was separated from the poplar samples. The extractives-free
poplar was ball-milled using Retsch PM 100 at 600 rpm for 2 h. The ball-milled sample was hydrolyzed
at 50 ◦C with the CTec2 enzyme in acetate buffer solution (pH 4.8) for 48 h twice. The residual solid
was extracted with 96% dioxane for 48 h. The dioxane-extracted fraction was recovered at 40 ◦C by
rotary evaporation and freeze drying and used for further analysis.

2.3. Fourier Transform Infrared (FTIR) Analysis

To observe the FTIR spectra of contaminants from the spectra of biomass clearly, about 30–50 µL of
contaminant was loaded to 0.3 g of extractives-free poplar in 20 mL glass vial and mixed by vortexing
prior to the analysis. The prepared DESs were loaded to biomass and physically mixed using a glass
rod due to their relatively high viscosity. FTIR analysis was conducted using the Spectrum One FTIR
spectrometer (PerkinElmer, Wellesley, MA, USA) equipped with a universal attenuated total reflection
(ATR) accessory. ATR-FTIR spectra between 4000 and 600 cm−1 were measured at a 4 cm−1 resolution
and averaging 16 scans per sample.

3. Results and Discussion

3.1. Major Components of Biomass

Cellulose, hemicellulose, and lignin are three main components in lignocellulosic biomass. Table 1
and Figure 1 present the FTIR band assignments and spectra of poplar and its major components
isolated from the same biomass. Prior to the analysis, other extractives in the poplar sample were
removed by two-step extraction: 8 h toluene/ethanol Soxhlet-extraction followed by 6 h water
extraction. Isolated cellulose, hemicellulose, and lignin were analyzed using FTIR and compared with
the extractives-free poplar. The assignment of each band was identified according to the previous
studies [23–31].

Table 1. Fourier transform infrared (FTIR) band assignments of poplar and its major components:
cellulose, hemicellulose, and lignin [23–31].

Wavenumber [cm−1] Assignment Components

1 3367 O-H stretching Cellulose, Hemicellulose, Lignin
2 2914 C-H stretching Cellulose, Hemicellulose, Lignin
3 1745 C=O stretching Hemicellulose, Lignin
4 1618 Aromatic skeletal vibration, C=O stretching, adsorbed O-H Hemicellulose, Lignin
5 1508 C=C-C aromatic ring stretching and vibration Lignin
6 1457 C-H deformation (in methyl and methylene) Lignin

7 1424 Symmetric CH2 bending vibration, symmetric stretching band
of carboxyl group, C-H deformation Cellulose, Hemicellulose, Lignin

8 1370 C-H bending, C-H stretching in CH3 Cellulose, Hemicellulose, Lignin
9 1317 CH2 wagging, C-O stretching of C5 substituted aromatic units Cellulose, Hemicellulose, Lignin

10 1235 C-O stretching of guaiacyl unit Lignin
11 1160 C-O-C stretching Cellulose, Hemicellulose
12 1108 Aromatic C-H in plane deformation Lignin
13 1053 C-OH stretching vibration, C-O deformation Cellulose, Hemicellulose, Lignin
14 1032 C-O stretching, aromatic C-H in plane deformation Cellulose, Lignin
15 896 C-O-C stretching Cellulose, hemicellulose
16 846 Aromatic C-H out of plane bending Lignin
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Figure 1. FTIR spectra of poplar and its major components: cellulose, hemicellulose, and lignin.
(Note: The assignments of the numbered bands in the figure are described in Table 1).

The IR spectra of poplar and its components showed strong O-H stretching and C-H stretching
absorptions at 3367 and 2914 cm−1, respectively. These two strong absorptions are because all three
major components in biomass (cellulose, hemicellulose, and lignin) have hydroxy groups and many
C-H bonds in their structures. The absorption at 1745 cm−1 was due to C=O stretching in hemicellulose
and lignin. The absorption at 1618 cm−1 represented asymmetric stretching band of the carboxyl group
of glucuronic acid in hemicellulose and C=O stretching in conjugated carbonyl of lignin. The band at
1650 cm−1 in the IR spectrum of cellulose was possibly caused by adsorbed H2O. Higher absorption at
3367 cm−1 was also observed because of the moisture content in the biomass. In addition, the bands
due to symmetric CH2 bending vibration in cellulose, carboxyl vibration in glucuronic acid with xylan,
and C-H in plane deformation with aromatic ring stretching in lignin were observed at 1424 cm−1.
The IR absorption bands at 1582 and 1508 cm−1 assigned to aromatic ring stretching and vibration
(C=C-C) in lignin. The band at 1457 cm−1 was observed in lignin due to its C-H deformation in
methyl and methylene. The C-H bending in cellulose, hemicellulose, and lignin (aliphatic C-H
stretching in methyl and phenolic alcohol) was observed at 1370 cm−1. The CH2 wagging in cellulose
and hemicellulose and the C-O stretching of C5 substituted aromatic units, such as syringyl and
condensed guaiacyl units, were assigned at 1317 cm−1. Similarly, the C-O stretching of guaiacyl unit
in lignin was assigned at 1235 cm−1. The bands at 1160 and 896 cm−1 arise from C-O-C stretching
at the β-(1→4)-glycosidic linkages in cellulose and hemicellulose. The absorption at 1108 cm−1 was
associated with aromatic C-H in plane deformation for the syringyl unit. The band at 1053 cm−1 was
assigned to the C-OH stretching vibration of cellulose and hemicellulose. Moreover, this band was
for C-O deformation in secondary alcohols and aliphatic ethers. The C-O stretching of cellulose and
primary alcohols and C-H in plane deformation for guaiacyl unit exhibited at 1032 cm−1. Aromatic
C-H out of plane bending in lignin was presented at 846 cm−1. Although several FTIR bands of
different biomass components were overlapped, the IR spectra of samples still provide important clues,
including changes of chemical composition, functionalization, and other transformation of biomass for
understanding the applied biomass processing.

3.2. Commonly Used Pretreatment and Preprocessing Solvents

Table 2 and Figure S1 show the band assignment for common biomass processing solvents.
Water is the most common solution in biomass analysis and the conversion processes. It also exists
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in the air, and a certain amount can be accumulated in biomass during its storing and processing.
The existence of water in biomass remarkably increased the bands at 3354 and 1653 cm−1 because of
its O-H stretching and O-H-O scissors bending, respectively [32]. Acetone, ethanol, and methanol
are common organic solvents for the diverse pre- and post-processing of biomass, and they are also
produced from biomass [33]. Acetone contamination on poplar was observed at 3005, 2908, 1713,
1431, 1364, and 1222 cm−1 representing its CH3 degenerated stretching, CH3 symmetrical stretching,
C=O stretching, CH3 degenerated deformation, CH3 symmetrical deforming, and C-C stretching,
respectively [34]. A decrease in the bands at 3354 and 1653 cm−1 is possibly due to the displacement of
water in biomass by acetone. The spectra of ethanol impurity were shown at 3350, 2980, and 1056 cm−1

for O-H stretching, C-H stretching, and C-O stretching, and those of methanol were at 3352, 2952, 2879,
1465, 1450, 1336, 1053 and 1026 cm−1 for O-H stretching, C-H stretching (asymmetric), C-H stretching
(symmetric), C-H bending (asymmetric), C-H bending (symmetric), O-H bending, CH3 rocking,
and C-O stretching, respectively [34–36]. Besides these chemicals, tetrahydrofuran (THF), dioxane,
toluene, glycerol, pyridine, and chloroform are well-known solvents for diverse biomass pretreatment,
isolation/purification, and analyses [1,3,19,37]. In addition, some chemicals, such as toluene, can be
produced from biomass components [38]. The assignments of these impurities were assigned according
to the previous studies. Contamination of poplar by THF appeared at 2977 and 2875 cm−1 for its
C-H stretching, 1063 cm−1 for ring deformation, and 912 cm−1 for CH2 twisting [39]. The bands
of dioxane were observed at 2960, 2890, 1457, 1322, 1255, 1119, 1057, 889 and 872 cm−1 to show its
equatorial (higher frequency) C-H stretching, axial (lower frequency) C-H stretching, symmetric CH2

deformation, CH2 wagging, CH2 twisting, C-O-C symmetric stretching, ring trigonal deformation,
C-C stretching, and C-O-C stretching, respectively [40]. The addition of toluene on poplar caused three
bands including 3069 cm−1 for C-H stretching, 1497 cm−1 for C-C stretching, and 728 cm−1 for C-H out
of plane bending [41]. Glycerol on poplar had the bands for O-H stretching at 3341 cm−1, C-H stretching
at 2948 and 2897 cm−1, C-H deformation of secondary alcohol at 1333 and 1239 cm−1, C-O stretching
of primary alcohol at 1034 cm−1, and O-H bending at 923 cm−1 [42,43]. Chloroform contaminants
also showed at 1220 and 755 cm−1 for C-H bending and CCl3 stretching [34]. Pyridine contamination
resulted in additional bands for C-H stretching at 3036 cm−1, C-C bonding at 1583 cm−1, C-N stretching
at1485 cm−1, C-H in plane wagging at 1438 cm−1, symmetric C-H wagging at 1203 cm−1, C-H wagging
at 1069 cm−1, C-C in plane wagging at 1032 cm−1, C-H out of plane bending at 750 and 693 cm−1 [44,45].
The intensities of the bands at 3353 and 1653 cm−1 decreased with the contaminants that do not
contain OH groups such as acetone, THF, dioxane, toluene, chloroform, and pyridine due to the
displacement of moisture in biomass by these solvents. On the other hand, the intensity increased with
the contaminants having OH groups such as water, ethanol, methanol, and glycerol.

Table 2. FTIR band assignments of common biomass processing solvents on poplar [32–45].

Contaminants Wavenumber [cm−1] Assignments

Water
3354 O-H stretching
1653 O-H-O scissors bending

Acetone

3005 CH3 stretching
2908 CH3 stretching
1713 C=O stretching
1431 CH3 deforming
1364 CH3 deforming
1222 C-C stretching

Ethanol
3350 O-H stretching
2980 C-H stretching
1056 C-O stretching
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Table 2. Cont.

Contaminants Wavenumber [cm−1] Assignments

Methanol

3352 O-H stretching
2952 C-H asymmetric stretching
2879 C-H symmetric stretching
1465 C-H asymmetric bending
1450 C-H symmetric bending
1336 O-H bending
1068 CH3 rocking
1026 C-O stretching

Tetrahydrofuran

2977 C-H stretching
2875 C-H stretching
1063 Ring deformation
912 CH2 twisting

Toluene
3069 C-H stretching
1497 C-C stretching
728 C-H out of plane bending

Dioxane

2960 C-H stretching
2890 C-H stretching
1457 Symmetric CH2 deformation
1322 CH2 wagging
1255 CH2 twisting
1119 C-O-C symmetric stretching
1057 Ring trigonal deformation
889 C-C stretching
872 C-O-C stretching

Glycerol

3341 O-H bending
2948 C-H stretching
2897 C-H stretching
1333 C-H deformation
1239 C-H deformation
1034 C-O stretching
923 O-H bending

Chloroform
1220 C-H bending
755 CCl3 stretching

Pyridine

3036 C-H stretching
1583 C-C bonding
1485 C-N stretching
1438 C-H in plane wagging
1203 Symmetric C-H wagging
1069 C-H wagging
1032 C-C in plane wagging

750/693 C-H out of plane bending

3.3. Acids and Alkalis

Sulfuric acid, hydrochloric acid, acetic acid, phosphoric acid, ammonium hydroxide, and sodium
hydroxide on the poplar sample were observed. As Table 3 and Figure S2 present, most acids on poplar,
including sulfuric acid, hydrochloric acid, and phosphoric acid, commonly had the bands at 3370
and 1660 cm−1 to represent O-H bonding and O-H-O scissors bending, respectively, because of water
content. The contamination bands from sulfuric acid in the literature at 1362 and 750 cm−1 for S=O
(1362 cm−1) and S-O stretching (750 cm−1) were not clearly appeared in this study [46]. A relatively
low concentration of sulfuric acid (4%) could be the reason for weak intensities of the contaminant.
Hydrochloric acid showed H-Cl stretching at 2942 cm−1, while phosphoric acid had a P-OH bond
and P=O stretching at 2904 and 1161 cm−1, respectively [34,47,48]. Acetic acid bands appeared at
3351, 2916, 1706, 1427, 1234, and 1031 cm−1 to indicate its O-H stretching, symmetric CH3 stretching,
C=O stretching, CH3 deformation, O-H bending and CH3 rocking, respectively [34]. Sodium hydroxide
had the bands caused by water at 3360 and 1660 cm−1, but there were no other clear contamination
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bands observed. Similarly, ammonium hydroxide had the IR bands at 3350 and 1660 cm−1 from both
water and NH3 content but N-H stretching of NH4

+ also appeared at 2914 cm−1. Previous study
also said that adsorption of ammonia increased the overall polarity and resulted in the absorbance of
several bands (e.g., 1115 and 1036 cm−1 in this study) not from the N-H vibrations [49].

Table 3. FTIR band assignments of acids and alkalis contaminants on poplar [34,46–49].

Contaminants Wavenumber [cm−1] Assignments

Sulfuric acid

3370 O-H stretching
1660 O-H-O scissors bending
1362 S=O stretching
750 S-O stretching

Hydrochloric acid
3370 O-H stretching
2905 H-Cl stretching
1660 O-H-O scissors bending

Phosphoric acid

3370 O-H stretching
2905 P-OH bond
1660 O-H-O scissors bending
1161 P=O stretching
1031 P=O stretching

Acetic acid

3351 O-H stretching
2916 Symmetric CH3 stretching
1706 C=O stretching
1427 CH3 deformation
1234 O-H bending
1031 CH3 rocking

Ammonium hydroxide
3350 N-H stretching & O-H stretching
2914 N-H stretching
1660 O-H-O scissors bending

3.4. Ionic Liquids

Besides the aforementioned chemicals, FTIR spectra and the band assignments of ionic liquids,
enzymes, and biomass-derived chemicals on poplar are presented in Table 4 and Figures S3–S5.
The bands from 1-butyl-3-methylimidazolium chloride contaminant were observed at 3341, 1658,
and 1604 cm−1 representing the formation of quaternary amine salt formation with chlorine,
C=C stretching, and C=N stretching, respectively. However, the band at 835 cm−1 representing
C-N stretching vibration was not clearly observed [50]. The bands from 1-benzyl-3-methylimidazolium
chloride were 2961, 1574, 765, and 633 cm−1 from C-H stretching, C-C stretching of ring vibration,
and C-N/C-Cl in-plane bending, respectively [51]. Moreover, two bands at 1383 and 1176 cm−1 were
observed; however, further study is needed to identify them.

Table 4. FTIR band assignments of ionic liquids, enzymes, and biomass-derived chemicals on poplar
[49–65].

Contaminants Wavenumber [cm−1] Assignments

1-Butyl-3-methylimidazolium chloride
3341 Quaternary amine salt formation
1658 C=C stretching
1604 C=N stretching

1-Benzyl-3-methylimidazolium chloride
2961 C-H stretching
1574 C-C stretching ring vibration
633 C-N/C-Cl in-plane bending
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Table 4. Cont.

Contaminants Wavenumber [cm−1] Assignments

ChCl-Urea

3435 NH2 asymmetric stretching
3340 NH2 symmetric stretching
1669 NH2 bending vibration
1597 OH bending vibration
1474 CH3 rocking
1152 C-N stretching
1062 CH2 rocking
961 Asymmetric stretching of COO
790 C=O bonding

ChCl–PHA

3180 O-H stretching
1681 C=O stretching
1581 Asymmetric stretching of COO
1282 C-O stretching vibration
1082 C-O stretching
953 C-N stretching
861 CH2 rocking vibrations
838 Aromatic C-H out-of-plane bending
786 C–C stretching

ChCl–PB

3122 The stretching vibration of the phenolic O-H
1667 The stretching vibration of carbonyl group
1272 Methylene
1030 C-H binding

ChCl-PCA

3126 Bending vibration of –NH2
1675 C=O stretch of carboxylic acid
1606 C=C stretching
1160 C-OH stretching
848 C-H stretching
771 Stretching of the -OH group

Cellulase

3353 N-H stretching & O-H stretching
2942 C-H stretching (asymmetric)
2900 C-H stretching (symmetric)
1642 NH2 scissoring & C=N vibration
1334 C-N stretching
1036 C-N stretching

β-glucosidase

3351 N-H stretching
1646 N-H bonding & C=O stretching
1432 N-H stretching
620 N-H out of plane bending

HMF
3364 O-H stretching
1661 Carbonyl stretching
1561 C=C stretching (furan ring)

Furfural

3134 C-H stretching
2859 C-H vibration of aldehyde group
1671 C=O in conjugated carbonyl group
1465 C=C stretching of furan ring

1276/1021 C-O stretching vibration
928/884/755 C-H bending out of plane peaks

The bands of choline chloride-urea, which is a well-known DES, were at 3435 and 3340 cm−1,
which ascribed to the stretching of –NH2 (asymmetric and symmetric), 1669 cm−1 for the bending
vibration of –NH2, 1597 cm−1 for bending vibration of -OH possibly due to the existence of
water, 1474 cm−1 for CH3 rocking, 1152 cm−1 for asymmetric C-N stretching, 1062 cm−1 for
CH2 rocking, 961 cm−1 for asymmetric stretching of CCO from choline structure and 790 cm−1

from C=O bonding [52,53]. Three lignin-based DESs, choline chloride–p-hydroxybenzoic acid
(PHA), choline chloride–4-hydroxybenzaldehyde (PB), and choline chloride–p-coumaric acid (PCA),
were mixed with poplar sample to observe the possible contamination bands. The bands of choline
chloride–PHA were observed at 3180 cm−1 for O-H stretching, 1681 cm−1 for C=O stretching, 1581 cm−1

for the asymmetric stretch of COO vibrations, 1282 cm−1 for C-O stretching vibration, 1082 cm−1 for C-O
stretching, 953 cm−1 for C-N stretching, 861 cm−1 for CH2 rocking vibrations, 838 cm−1 for aromatic C-H
out-of-plane bending, 786 cm−1 for C–C stretching [54,55]. The bands from choline chloride–PB were

88



Appl. Sci. 2020, 10, 4345

observed at 3122 cm−1 for the stretching vibration of the phenolic O-H group exhibiting intermolecular
hydrogen bonding, 1667 cm−1 for the stretching vibration of carbonyl group, 1272 cm−1 for the
methylene, 1030 cm−1 for C-H binding vibration [56]. The bands from choline chloride—PCA DES
were observed at 3126 cm−1, 1675 cm−1, 1606 cm−1, 1160 cm−1, 848 cm−1 from bending vibration of
–NH2, C=O stretch of carboxylic acid, C=C stretching, C-OH stretching, C-H stretching and 771cm−1

from stretching of the -OH group on the second carbon of the choline chloride [57–59].

3.5. Enzymes

Enzymes such as cellulase and β-glucosidase break polysaccharides in biomass to fermentable
sugars. The bands at 3353, 2942, 2900, 1642, 1334, and 1036 cm−1 were observed from cellulase
(Table 4 and Figure S4). The bands at 3353, 2942, and 2900 cm−1 were from N-H/O-H stretching
and the C-H stretching (asymmetric and symmetric) of cellulase. The bands at 1642, 1432, 1334, and
1036 cm−1 were possibly from NH2 scissoring, C-C stretching, C-N stretching, and C-O stretching,
respectively [60–62]. β-glucosidase also showed similar bands at 3351, 1646, 1432, and 620 cm−1, which
represented N-H stretching, N-H bonding and C=O stretching, N-H bending, and N-H out of plane
bending, respectively [63].

3.6. Biomass-Derived Chemicals

Biomass can be contaminated by its decomposed fractions. For instance, furan-based chemicals
such as furfural and hydroxymethylfurfural can be produced through the dehydration of hexoses and
pentoses in biomass. As Figure S5 presents, HMF contamination showed at 3364, 1661, and 1561 cm−1

from O-H stretching, C=O stretching (carbonyl), and C=C stretching of furan ring, respectively [64].
Furfural also showed bands at 3134 cm−1 from C-H stretching of furan ring, at 2859 cm−1 from the C-H
vibration of aldehyde group, 1671 cm−1 from C=O in the conjugated carbonyl group, 1465 cm−1 from
C=C stretching of furan ring, 1276 and 1021 cm−1 from C-O stretching vibration, 928, 884, and 755 cm−1

from C-H bending out of plane peaks [65,66].

4. Conclusions

The identification of contaminants on the biomass surface after preprocessing is important to avoid
the unwanted misleading of analysis data. This study investigated and discussed diagnostic FTIR
bands from 26 potential chemicals, including organic solvents, acids and alkalis, ionic liquids, enzymes,
and biomass-derived components through diverse biomass preprocessing. The observation of these
contaminants will improve the FTIR analysis with diverse biomass and bioproducts in the biorefinery.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/12/4345/s1,
Figure S1: FTIR spectra of preprocessing solvent contaminants on poplar, Figure S2: FTIR spectra of preprocessing
acid and alkaline contaminants on poplar, Figure S3: FTIR spectra of ionic liquid contaminants on poplar,
Figure S4: FTIR spectra of enzyme contaminants on poplar, Figure S5: FTIR spectra of biomass-derived chemical
contaminants on poplar.
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Featured Application: Drying causes irreversible structural changes in cellulose and the changes

are intimately associated with porosity, including pore volume and surface area. These changes

must be considered for the application of cellulose in high value industry such as sustainable

polymers that use cellulose nanofiber and sustainable sugar production.

Abstract: The effect of drying on the enzymatic hydrolysis of cellulose was determined by analysis of
porosity and crystallinity. Fiber hornification induced by drying produced an irreversible reduction
in pore volume due to shrinkage and pore collapse, and the decrease in porosity inhibited enzymatic
hydrolysis. The drying effect index (DEI) was defined as the difference in enzymatic digestibility
between oven- and never-dried pulp, and it was determined that more enzymes caused a higher
DEI at the initial stage of enzymatic hydrolysis and the highest DEI was also observed at the earlier
stages with higher enzyme dosage. However, there was no significant difference in the DEI with
less enzymes because cellulose conversion to sugars during hydrolysis did not enhance enzymatic
hydrolysis due to the decrease in enzyme activity. The water retention value (WRV) and Simons’
staining were used to measure pore volume and to investigate the cause of the decrease in enzymatic
hydrolysis. A decrease in enzyme accessibility induced by the collapse of enzymes’ accessible larger
pores was determined and this decreased the enzymatic hydrolysis. However, drying once did not
cause any irreversible change in the crystalline structure, thus it seems there is no correlation between
enzymatic digestibility and crystalline structure.

Keywords: drying effect; cellulose; enzymatic hydrolysis; hornification; porosity

1. Introduction

Biorefinery platforms using biomass have been studied widely in recent years because of their
low carbon footprint [1]. The U.S. Department of Energy (DOE) announced the top 12 platform
chemicals that can be produced from biomass and that it would consider the market and potential
application of these in industry [2,3]. Most of the platform chemicals can be produced from sugars,
which indicates that low cost sugar production from biomass is important to achieve a low carbon
footprint [4]. Lignocellulosic biomass has been suggested as the feedstock for sustainable sugar
production and various conversion processes including pretreatment and saccharification have been
studied to facilitate effective sugar production from lignocellulosic biomass [5–7].

Sustainable sugar is mainly produced by enzymatic saccharification and pretreatment must be
performed to improve enzyme accessibility to cellulose [8,9]. The pretreatment exposes cellulose
by partial removal of hemicellulose and lignin, and it facilitates enzyme access to cellulose. After
pretreatment, the exposed cellulose is likely to be partially dried and the cellulose drying affects its

95



Appl. Sci. 2020, 10, 5545

enzymatic digestibility [10]. Once cellulose has been dried, the dimensions of the cellulose are changed
due to the collapse of pores and shrinkage of the internal volume [11,12]. The structural change stiffens
the cellulose via a process known as “hornification” [13].

The process of hornification is frequently explained as irreversible, or partially irreversible
hydrogen bonding upon drying or water removal [14] due to the aggregation of the cellulose
chains [15]. The cellulose chains are aggregated due to the removal of water by heating and then they
are not able to fully open up to the next exposure to water [16]. The aggregation may collapse the pore
structure, and thus a decrease in pore volume and surface area can be expected [12,17]. Crystallinity in
cellulose fiber has been considered as one of the major properties altered by the aggregation [18]. It was
reported that several cycles of drying and rewetting caused irreversible change in crystalline structure,
which could not be recovered due to the growth of crystalline domains through co-crystallization [19].
However, no change in crystalline index by the recycling of paper has been reported [20].

It has been reported that pore volume is significantly decreased by the process of repetitive drying
and rewetting. Repetitive recycling of delignified and alkali-extracted pulp was carried out by rewetting
and drying, and it decreased the Brunauer–Emmett–Teller (BET) surface area and pore volume of
cellulose, as measured by the water retention value (WRV). In a five-times recycling procedure, the
BET surface area and the WRV decreased by 22.9% and 35.9%, respectively, compared with non-dried
and rewet pulp [17].

In addition, in previous studies on the effect of drying, it was reported that hornification induced
by drying affects enzymatic hydrolysis [21,22]. The enzymatic digestibility of dried substrate was
significantly lower than that of never-dried substrate, and the reduction in enzymatic conversion was
caused by a decrease in pore volume, which can be evaluated by WRV [22]. Hornification induced by
drying caused the collapse of larger pores while increasing the number of smaller pores, which are not
accessible to enzymes [21]. This suggests that the collapse or closure of larger pores could be a primary
reason for a reduction in enzyme accessibility to cellulose, given the size of the cellulase core.

Although numerous studies have been performed to investigate the drying effect on enzymatic
hydrolysis [23], little research on the effect with regard to enzyme dosage and the kinetics of hydrolysis
has been performed. This study aims to investigate the drying effect on enzymatic hydrolysis at different
enzyme dosages to determine the hydrolysis kinetics and the limitation of enzymatic digestibility. In
addition, several properties of the cellulose structure including porosity, enzyme accessible surface
area, and crystallinity were determined to investigate their effect on enzymatic hydrolysis.

2. Materials and Methods

2.1. Sample Preparation

A fully bleached and never-dried hardwood pulp was obtained from a mill in the southeast of
the United States and used in this study. The pulp was washed thoroughly with plenty of tap water.
Handsheets were made using the washed pulp to prevent the formation of fiber flocks, which might
affect the enzymatic digestibility of pulp due to their effect on the enzyme-accessible surface area. It has
been reported that fiber bundles in a wet state can easily form very strong fiber flocks of varying size
upon drying due to inter- and intra-fiber hydrogen bonding [22]. The washed hardwood pulp, which
weighed about 2.0 g was disintegrated in a standard disintegrator (Lorentzen & Wettre, Kista, Sweden)
for 5 min with 5% solid consistency at room temperature and then diluted to 1% solid consistency with
deionized water. The diluted pulp suspension was used to make handsheets according to the TAPPI
Standard method, T205 sp-95 [24] using a standard laboratory handsheet mold. The weight was 2.0 g
per sheet (based on the oven-dried weight) and the handsheets were stored in a cold room at 4 ◦C
using a plastic bag to prevent biological decomposition and drying.
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2.2. Compositional Analysis

The compositional analysis of the pulp was performed according to NREL (National Renewable
Energy Laboratory) Standard Procedures [25]. Sulfuric acid hydrolysis w performed in two stages
with 72% and 4% of sulfuric acid. First, the pulp was hydrolyzed with 72% of sulfuric acid at 30 ◦C
for 1 hr and then the acid was diluted to 4% for the second hydrolysis at 121 ◦C for 1 hr. After two
stages of sulfuric acid hydrolysis, the hydrolysate from the pulp was filtrated by a 0.2 µm Milipore
filter and analyzed by high-performance liquid chromatography (Agilent 1200; Agilent Technologies,
Palo Alto, CA, USA) to measure the amount of structural sugars. The sugars were separated with a
Shodex SP0810 column at a temperature of 80 ◦C with a flow rate of 0.5 mL/min using deionized water
as an eluent. A refractive index detector was used to quantify the arabinose, galactose, glucose, xylose,
and mannose in the hydrolysates. The chemical composition of the pulp is shown in Table 1.

Table 1. Chemical composition of the bleached hardwood pulp.

Carbohydrates Lignin
Ash Total Mass Balance (%)

Glu Xyl Gal Ara Man Total KL ASL Total

79.5 16.4 ND ND ND 95.9 0.4 0.5 0.9 0.3 97.1

All values were calculated based on the oven-dried weight of pulp; Glu: glucan; Xyl: xylan; Man: mannan; Gal:
galactan; Ara: arabinan; KL: Klason lignin; ASL: acid soluble lignin; ND: not detected.

2.3. Drying and Rewetting of the Pulp

The handsheets were subject to drying and rewet to induce fiber hornification. Two different
drying methods, oven and freeze drying, were applied to determine the drying effect on enzymatic
hydrolysis. Oven drying of the handsheets was conducted in a drying oven at 105 ◦C for 24 h and freeze
drying was conducted at −40 ◦C in a freeze dryer for 48 h. After each drying, the dried handsheets
were stored in plastic bags for enzymatic hydrolysis and analysis of those properties. Rewetting
the dried pulp was performed by disintegration for 5 min at 5% of consistency and then the water
was drained out by centrifuge. Rewetted pulp fibers were also stored in a plastic bag and used for
enzymatic hydrolysis and analysis of those properties.

2.4. Enzymatic Hydrolysis

Commercial cellulase including β-glucosidase (C-tec2) and a xylanase (H-tec2) provided by
Novozymes (Franklinton, NC, USA), were used for enzymatic hydrolysis. Cellulase dosages of 4, 10
and 20 FPU per g of pulp (5.2, 13.3 and 26.7 enzyme protein mg per g of pulp) and a ninth of the
xylanase were used to determine the drying effect depending on enzyme dosage. Enzymatic hydrolysis
was performed in 20 mL of 100 mM acetate buffer (pH 5.0) at a 5% (w/v) solids loading. The substrates
and enzymes were incubated in a shaker at 50 ◦C and 180 rpm for 120 h. The enzymatic digestibility
was determined in duplicate by the amount of sugars released during enzymatic hydrolysis based on
the amount of structural sugars in the original pulp. The amount of released sugars in the enzymatic
hydrolysate was quantified by the HPLC (high pressure liquid chromatography) [26].

2.5. Analysis of Pulp Properties

2.5.1. Porosity by Water Retention Value and Simons’ Staining Method

When pulp fibers are dried, internal fiber volume shrinks [11] and the shrinkage prevents the
accurate measurement of porosity due to the pore collapse caused by drying. Thus, the measurement
needs to be done in a wet state [27] and two independent methods, water retention value (WRV) and
Simon’s staining method were selected to evaluate the porosity of pulp in wet state.

The WRV has been used to estimate the fiber saturation point, which correlates to the amount of
water in the cell wall pores or the volume of pores, and it has been found that the drying effect induced
by fiber hornification is reflected in a reduction in the WRV [22]. The WRV was determined using the
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TAPPI Useful method with a centrifugal force (Eppendorf North America, Hauppauge, NY, USA) of
900 rcf (2400 rpm) for 30 min [28]. The centrifuged wet pulp was first weighed and then oven dried at
105 ◦C overnight. The WRV was calculated by the percentage of water retained in the dried pulp, i.e.,

WRV (%) = [(Wwet-Wdried)/Wdried] * 100 (1)

in which:

• Wwet: weight of wet pulp
• Wdried: weight of dried pulp

In addition to the WRV, the Simon’s staining method was performed to analyze the porosity,
including the enzyme accessible surface area of the pulp, depending on the drying method. For the
Simons’ staining method, the 1:1 staining method were used in this study [29]. Blue dye (DB) and
orange dye (DO) were dissolved in nanopure water for the preparation of each dye solution and
the final concentrations of DB and DO were 1% (w/v), respectively. For the orange dye, only higher
molecular fractions were used after the fractionation. The dye solution was then prepared with 1 mL of
the DB solution, 1 mL of the DO solution, 10 mL of 10% (w/v) NaCl and 70 mL of nanopure water. For
staining, a 25 mg of sample (dry weight) in the dye solution was incubated in a 75 ◦C shaking incubator
at 200 rpm for 48 h. The stained samples were then filtered, rinsed with a minimum amount of distilled
water and stripped with 25% (w/v) aqueous pyridine at 45 ◦C for 18 h. The dye stripping solution
was then analyzed using a UV-Vis spectrophotometer to determine the concentration of DO and DB
(the maximum absorbance of DB and DO was at 624 and 455 nm, respectively). The concentration of
DO and DB dyes in the dye stripping solution (CO and CB) was determined using the following two
equations, Equations (2) and (3) (using the Lambert–Beer law for a binary mixture), which were solved
simultaneously [30].

A455nm = εO/455 LCO + εB/455 LCB (2)

A624nm = εO/624 LCO + εB/624 LCB (3)

in which:

• A: absorbance
• ε: absorptivity
• εO/455 = 35.62, εB/455 = 2.59, εO/624 = 0.19, εB/624 = 15.62 L·g−1

·cm−1 and L = 1 cm

2.5.2. Crystallinity by 13C CPMAS Solid-State NMR Analysis

High-resolution 13C CPMAS NMR spectra were collected by a Bruker Avance 200 MHz
spectrometer (Bruker BioSpin Corporation, Billerica, MA, USA) with a 7 mm probe, operating
at 50.13 MHz for 13C, at room temperature. The spinning speed was 7000 Hz, contact pulse 2 ms,
acquisition time 51.3 ms and delay between pulses was 4 s, with 20,000 scans. The adamantine peak
was used as an external reference (δC 38.3 ppm). The samples were hydrated with deionized water
(ca. 43%) before recording the spectra. The 13C chemical shifts were given in δ values (ppm) and each
peak was assigned according to the values in the literature [19]: C6-amorphous (61.3 to 62.1 ppm),
C6-crystalline (65.2 to 65.8 ppm), C2, C3 and C5 (71.2 to 75.6 ppm), C4-amorphous (83.5 to 84.4 ppm),
C4-crystalline (88.2 to 89.6 ppm), and C1 (104.2 to 107.8 ppm).

3. Results and Discussion

3.1. Drygin Effect on Enzymatic Hydrolysis

The effect of drying on enzymatic hydrolysis was evaluated by enzymatic digestibility, which
was determined by the amount of sugars released during enzymatic hydrolysis with 10 FPU/g-pulp of
cellulase. It was calculated based on the amount of structural sugars in the original pulp.
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Compared with oven-dried (OD) pulp, the enzymatic digestibility of never-dried (ND) pulp
increased rapidly in the initial stage of the hydrolysis, but the hydrolysis rate of the ND pulp reduced
gradually as the hydrolysis proceeded (Figure 1b). A decrease in hydrolysis rate has been ascribed to
several factors such as the transformation of cellulose into a structurally resistant form, inhibition of
enzyme action by accumulated products, and the completeness of hydrolysis [31]. Here, it seems that
the decrease in hydrolysis rate of the ND pulp can be attributed to the completeness of the hydrolysis
because the digestibility leveled off at 90%. Though the enzymatic digestibility of freeze-dried (FD)
pulp was slightly lower than that of the ND pulp, a similar trend was observed in the hydrolysis of the
FD pulp. This suggested that freeze drying caused mild hornification, unlike oven drying [21].

 

 

(a) 

 

(b) 

 

(c) 

Figure 1. Enzymatic digestibility (sugar recovery) depending on the enzyme dosage of (a) 4 FPU/g
biomass, (b) 10 FPU/g biomass, and (c) 20 FPU/g biomass.

Enzymatic hydrolysis of the ND pulp showed the highest digestibility (96.6%) when the hydrolysis
was carried out with 10 FPU of cellulase for 120 h. However, the OD pulp showed significantly
low digestibility though that of the FD pulp was almost similar to that of the ND pulp (96.1%)
(Figure 1b). Pore volume has been considered as one of the most important properties affecting
enzymatic hydrolysis [32,33] and fiber hornification induced by drying produces irreversible reduction
in pore volume due to shrinkage and collapse of pores [22,32]. The reduction in pore volume decreases
enzyme accessibility [22] and it reduces enzymatic digestibility due to less enzyme accessible surface
area [32]. Therefore, the difference in enzymatic digestibility depending on drying, as shown in
Figure 1b, should be caused by the reduction in pore volume induced by drying. However, there
was a significant difference in the enzymatic digestibility of the FD and OD pulp. Again, it was
considered that the better hydrolyzability of the FD pulp compared to the OD pulp, was due to the
milder hornification induced by freeze drying [21]. The mild hornification can be explained by the
rigidity of fibers at initial freezing [34]. The freezing gave a sort of rigidity to the fibers and this
maintained the pore structure, thus minimizing pore collapse during drying. Therefore, enzymatic
hydrolysis of the FD pulp showed better hydrolyzability compared to the OD pulp.

The difference in digestibility between the ND and OD pulp decreased gradually as the hydrolysis
progressed because the digestibility of the OD pulp kept increasing while that of the ND pulp had
already leveled off. The OD pulp had less pore volume due to fiber hornification, and thus there was a
big difference in enzymatic digestibility compared to the ND pulp in the initial stages [17]. However
new pores were formed by cellulose conversion to sugars during hydrolysis and this can give enzyme
the space to access remaining cellulose [35]. Thus, the difference in digestibility between the ND
and OD pulps was reduced gradually as the hydrolysis progressed. It is considered that the lower
enzymatic digestibility of the OD pulp at the initial stage was induced by pore collapse; however, it can
be recovered at a later stage because the pore volume increased due to cellulose conversion to sugars
during enzymatic hydrolysis, even though hornification leads to irreversible or partial irreversible
collapse of pore and it causes the difference in digestibility at the final stage of hydrolysis [32]. In order
to determine the kinetics of enzymatic hydrolysis, the Langmuir equation style fitting was used, which
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enabled the prediction of the final digestibility after 120 h of enzymatic hydrolysis. The Langmuir
equation style for the determination is as follows:

St = (Smax·t)/(k + t) (4)

where St is enzymatic digestibility at a time, Smax is the maximum digestibility predicted (%), k is
the Langmuir style equilibrium constant and t is time (h). This equation can be re-organized by the
Lineweaver–Burk method to linearize the rate of expression as follows:

1/St = k·(1/Smax)·(1/t) + 1/Smax (5)

The kinetic parameters were inferred with an intercept at 1/Smax and a slope of k·(1/Smax) and are
summarized in Table 2. The predicted final digestibility of the OD pulp with 10 FPU was 82.6%, which
was less than that of the ND pulp (102.0%) (Table 2). It was proved that there was a big difference
between the ND and OD pulps with regard to enzyme accessibility. The difference was caused by
the irreversible transformation of cellulose into a structurally resistant form by hornification and
the inhibition of enzyme action by accumulated products [31]. All of the predicted digestibilities
depending on enzyme dosage and drying, were similar to the real values.

Table 2. The prediction of final enzymatic digestibility depending on enzyme dosage and drying.

Never Dried Freeze Dried Oven Dried

FPU/g-Pulp 4 10 20 4 10 20 4 10 20

Smax 78.1 102.0 103.1 74.1 95.2 101.0 62.9 82.6 90.1
K 10.1 5.9 1.2 10.5 5.4 1.3 10.0 5.1 2.2

3.2. Drying Effect Depending on Enzyme Dosage

The drying effect was determined depending on enzyme dosage. Enzymatic hydrolysis was
performed with 4 FPU and 20 FPU of cellulase and the enzymatic digestibility after 120 h was predicted
using the same method as above with 10 FPU (Table 2).

The predicted enzymatic digestibility after 120 h increased as the enzyme dosage increased,
regardless of drying. The increase in the rate of digestibility was more remarkable in the hydrolysis of
the OD pulp, and the rate increased by 20.0 (ND), 24.1 (FD) and 32.3% (OD) when the enzyme dosage
increased from 4 to 20 FPU. It is believed that a higher enzyme dosage can convert more cellulose to
sugars in a short period of enzymatic hydrolysis, and thus the digestibility of the OD pulp increases
significantly as the enzyme dosage is increased. There was a 26.0% increase in the digestibility of the
OD pulp when the enzyme dosage was increased from 4 to 10 FPU, which was much higher than the
5.1% increase in digestibility when the enzymes were increased from 10 to 20 FPU. This suggested
that an enzyme dosage 10 FPU was enough to improve enzymatic digestibility by pore formation
during hydrolysis.

The kinetics of enzymatic hydrolysis with 4 FPU and 20 FPU are shown in Figure 1a,c. There was
no leveling off on the enzymatic hydrolysis with 4 FPU. Enzymatic hydrolysis with lower enzyme
dosages requires longer hydrolysis time to obtain maximum enzymatic digestibility [36], and 120 h
of hydrolysis time might not be enough to achieve maximum digestibility with 4 FPU of enzyme
dosage. However, the predicted digestibility with 4 FPU was 62.9%, which was slightly lower than
the actual digestibility of 70.4% after 120 h (Tables 2 and 3). It was considered that hydrolysis with
4 FPU progressed steadily over 120 h and it had already reached the maximum digestibility even
though it did not appear to level off. There was no further increase in digestibility with 4 FPU as a
result of enzyme inhibition caused by accumulated products such as released sugars [37]. When 20
FPU was used, the enzymatic digestibility of the ND and FD pulps leveled off in 24 h and both final
digestibilities were almost 100% after 120 h. Although the digestibility of the OD pulp also increased
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when the enzyme dosage increased to 20 FPU, it was still lower than that of the ND and FD pulp due
to the drying effect induced by fiber hornification. The enzymatic digestibility after 120 h and the
predicted final digestibility of the OD pulp with 20 FPU was 93.2% and 90.1%, respectively. It indicated
that the drying effect on enzymatic hydrolysis can vary depending on enzyme dosage, but there is
likely to be a difference in the final enzymatic digestibility of the ND and OD pulps due to irreversible
structural change in the cellulose [38]. The drying effect described by the differences in the enzymatic
digestibility of the ND and OD pulp with 20 FPU was clearer at the initial stage and it was different
compared to the drying effect with 4 FPU, which did not show any big differences as the enzymatic
hydrolysis progressed. Thus, the drying effect can vary depending on enzyme dosage and the term
“Drying effect index” (DEI) was suggested to define the drying effect. The equation for calculating the
DEI is as follows (Equation (6)), and the DEI was plotted, as shown in Figure 2.

DEI (%) = 100 − (Digestibility of OD pulp/Digestibility of ND pulp) ∗ 100 (6)

The highest DEI, which represents the biggest drying effect, increased as enzyme dosage increased
and were revealed at the earlier stages of hydrolysis (Figure 2). The highest DEIs were 22.3 (4 FPU), 24.1
(10 FPU) and 29.3 (20 FPU) and these were observed at 96, 24 and 6 h, respectively. Enzymatic hydrolysis
of the OD pulp began in the non-collapsed part first, followed by hydrolysis of the collapsed part because
enzyme access to the non-collapsed part was easier than access to the collapsed part [39]. Higher enzyme
dosage resulted in the biggest difference in digestibility (DEI) at the earlier stage (29.3 at 6 h) because
there was a considerable difference in the amount of collapsed pores in the ND and OD pulp. The ND
pulp was hydrolyzed quickly due to the small amount of collapsed pores and the fast hydrolysis of the
non-collapsed pores in the ND pulp by more enzymes resulted in a big difference in the DEI in 6 h. As
the hydrolysis progressed, the reversible collapsed pores were converted to partial collapsed pores by
rewetting in buffer solution and the cellulose conversion to sugars induced by progress in the hydrolysis
provided more pore volume in the cellulose [40]. Thus, the DEI with 20 FPU decreased as hydrolysis
progressed, which meant that there was less difference in enzymatic digestibility between the ND and
OD pulp. Therefore, it was concluded that more enzymes caused a higher drying effect at the initial stage
of enzymatic hydrolysis and the time for the highest drying effect as revealed earlier. Once the drying
effect reached maximum, the drying effect was reduced as hydrolysis progressed when 10 and 20 FPU of
enzymes were used. When 4 FPU of enzymes was used, however, there was little difference in the DEI
as hydrolysis progressed, unlike 10 and 20 FPU of enzymes. It was considered that the slower rate of
hydrolysis with less enzymes caused more inhibition due to a decrease in enzyme activity, and thus, new
pores formed during hydrolysis could not dramatically enhance enzyme accessibility in 120 h. In summary,
the drying effect on enzymatic hydrolysis increased as the enzyme dosage increased, and the highest DEI
occurred in the earlier stages with higher enzyme dosage. As enzymatic hydrolysis with 10 and 20 FPU
of enzymes progressed, the drying effect decreased gradually due to the formation of pores in the OD
pulp during hydrolysis. When 4 FPU was used, however, a decrease in the DEI was not observed in 120 h
because there was not enough pore formation from enzyme inhibition.
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3.3. Evaluation of Drying Effect Using Water Retention Value and Simons’ Staining Method

The water retention value (WRV) has been used to characterize the drying effect on enzymatic
hydrolysis induced by fiber hornification because it can easily measure the pore volume of pulp in a
wet state by measuring the amount of water in cell wall [22].

It was previously found that the WRV of the OD pulp decreased significantly due to collapse and
shrinkage of pores and the decrease in the WRV correlated well with enzymatic digestibility [22,32]. In
this study, the OD pulp with lower enzymatic digestibility, as shown above, revealed a significantly
lower WRV, which decreased by 36.4% and 33.3% based on the ND and FD pulps, respectively
(Table 3). The decrease in WRV related to the lower enzymatic digestibility was also caused by less
enzyme accessibility to cellulose, induced by the decrease in pore volume [22]. However, as enzymatic
hydrolysis progresses, new pores are formed through cellulose conversion to sugars and the pore
formation increases the pore volume in cellulose. Therefore, the WRV of the OD pulp hydrolyzed for
24 h increased drastically from 105.7 to 203.0%. As described, the kinetics of enzymatic hydrolysis
showed that the bigger drying effect at initial stages, which is due to less pore volume caused by the
collapse of pores and pores formed by cellulose conversion during hydrolysis, can supply enzymes
with space to access cellulose. Therefore, the difference in enzymatic digestibility between the ND and
OD pulps will decrease.

Table 3. Water retention value (WRV) and enzymatic digestibility depending on drying.

FPU/g-Pulp Never Dried Freeze Dried Oven Dried
Oven Dried after 24 h of
EH with 10 FPU/g-Pulp

WRV (%) 166.1 158.4 105.7 203.0
EH with 4 FPU/g-pulp 83.9 ± 2.2 81.4 ± 0.6 70.4 ± 0.8 NA

EH with 10 FPU/g-pulp 96.6 ± 0.5 96.1 ± 0.4 88.7 ± 0.1 NA
EH with 20 FPU/g-pulp 100.7 ± 0.9 101.0 ± 0.2 93.2 ± 0.4 NA

The Simons’ staining method can be used to evaluate the enzyme accessible surface area on
cellulose using adsorption and desorption of dyes [26,30]. The pores are segregated depending on
the diameter of two different dyes, which have a different affinity for hydroxyl groups in cellulose,
and thereby, enzyme accessible surface area of cellulose can be measured in a wet state. The large
orange-colored dye molecules can only penetrate larger pores and adsorb in preference to the small
blue-colored dye molecules as a result of their greater affinity for hydroxyl groups in cellulose [29].
The large orange-colored dye molecule is mainly composed of two fractions that have hydrodynamic
diameters of 5–7 and 12–36 nm [29]. The 5–7 nm diameter is very similar to that of the catalytic core
of Trichoderma reesei endoglucanase [21]. Therefore, enzyme accessible surface area can be evaluated
by the amount of adsorbed orange dye [26], even though the adsorption behavior onto the cellulose
surface may be different to enzymes, and also the drying effect on enzymatic hydrolysis has been
assessed effectively by the Simons’ staining [21].

As result of the Simons’ staining, we found that the amount of orange dye adsorbed in the ND
and OD pulps were 154.4 and 75.9 mg per g of cellulose, respectively, and the drying process decreased
more than half of the accessible surface area in larger pores by pore collapse (Table 4). However,
the amount of blue dye, which adsorbed on the surface area of smaller pores, increased from 36.7
to 62.1 mg per g of cellulose. The increase in the adsorption of blue dye was likely caused by the
change of larger pores to smaller pores due to the collapse of larger pores, and thus, the surface area
of smaller pore increased [21]. The increase in enzyme accessible surface area enhanced enzymatic
digestibility through better enzyme adsorption, and it was more remarkable at the initial stage. The
total amount of adsorbed dye decreased from 191.0 to 138.0 by drying, which suggested that the
formation of the smaller pores and disappearance of larger pores by pore collapse in cellulose decreased
the total surface area. It is well known that most pretreatment processes open up the cell wall structure
by mechanical shearing force and/or chemical removal of components and this forms new pores in
cellulose [41]. Thus, enzymatic hydrolysis could be enhanced by increasing the accessibility through
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pore formation. The drying process decreased enzyme accessibility and reduced enzymatic hydrolysis.
This can be explained by using the opposing mechanism of pretreatment on enzyme accessibility and
enzymatic hydrolysis. The drying effect was more remarkable at the initial stage and then it decreased
as hydrolysis progressed. However, the irreversible change in structure made a difference to the
maximum enzymatic digestibility.

Table 4. Amount of adsorbed dye depending on drying methods.

Pulps
Amount of Adsorbed Dye by Simons’ Staining (mg·g−1)

Orange Dye Blue Dye Total

Never dried 154.4 ± 2.3 36.7 ± 2.0 191.0 ± 4.3

Oven dried 75.9 ± 3.0 62.1 ± 5.8 138.0 ± 8.8

3.4. Evaluation of Drying Effect on Crystalline Structure Using 13C CPMAS Solid-State NMR Analysis

The ultrastructure of cellulose has mainly been determined by 13C CPMAS solid-state NMR
spectroscopy [42,43], and the solid-state NMR characterized changes associated with drying pulp [44]
and bleached pulp by hornification has also been reported [19].

The 13C solid-state NMR analysis was performed in wet conditions for the ND, OD and FD pulps
and the spectra with signals assigned are shown in Figure 3 [19]. The 13C NMR spectrum of the pulp
was mainly dominated by signals assigned to cellulose. Signals assigned to C-4 and C-6 were partially
separated into two clusters, labeled i and s, which were assigned to the interior and surface of the
crystalline domains, respectively. Broadening of the NMR signal and relative sharpening of C-4 and
C-6 signals on the surfaces of crystalline domains by partial drying has been reported, but the signal
broadening and sharpening of C-4 and C-6 signals can be reversed by rewetting the pulp [19]. The 13C
NMR spectra of all three pulps were quite similar because both the FD and OD pulps were analyzed in
a wet state. Although it has been reported that several repetitions of drying and rewetting cause the
difference to peak at 89.4 ppm due to the irreversible drying effect [19], it was not observed in this
study because drying was performed only once and rewetting for NMR analysis might reverse the
drying effect. Therefore, it can be concluded that drying once did not cause an irreversible change in
crystalline structure, and therefore, the decrease in enzymatic digestibility does not seem to be related
to the structure of cellulose. However, it might be related to cellulose structure if the pulp was dried
more than once.
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4. Conclusions

The drying effect was evaluated by the difference in enzymatic digestibility in the ND and OD
pulp, which was found to vary depending on enzyme dosage. The drying effect index (DEI) was
defined as the difference in enzymatic digestibility between the OD and ND pulps and it was concluded
that more enzymes cause a higher DEI at the initial stage of enzymatic hydrolysis, and the highest
DEI was also observed in the earlier stages with the higher enzyme dosage. Once the DEI reached
maximum, it began to reduce as enzymatic hydrolysis progressed due to pore formation by cellulose
conversion to sugars. However, there was no big difference in the DEI with lower enzyme dosage
because slower hydrolysis with less enzymes caused more enzyme inhibition. Thus, the pores formed
by cellulose conversion during hydrolysis with less enzymes could not improve enzyme accessibility
after 120 h.

It was also found that the drying effect was well correlated with porosity in cellulose, as measured
by the water retention value (WRV) and Simons’ staining. The porosity in cellulose was reduced during
drying by pore collapse and thus, enzyme accessibility decreased accordingly. The pore collapse was
partially reversed by rewetting the pulp, however, there was an irreversible structural change that
decreased the final enzymatic digestibility of the OD pulp. However, irreversible change in crystalline
structure by drying once was not observed through the 13C solid-state NMR, and thus, decreases in
enzymatic digestibility did not seem to be related to the crystalline structure of cellulose.
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Abstract: In recent decades, advancements in lignin application include the synthesis of polymers,
dyes, adhesives and fertilizers. There has recently been a shift from perceiving lignin as a waste
product to viewing lignin as a potential raw material for valuable products. More recently,
considerable attention has been placed in sectors, like the medical, electrochemical, and polymer
sectors, where lignin can be significantly valorized. Despite some technical challenges in lignin
recovery and depolymerization, lignin is viewed as a promising material due to it being biocompatible,
cheap, and abundant in nature. In the medical sector, lignins can be used as wound dressings,
pharmaceuticals, and drug delivery materials. They can also be used for electrochemical energy
materials and 3D printing lignin–plastic composite materials. This review covers the recent research
progress in lignin valorization, specifically focusing on medical, electrochemical, and 3D printing
applications. The technoeconomic assessment of lignin application is also discussed.

Keywords: lignin valorization; lignin applications; 3D printing; electrochemical material;
medical application

1. Introduction

The overdependence on fossil fuels has raised increasing concerns about climate change
and an energy crisis, which has warranted research to search for renewable and clean energy
alternatives. Lignocellulosic biomass is the most abundant and renewable source of organic
carbon on Earth, presenting the best option to achieve a sustainable biorefinery in the future [1].
In recent decades, there has been significant research conducted to convert biomass components into
biofuel and value-added products. Although some sectors in biorefineries, including lignocellulosic
bioethanol, have been widely researched, the economic feasibility is often discussed when it comes to
commercialization. From the technoeconomic perspective, the success of future biorefineries is highly
dependent on lignin valorization.

Lignin can be obtained from a variety of natural sources, including woody biomass, agricultural
residues, and energy crops. Regardless of the type of lignin, there are typically two pathways for
lignin valorization. One pathway uses the lignin as a macro-polymer to produce valuable materials;
the other pathway involves the depolymerization of lignin into low-molecular weight monomers [2].
Lignin monomers can undergo derivatization through various chemical processes to be converted into
desired products [3].

The world annually produces around 100 million metric tons of lignin, worth approximately
732.7 million USD [3]. Since lignin is a cheap and abundant natural polymer, much research has
been spent on valorizing lignin. In recent decades, perspectives on lignin have changed from a waste
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product used as a low-grade fuel and animal feed to valuable products such as polymers, adhesives,
and others [3–6]. More recently, lignin valorization has received interest in other sectors, like the
medical and electrochemical energy materials sectors. The scope of this review will focus on the
valorization of technical lignin in advanced materials.

2. Technical Lignins

In nature, lignin is an amorphous phenolic polymer that is randomly branched and crosslinked
with cellulose and hemicellulose [7]. To utilize lignin, it needs to be isolated from biomass through
various processes, and the extracted lignin is called technical lignin. Since most technical lignins are
available in the pulp and paper industries as byproducts, the production of lignin will continue to
increase as lignocellulosic ethanol emerges. Considering that the lignin extraction method modifies
the native structure of lignin, it is important to understand how the process affects lignin structures
to develop effective lignin valorization technologies. There have been many review articles that
thoroughly discuss lignin separation methods and their influence on the structures and properties of
the extracted lignin [8–11]. The following overview briefly introduces common industrial processes in
which lignin is extracted from biomass.

Figure 1 illustrates several processes to extract technical lignins from lignocellulosic biomass.
Among the technical processes, Kraft pulping is the major chemical pulping process, accounting for
85% of the total lignin production in the world [12]. The process is performed at a high pH, and about
90–95% of the lignin is dissolved into the black liquor. Kraft lignin is typically precipitated and
recovered from black liquor by the addition of acidifying agents. Predominantly, the acidification
is carried out by adding either mineral acid (e.g., sulfuric acid) or carbon dioxide, followed by
filtering, washing, and drying for the recovery of Kraft lignin. Around 630,000 tons of Kraft lignin are
annually produced, and most Kraft lignin is combusted for heat generation, resulting in low-value
utilization. The sulfite pulping process is conducted between a pH of 2–12, depending on the cationic
composition of the pulping liquor [13]. Lignosulfonates, isolated lignins from the sulfite process,
contain significant amounts of sulfur in the form of sulfonate groups. Since lignosulfonates are widely
available, lignosulfonates were used in a wide range of applications, such as dispersants, flocculants,
concrete additives, and composites [14].

Figure 1. Processes for the extraction of technical lignins.

The organosolv process constitutes the fractionation of biomass components through
treatment using an organic solvent, such as ethanol, ethylene glycol, acetone, tetrahydrofuran,
and γ-valerolactone [15,16]. Since the organosolv process is conducted in the absence of sulfur, it has
recently been utilized more so than Kraft and sulfite pulping. Furthermore, the large-scale production
of organosolv lignin is expected from the emerging cellulosic ethanol sectors, which offers significant
opportunities for lignin valorization.

108



Appl. Sci. 2020, 10, 4626

In addition to the conventional pulping and biomass pretreatment processes such as steam
explosion, dilute acid, and ammonic fiber explosion, there have been significant advances in biomass
fractionation to extract high-quality lignin using novel solvents. For example, ionic liquids (ILs) and
deep eutectic solvents (DESs) have attracted considerable attention as promising agents for biomass
fractionation due to their high solvation capacity in the dissolution of biomass components [17,18].
The technical lignins obtained from ILs and DESs have been found to retain their original structures;
the eco-friendly properties of such solvents offer new options for lignin extraction.

3. Medical Applications

3.1. Wound Dressings

Hydrogels are three-dimensional (3D) networks of polymers; their hydrophilic structures make
them capable of absorbing and holding large amounts of water in their 3D networks [19,20]. Hydrogels
have gained significant attention in biomedical sectors because they can be used for drug delivery,
tissue engineering, and antimicrobial materials [21]. Recently, lignin has been viewed as a promising
material for the production of hydrogels, because lignin possesses great antioxidant and antibacterial
properties [22]. Furthermore, hydrogels have a high absorption capacity, allowing them to effectively
remove undesirable metabolites from the wound [23]. Due to lignin’s high mechanical strength,
the use of lignin in hydrogels helps protect the wound from further injury or contamination [23].
However, due to the relatively low amount of hydroxyl groups and its rigid structure, lignin requires
pretreatment for it to be effectively used as a medical material. In this respect, many studies have
focused on developing chemical modification strategies of lignin. Such modifications include the
introduction of new active sites on lignin by combining other materials and the functionalization of the
hydroxyl group to enhance its reactivity.

There are several ways that lignin can be combined with other materials to construct composite
wound dressings that are antimicrobial and biocompatible. A study that used a lignin model polymeric
compound, dehydrogenate polymer (DHP), in alginate (Alg) hydrogel, determined that the lignin
model DHP in hydrogel produced antimicrobial effects against several clinical bacterial strains and
did not have toxic effects on human epithelial cells [24]. A stock suspension of 10 mg/mL DHP and
20 mg/mL Alg was used to test for antibacterial properties. The DHP–Alg demonstrated minimum
inhibitory concentration values of 0.002–0.90 mg/mL and a minimum bactericidal concentration of
0.004–1.25 mg/mL. Furthermore, DHP–Alg showed higher antibacterial activity against L. monocytogenes,
P. aeruginosa, and S. Typhimurium than streptomycin and ampicillin [24]. The mechanism of antibacterial
action was speculated to be that DHP in hydrogel interacts with bacterial cell wall synthesis and/or cell
wall structure, which could lead to the disorganization of the cell wall. Although more studies need
to be conducted on elucidating the antibacterial mechanism of DHP, the results show the potential
application of lignin as a wound-healing agent.

Lignin amine and sulfite-pulped lignin can also be used to construct two different wound dressings.
Lignin amine can be synthesized from sodium lignosulfonate by a Mannich reaction; the lignin amine
can be crosslinked with poly(vinyl alcohol) (PVA) to form a hydrogel. When a solution of silver
nitrate was added to the lignin-based hydrogel, the biocompatible hydrogel not only demonstrated
enhanced antimicrobial properties against E. coli and S. aureus, but the hydrogel also exhibited good
elasticity [25]. Additionally, the lignin obtained from sulfite pulping can be combined with chitosan
dissolved in an acetic acid solution and PVA dissolved in water to form a lignin–chitosan–PVA
composite hydrogel. The sulfonate groups in the lignin formed ionic bonds with amino groups
in the chitosan; this is what gives the hydrogel a high mechanical strength and high antioxidant
activity [23]. The lignin–chitosan–PVA composite hydrogel demonstrated inhibitory effects on S. aureus

by penetrating its cell membrane. Results from the study suggested that a hydrogel with a greater
lignin concentration resulted in an increase in the swelling ratio, hydrophilicity, protein adsorption
capacity, tensile strength, and elongation.
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Three-dimensional-printed wound dressings can also be constructed from lignin. Poly(lactic
acid) (PLA) pellets coated with castor oil can also be combined with a small amount of Kraft lignin
(3 wt % or less) and an antibiotic, tetracycline, to create a composite used for 3D printing wound
dressings. The printed filament material was treated with the 2,2-diphenyl-1-picrylhydrazyl (DPPH),
a free radical standard, to assess its radical scavenging activity, which can potentially be applied in
wound care applications [26]. Figure 2 shows photographs of meshes that were 3D-printed from PLA
and 2 wt % Kraft lignin. While lignin in the 3D-printing composite provided antioxidant properties to
the composite, small amounts of lignin in the composite did not demonstrate antimicrobial properties
with S. aureus. However, the tetracycline in the composite was what contributed to the composite’s
antimicrobial properties. More interestingly, the mesh of the PLA–tetracycline–lignin wound dressing
can be 3D-printed based on the patients’ needs, leading to the possible customization of wound
dressings in the future.

Figure 2. Meshes 3D-printed from poly(lactic acid) (PLA) and 2 wt % lignin with grid sizes of 1.5 mm
and 1 mm. The middle column shows the side view of each mesh when slightly bent, while the
right column shows the close-ups of each mesh. Reprinted from reference [26], with permission from
the MDPI.

3.2. Pharmaceuticals

There are specific compounds derived from lignin that can not only be used to construct
pharmaceuticals to alleviative the symptoms of diseases, but can also be used to construct drug
delivery materials. While sulfite and Kraft lignins are more commonly used lignins to synthesize
pharmaceutical products, recently lignins obtained from steam explosion and the organosolv process
have been investigated for pharmaceutical use. The mechanism commonly employed to utilize
lignin is to depolymerize lignin and obtain derivatives to construct biologically active compounds.
These biologically active compounds can be used to treat the Herpes simplex virus, influenza virus,
and other viruses [27]. Since the toxicity of drugs is an important factor in the drug discovery
phase, the cytotoxicity of lignin was studied; findings from a study show that lignins are generally
safe to consume and no not disrupt cell viability [27]. When synthesizing pharmaceutical drugs,
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the antioxidant property of lignins is highly valued because its hydroxyl functional groups in their
phenolic rings neutralize free radicals and protect molecules from oxidation [27]. For instance, lignins
isolated from Bagasse, steam explosion lignins, and lignosulfonates have half maximal inhibitory
concentrations of 44.9 µg/mL, 74.6 µg/mL, and 133.6 µg/mL, respectively. Compared to a common
antioxidant present in tea, epicatechin, which has a half maximal inhibitory concentration of 42.3 µg/mL,
these lignins have enhanced antioxidant properties [28].

Lignin-derived components and products, including polyphenols, may help in controlling
diseases, like diabetes, coronary heart disease, and Alzheimer’s disease. Results of a study suggest that
lignosulfonic acid can be taken with glucose to cause a delay in the uptake of glucose to potentially
treat diabetes [29]. The study administered a combination of lignosulfonic acid and glucose as well as
glucose alone to determine their effects on 2-deoxyglucose uptake in human colorectal adenocarcinoma
cells. Since lignosulfonic acid is a non-competitive inhibitor of α-glucosidase, lignosulfonic acid can
inhibit α-glucosidase activity and delay the absorption of glucose in the intestines. Lignosulfonic acid
was also demonstrated to inhibit human immunodeficiency virus (HIV) and herpes simplex virus
(HSV) transmission when tested with human T-cell leukemia cells, human embryonic kidney cells,
and peripheral blood mononuclear cells [30]. Furthermore, lignosulfonates have the potential to be
developed into drugs that could decrease oxidative activity, thereby boosting the immune system [3].
Lignin may also helpful in controlling obesity. Out of the dietary fiber components, lignin is reported
to be the strongest bile acid adsorbent due to the presence of methoxyl and β-carbonyl groups in lignin.
When the lignin binds to the bile, micelles are unable to be produced, thereby resulting in decreased
lipid absorption [27].

Table 1 summarizes several studies describing the value products that can be synthesized from
technical lignins. In a study, lignophenols derived from the native lignin of Japanese cedar were
shown to decrease oleate-induced apolipoprotein-B secretion and reduce cholesterol in HepG2 cells
(human liver cells), thereby potentially preventing coronary heart disease [31]. These lignophenols
were derived using a phase separation process that included cresol and sulfuric acid; lignophenols were
then dissolved in dimethyl sulfoxide before being cultured with HepG2 cells. Another study presents
three steps in which lignocellulose can be depolymerized to form platform chemicals, which can then
be used to synthesize biologically active compounds with the use of a DES [32]. The DES used was a
mixture of choline chloride and oxalic acid. Biologically active compounds that can be synthesized
include tetrahydro-2-benzazepines. Tetrahydro-2-benzazepines are present in alkaloids, such as
galantamine, that could treat Alzheimer’s disease. In this three-step process, the only by-product
was water. Furthermore, biologically active compounds derived in this study were also shown to be
effective against S. aureus. Figure 3 summarizes the reaction pathway to synthesize biologically active
compounds that likely exhibit antibacterial or anticancer activities.

Figure 3. Summary of the reaction pathway to synthesize the biologically active compounds. Reprinted
with permission from [32]. Copyright (2019) American Chemical Society.
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Table 1. Summary of the studies on the pharmaceutical applications of lignin.

Product Usage Feedstock Lignin Lignin Content (wt %) Reaction/Process Condition Source

Lignophenols Potentially prevent
coronary heart disease Japanese cedar native lignin N/A Phase-separation with cresol and sulfuric acid. [31]

Tetrahydro-2-benzazepines
Precursor to the drugs

that could treat
Alzheimer’s disease

Pine and poplar lignocellulose N/A

For depolymerization step, copper-doped
porous metal oxides and 40 bar H2; for synthesis of product,

used choline chloride/
oxalic acid DES at 70−80 ◦C for 20−48 h.

[32]

Drug vehicles Deliver methotrexate Sugar cane bagasse N/A Lignin soaked in 100 ppm methotrexate solution with intense
stirring at 40 ◦C for 18 h. [33]

Nanoparticles Deliver Sorafenib and
Benzazulene LignoBoost™ softwood Kraft lignin 50% Lignin dissolved in tetrahydrofuran and put in the dialysis bag,

iron (III) isopropoxide in tetrahydrofuran for 24 h. [34]

Hydrogels Drug delivery system Kraft lignin Up to 80% 20 to 200 wt % citric acid, used micro-extruder at 120 ◦C for 2 or
5 min of recirculation. [35]

Biosorbent Adsorb ibuprofen and
acetaminophen Kraft lignin 50% Kraft lignin and α-chitin powder mixed, following activation

with 15% hydrogen peroxide. [36]

Photocatalyst Degrade acetaminophen LignoTech lignin 33% TiO2 and NaOH, hydrothermal treatment at 130 ◦C for 48 h,
centrifuged, dried, calcined in N2 or air. [37]

Nanofibers Adsorb fluoxetine Alkali lignin 30–50% Aqueous polyvinyl alcohol and distilled water at 80 ◦C for
60 min, electrospinning fibers. [38]
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Materials containing lignin and lignin derivatives can also be effectively used to deliver drugs
inside the human body. Perhaps the largest advantages of lignin-based nanoparticles for delivering
drugs are their inexpensive and non-toxic properties. For instance, lignins derived from sugarcane can
be used as a drug carrier to deliver methotrexate and treat rheumatoid arthritis [33]. Lignin nanoparticles
encapsulating iron oxide could effectively deliver Sorafenib and Benzazulene in alkali media [34].
Hydrogels produced from varying concentrations of starch, Kraft lignin, hemicellulose, and citric
acid were tested for their ability to deliver drugs effectively [35]. To characterize the performance of
these hydrogels, the swelling capability was analyzed because it indicates the crosslinking density
and ultimately the amount of water absorbed in the hydrogel. Based on the experiments testing the
diffusion of water into the gel, the hydrogel has the potential to swell to 1380% at a pH of 9 and the
potential to swell to 345% at a pH of 4. The pH-dependent swelling behavior is desirable for hydrogels,
because the diffusion rates of molecules in and out of the gel can be controlled.

Since pharmaceutical products are a common source of water pollution, lignin can adsorb these
pharmaceuticals to alleviate water pollution. Kraft lignin and α-chitin powder from crab shells were
mixed with hydrogen peroxide to create a sorbent that adsorbed ibuprofen and acetaminophen,
which are commonly used drugs that cause water pollution [36]. Figure 4 summarizes the
process to construct the biosorbent with a high removal efficiency of ibuprofen and acetaminophen.
Several mechanisms for the adsorption process were proposed. One such mechanism was ion−dipole
interactions; there could be electrostatic interaction between pharmaceutical ions and the negatively
or positively charged surface of the sorbent surface. Another mechanism could be hydrogen bonds
forming between the pharmaceutical drug and the sorbent. Such sorbents can potentially be reused.
For instance, ethanol was an effective eluent for ibuprofen with a yield of 82.2%, while methanol was
an effective eluent for acetaminophen with a yield of 80.8%.

Figure 4. Biosorbent consisting of chitin and lignin removing ibuprofen and acetaminophen with high
efficiency. Reprinted from reference [36], with permission from Elsevier.

In another application, lignin was used as a carbonaceous precursor with TiO2 to form
a photocatalyst that degraded acetaminophen, or Tylenol, in one hour of solar radiation [37].
Photocatalysts that experienced thermal treatment in nitrogen rather than in air maintained more
carbon from the lignin. This caused a higher light absorption and decreased the photocatalytic efficiency.
In another study investigating the use of lignin to adsorb fluoxetine, alkali lignin with low sulfur
content and PVA were dissolved to form a solution used for electrospinning [38]. Nanofibers recovered
from the electrospinning process then went through a thermostabilization processes and an acidic
bath to increase the strength of the fibers. A lignin:PVA ratio of 1:1 resulted in the optimal adsorption
capacity; this lignin−PVA nanofibrous membrane adsorbed around 38% of the fluoxetine. The authors
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of the study hypothesized the sorption mechanism to be the phenol groups in lignin-forming hydrogen
bonds with the amino or Fluor groups of the fluoxetine.

4. Electrochemical Energy Materials

In the past decade, lignin has been increasingly investigated for its potential incorporation in the
production of battery materials and supercapacitors for the main advantage of being environmentally
friendly. With the increasing manufacturing of lignin in recent years, lignin has been available at
a low cost. The relatively low cost of lignin makes it an attractive ingredient for the production of
anodes for lithium batteries, gel electrolytes, binders, and sodium batteries [39]. Lignin is also valued
for the production of energy materials due to its high carbon content that is greater than 60 wt %.
Specific functional groups of lignin, such as benzyl and phenolic groups, act as active reaction sites
for ions to be stored in applications to supercapacitors. Additionally, the abundant oxygen atoms in
lignin are integral for facilitating electrolyte ion adsorption and redox reactions for supercapacitors.
Lignin can be used for porous carbon structures in supercapacitors due to its favorable crosslinked
structure [2]. While lignin types like lignosulfonate can act as a sulfur-doped agent in batteries or
supercapacitors, alkali lignins have shown to be suitable for electrospinning processes to construct
nanomaterials [39]. There are generally two processes commonly employed to derive carbon from
lignin for energy material applications. One process utilizes precursor carbonization and carbon
activation, while the other process uses chemical activators before carbonization and activation that
happen at the same time [2]. Graphene, a promising carbon material for electrochemical energy
materials, can be synthesized from lignin by catalytic graphitization, carbonization, or oxidative
cleavage along with aromatic refusion [40–42].

The incorporation of lignin results in a high gravimetric capacitance and great cycling durability
for energy materials. Table 2 shows the summary of recent studies on the electrochemical applications
of technical lignins. In an experiment with electrospun carbon nanofibers produced from alkali
lignin−PVA solutions, the capacitance of the supercapacitor reduced by 10% after 6000 cycles of
discharging and charging [43]. Furthermore, a higher energy value of 42 W h kg−1 and a power
density of 91 kW kg−1 were reported. The experiment suggested that an increasing amount of lignin in
precursor nanofibers resulted in a decreased average pore size, increased pore volume, and increased
specific surface area. In another study, electrodes constructed from 75 wt % alkali lignin and 25 wt %
0.5 M sodium sulfate electrolyte resulted in one of the highest specific capacitances for electrodes
produced from biopolymers: 205 F g−1 [44]. The mesopore range of carbon fibers had a wide pore
distribution, which contributed to excellent electrochemical performance. Additionally, hierarchical
porous carbons can be derived from steam explosion lignin through the carbonization−activation
method. Lignin-based hierarchical porous carbons showed a high capacitance of 286.7 F g−1 at
0.2 A g−1 [45]. The structure of lignin provided advantages to the electrochemical performance,
including accessible ion transportation pathways and a high surface area.

Lignin-derived materials used to construct batteries have performed similarly with commercial
graphite and other materials commonly used in the industry. Ball-milled hydrolysis lignin can be used
for low-rate power sources. A study investigated the performance of a battery that used hydrolysis
lignin as the lithium battery cathode material [46]. The cathode material had 76 wt % hydrolysis lignin,
13 wt % carbon black, and 11 wt % polytetrafluoroethylene (PTFE)-based binder. Lithium batteries
using this hydrolysis lignin as a cathode material achieved a high discharge capacity of 450 m A h g−1.

Additionally, acetone was used to extract lignin from a corn stalk lignin precursor; the extracted
lignin was used to construct hard carbon materials through stabilization in nitrogen, carbonization in
nitrogen, and hydrogen reduction [47]. Figure 5 shows the pyrolysis reaction mechanism that occurred
after the lignin was extracted from a precursor with acetone. The hard carbon had an initial discharge
capacity of 882.2 m A h g−1 at 0.1 ◦C and retained a charge capacity of 228.8 m A h g−1 at 2 ◦C for
200 cycles. In another study, a blend of lignin, PLA, and elastomeric polyurethane was used to create
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carbon nanofibers through electrospinning. These nanofibers led to increased porosity levels and
additional lithium storage sites [48].

Table 2. Summary of the studies on the electrochemical applications of lignin.

Product Feedstock Lignin Content (wt %) Reaction/Process Condition Source

Supercapacitor Alkali lignin 30–70%
Electrospinning aqueous alkali lignin and PVA,

temperature stabilization in the tube furnace ramped
from 25 to 220 ◦C, held at 220 ◦C for 8 h.

[43]

Supercapacitor Softwood alkali lignin 75%
Lignin, PVA, and distilled water mixed at 60 ◦C for 1 h

and at room temperature for 4 h, followed by
electrospinning.

[44]

Supercapacitor Steam explosion lignin 17–50%
Carbonization at 500 ◦C or 800 ◦C, activation with

KOH, post-treatment by washing with hot water and
drying at 100 ◦C overnight.

[45]

Lithium battery
cathode material Hydrolysis lignin 76% Ball milled to 30 microns, washed with distilled water

in centrifuge for 10–12 h, dried at 60 ◦C for 24 h. [46]

Lithium battery
anode material

Acetone lignin from
corn stalks 80% Stabilized at 300 ◦C for 2 h in N2 in tube furnace. [47]

Lithium battery
anode material

Organosolv hardwood
lignin 50–80%

Thermoplastic
elastomeric polyurethane, dimethylformamide, PLA

stirred at 50 ◦C for 5 min before electrospinning.
[48]

Figure 5. Reaction mechanism using the pyrolysis technology. Reprinted from reference [47],
with permission from Elsevier.

5. 3D Printing Lignin−Plastic Composites

Blending lignin with various plastic materials to form 3D printing composites has recently
received attention. The ideal 3D printing material has excellent extrudability to ease the process of
3D printing while also being strong so that the final printed material can retain its structure. Lignin
has several structures that are advantageous for 3D printing: aliphatic ether groups, β-O-4′ linkages,
and oxygenated aromatic bonds [49,50]. Incorporating lignin into plastic materials traditionally used
for 3D printing results in composites that can be used for a more environmentally friendly and
cost-effective 3D printing process.

There has also been recent discussion with energy sacrificial bonds as a mechanism for strong
biomaterials, including lignin. Such sacrificial bonds dissipate energy through rupturing and reform
by stretching. In light of this, a study investigated Zn-based coordination bonds between lignin
nanoparticles and an elastomer matrix [51]. Such bonds were found to facilitate the dispersion of
lignin in the matrix, thereby enhancing the strength of the composite. This study reported that a
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lignin loading as high as 30 wt % can increase the strength, ductility, and toughness of thermoplastic
elastomers, which can be used for 3D printing.

Several studies show that lignin can enhance structural properties of 3D printing materials.
Table 3 summarizes recent studies on the application of technical lignins to 3D printing materials. In a
study, when Kraft lignin was blended with acrylonitrile butadiene styrene (ABS), the result was a
more brittle structure; this composite demonstrated low tensile energy and strength [49]. However,
when 10 wt % acrylonitrile butadiene rubber (NBR41) was added to the composite, the chemical and
physical crosslinks between the NBR41 and lignin resulted in the improved mechanical properties of
the composite relative to common petroleum-based thermoplastics. This composite containing 40 wt %
lignin, 10 wt % NBR41, and 50 wt % ABS showed great 3D-printability.

Table 3. Summary of the studies on the 3D printing applications of lignin.

Lignin Feedstock Polymer Feedstock
Lignin Content in 3D

Printing Composite (wt %)
Source

Kraft lignin ABS 40% [49]
Organosolv hardwood lignin Nylon 40–60% [50]

Softwood lignin from soda cooking process PLA 20% and 40% [52]
Alkali lignin and organosolv lignin PLA 0.5–20% [53]

Organosolv lignin Polymer resins 5–15% [54]
Softwood lignin from P. radiata Polyhydroxybutyrate 20% [55]

In an experiment where organosolv hardwood lignin was blended with nylon, the lignin was
found to reinforce the thermoplastic matrix by increasing the stiffness of the structure, leading to
increased 3D printability [50]. The melt viscosity was also reduced as a result of blending the lignin,
which further increases 3D printability. The proposed mechanism for the bonding in the composite
was lignin domains forming hydrogen bonds with the thermoplastic matrix. In addition, a study
shows that 20–40% lignin can be used with PLA to form a matrix material for 3D printing. In the study,
characterization techniques including thermogravimetric analysis, X-ray diffraction, and scanning
electron microscope indicated that lignin is a nucleating agent that increases the crystallization
of PLA [52]. This composite material resulted in great extrudability and flowability; it was also
observed that lignin did not agglomerate. In another study, alkali lignin and organosolv lignin were
acetylated to improve the compatibility with PLA to form a composite [53]. Even though the lignin
decreased the crystallization behavior of PLA, it drastically improved the thermal stability of PLA and
increased the elongation at break. The acetylated lignin was observed to prevent PLA from undergoing
hydrolytic degradation.

Besides combining lignin with PLA, other studies have shown the diverse types of plastics that
lignin can be blended with to construct effective 3D printing materials. For instance, authors of a study
constructed photoactive acrylate resins used for 3D printing from up to 15 wt % acylated organosolv
lignin, resin bases, a reactive diluent, and other compounds [54]. Figure 6 shows the reaction used
for lignin acylation to construct resins. Even though the resulting lignin resin had decreased thermal
stability compared to the commonly available resin, the resin exhibited characteristics that were
favorable for 3D printing. The resin had increased ductility and resulted in 3D prints that were
uniformly fused, high-resolution, and tough.

Additionally, a study reports that 20 wt % biorefinery lignin from P. radiata combined with
polyhydroxybutyrate (PHB) improved the surface quality and reduced the shrinkage of the 3D printing
material compared to the PHB alone [55]. Figure 7 below is a flow chart depicting how lignin can
be extracted from softwood chips and combined with PHB to construct an improved 3D printing
material. The presence of lignin was reported to reduce wrapping by values between 38% and 78%
when compared to PHB, used as the sole printing material. This reduction of shrinkage was possibly
due to the complex bulk lignin structure in addition to the lack of interfacial tension between the lignin
and the polymer matrix.
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Figure 6. Reaction to synthesize acylated lignin for the construction of resin. Reprinted with permission
from [54]. Copyright (2018) American Chemical Society.

Figure 7. Flow chart showing 3D printed product constructed from high-temperature mechanical
pretreatment (HTMP)-derived lignin and polyhydroxybutyrate (PHB). Reprinted from reference [55],
with permission from Elsevier.
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6. Perspectives

In the past decade, there have been more investigations conducted on using lignin to construct
medical materials, electrochemical energy materials, and 3D printing composites. From the limited
technoeconomic assessments conducted, it is difficult to predict the economic trajectory of lignin
valorization. Since lignin valorization is an emerging concept, production costs may be higher than
conventional processes [3]. According to a technoeconomic assessment analyzing catechol production
from lignin, the lignin depolymerization and product separation stages accounted for a total of
55% [3]. For the production of lignin micro- and nanoparticles, their investment cost was 160 million
USD, with an atomizer and separation system costing roughly 65% of the capital investment [56].
Assuming Kraft lignin and lignosulfonates are used, manufacturing costs can vary between 870 and
USD 1170 per ton. The production capacity of around 70% of North American Kraft pulp mills is
restricted by the operation of recovery boilers. Another challenge is finding the optimal membrane
used for the Kraft process that will result in the highest lignin yield and purity [57]. Factors to consider
for future scale-up efforts would be the size of the market, price volatility of the desired product [3],
and the cost of feedstock in addition to solvents [56]. Lignin commercialization is likely with increased
international collaboration, as this will mobilize resources and facilitate the development of innovative
pathways [57].

Materials constituting lignin and its derivatives have potential in the medical sector due to their
versatility as a wound dressing, pharmaceutical drug, drug delivery system, and drug removal material.
However, it is difficult for lignin to be absorbed by the human’s small intestine or stomach because of its
high molecular weight and polydispersity [27]. There have also been studies suggesting that lignin can
adsorb toxins, cholesterol, and surfactants, which can negatively impact human health [27]. Much of
the research conducted is still at the proof of concept stage and pharmaceutical drugs will need to go
through clinical trials before determining their efficacy. Regulatory bodies, like the US Food and Drug
Administration, will need to approve the medical products even before they can be commercialized [58].
Clinical trials are time-consuming and costly; thus, there needs to be sufficient confidence in the
research done and the viability of the production process before pursuing clinical trials.

While lignin is cheap and eco-friendly as a feedstock material for battery and 3D printing materials,
a significant challenge is that it is hard to control or isolate lignin’s complex recalcitrant structures.
Even when fractionation is employed to isolate a lignin structure, fractionation often results in a
mixture of products [59,60]. The electrochemical performance of bio-based battery materials depends
on pore features, surface chemistry, and the structure of the lignin raw material [2]. Even though lignin
is a relatively cheap starting material, it is still challenging to produce high performing carbon materials
for supercapacitors and batteries. Since some lignins cannot stabilize easily, they convert to carbon
nanofibers and consequently their morphologies are difficult to control; this makes high-performing
lignin-based electrodes difficult to achieve [61]. Furthermore, lignin reaction mechanisms are not well
understood [2].

Incorporating lignin in 3D printing materials decreases the reliance on typical petroleum-based
plastic 3D printing materials. Doing so not only makes the 3D printing materials more environmentally
friendly, but it also reduces costs as lignin is much cheaper than typical 3D printing materials [62].
Additionally, a myriad of materials can not only be created by 3D printing, but they can also be
customized. This is of interest in the medical sector, where wound dressings can be 3D printed and
customized to best suit the patients’ needs. While lignin and other materials are being developed as
3D printing materials, they will most likely not replace traditional 3D printing materials including
plastics [62]. Studies conducted so far in this current review suggest that lignin can be used to enhance
the properties of the lignin–plastic composite 3D printing material but will not be the main feedstock
material for 3D printing.

Even though the technoeconomic assessments of lignin valorization present several challenges,
lignin’s versatility has attracted significant efforts to valorize lignin. To illustrate lignin’s versatility
as a renewable material, Figure 8 shows the number of publications and citations searched in the
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Web of Science with the keywords: “lignin application.” As presented, the number of publications
and citations have substantially increased over the past decade, indicating that significant efforts
have been made in lignin valorization. Considering that there has been increased market demand for
renewable materials in a wide range of industries, innovative lignin applications will continue to be
developed indefinitely.

Figure 8. Number of publications (left) and citations (right) searched in the Web of Science with the
keywords “lignin application” (as of May 30th 2020).
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Featured Application: The results of this work can be applied as the basis of consideration during

the feasibility study step of plant design supposed to produce biomass-based bioethanol for

commercial-scale hand sanitiser production. The results can contribute in the effort of converting

agricultural waste into more valuable alternative product such as hand sanitiser which is urgently

needed in global pandemic situation.

Abstract: Oil palm empty fruit bunch (OPEFB) is a potential raw material abundantly available
for bioethanol production. However, the second-generation bioethanol is still not yet economically
feasible. The COVID-19 pandemic increases the demand for ethanol as the primary ingredient of
hand sanitisers. This study evaluates the techno-economic feasibility of hand sanitiser production
using OPEFB-based bioethanol. OPEFB was alkaline-pretreated, and simultaneous saccharification
and fermentation (SSF) was then performed by adding Saccharomyces cerevisiae and cellulose enzyme.
The cellulose content of the OPEFB increased from 39.30% to 63.97% after pretreatment. The kinetic
parameters of the OPEFB SSF at 35 ◦C, which included a µmax, ks, and kd of 0.018 h−1, 0.025 g/dm3,
and 0.213 h−1, respectively, were used as input in SuperPro Designer® v9.0. The total capital
investment (TCI) and annual operating costs (AOC) of the plant were $645,000 and $305,000,
respectively, at the capacity of 2000 kg OPEFB per batch. The batch time of the modelled plant was
219 h, with a total annual production of 32,506.16 kg hand sanitiser. The minimum hand sanitiser
selling price was found to be $10/L, achieving a positive net present value (NPV) of $108,000, showing
that the plant is economically feasible.

Keywords: bioethanol; economic analysis; hand sanitiser; oil palm empty fruit bunch (OPEFB);
simultaneous saccharification and fermentation; SuperPro Designer®

1. Introduction

The World Health Organization (WHO) declared the outbreak of novel coronavirus SARS-CoV-2
as a global pandemic because of its ease of spread, severity it may cause and the lack of global
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precaution back then [1]. SARS-CoV-2 can be easily transmitted among humans through droplets,
and human-coronaviruses can remain active on surfaces for up to nine days [2]. People may also be
infected without showing severe symptoms. Practising cough and sneeze etiquette, as well as hand
hygiene, is thus encouraged as a preventive measure. Following the WHO pandemic declaration,
many countries then put in place strong restrictions and even lockdown to urge their citizens to limit
physical contact and slow down the spread of Covid-19 as much as possible. However, as of June
2020, countries are beginning to relax the lockdown and restrictions because of economic demand.
Since a vaccine for COVID-19 is yet to be developed, individual precautions must be practised in a
more disciplined manner to prevent the spread of the virus. These have made hand sanitiser one of the
most crucial items to have on hand.

Hand sanitiser helps the achievement of hand hygiene, especially in clinical settings or in
conditions where water is unavailable. A study performed by Rai et al. has shown that single-use
hand sanitiser packets are quicker to use than single-use moist towelettes. Thus, hand sanitisers are
often preferred [3]. However, most hand sanitisers are not effective for non-enveloped viruses. Thus,
despite being practical, hand sanitiser cannot fully replace hand washing, especially when the hand is
visibly dirty or has come into contact with harmful chemicals [4–6].

Hand sanitisers can be classified into two groups: alcohol-based and alcohol-free sanitisers.
Alcohol-based hand sanitisers are more common because of the ease of preparation, low cost
and efficacy. The WHO has released a guide for the local production of alcohol-based hand-rub
formulations. Generally, the alcohol used can be ethanol, isopropyl alcohol, or n-propanol.
An alcohol content of 60–95% v/v is required for alcohol-based sanitisers to kill microbes effectively.
Alcohols render microbes ineffective by damaging their lipid membranes and/or denaturing the
proteins. The WHO-recommended formulations contain either 80% v/v of ethanol or 75% v/v of
isopropyl alcohol with 1.450% v/v glycerol, 0.125% v/v hydrogen peroxide and water. Compared
to isopropanol, ethanol is less irritant to the skin and more effective in killing a broader range of
microbes [5–7].

Ethanol is commonly produced either from petroleum feedstock or from a sugar/starch feedstock,
which is referred to as first-generation bioethanol. Neither is sustainable because petroleum is
non-renewable while using sugar or starch as a feedstock interferes with food supplies and the
utilisation of fertile land. Hence, the use of lignocellulosic feedstock, second-generation bioethanol,
offers greater potential in terms of sustainability. This is because lignocellulosic materials are derived
from various organic waste products and residues, including agricultural, forestry and household waste.
Lignocellulose generally contains cellulose (40–60%), hemicellulose (20–40%) and lignin (10–25%) with
the exact content depends on the biomass source and harvest time. To produce ethanol, lignocellulosic
feedstocks must undergo four basic steps: pretreatment, hydrolysis, fermentation and purification.
The four steps may be assembled using the separate hydrolysis and fermentation (SHF) process,
the simultaneous saccharification and fermentation (SSF) process, the simultaneous saccharification
and co-fermentation (SSCF) process or consolidated bioprocessing (CBP). In SHF, each step stands
alone. Thus, each can be performed under its optimum conditions. However, the capital cost of
the SHF is high. In SSF, the sugar released from the saccharification process is directly fermented
in the same reactor, limiting the risk of inhibition. SSF is currently the process used most often. Yet,
saccharification and fermentation have different optimum conditions. Thus, it is still a challenge
to perform both processes optimally in one reactor. SSCF differs from SSF in that it allows for the
simultaneous fermentation of all the sugars produced from cellulose and hemicellulose. CBP, in turn,
is different from the other processes because it uses only one type of microorganism to produce the
enzymes for hydrolysis and to obtain fermentation. This process offers the most efficient process as it
combines enzyme production, enzymatic hydrolysis and fermentation in one pot. Yet, the development
of the CBP process is dependent upon the ability to engineer the appropriate microbes [8–10].

Many studies have been conducted to assess the production of bioethanol from various
lignocellulose sources, such as from sugarcane bagasse using the SSF method and pretreated with
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white-rot fungi, from durian skin using the SSF method and cell encapsulation of S. cerevisiae, from paper
waste using the SSF method, from corncobs using the SSCF method and scaled up to demo scale and
from sugarcane bagasse using the CBP process [11–16]. Because of the complexity of the process, to date,
lignocellulosic ethanol is still more expensive to produce compared to first-generation bioethanol.
The productions of second-generation bioethanol are still covering less than 3% of total global bioethanol
production where they are limited only at negligible amount in some demo plants around the world
that work industrially but are not yet economically feasible [17,18]. One way of tackling this challenge
is to produce various by-products in lignocellulosic ethanol plants. Rosales-Calderon and Arantes
have reviewed several biochemicals with a minimum technology-readiness level of eight that can be
produced alongside lignocellulosic ethanol [9]. The production of hand sanitisers can also be an option
because of the ease of production and the increasing demand.

Oil palm empty fruit bunches (OPEFBs) are solid waste lignocellulosic biomass products of the oil
palm industry, consisting of cellulose, hemicellulose and lignin. As much as 1.1 tonnes of OPEFBs
can be produced from processing 1 tonne of palm oil. In 2011, the global production of OPEFBs
amounted to 14.5 million tonnes, of which half were produced in Indonesia [19–21]. Their cellulose,
hemicellulose and lignin contents give OPEFBs the potential to be converted into various biochemicals,
such as bioethanol, furfural, formic acid and levulinic acid. Sahlan et al. have examined bioethanol
production from OPEFBs using Rhizopus oryzae encapsulated using calcium alginate [14]. Panjaitan
and Gozan have investigated formic acid production from the acid catalysed hydrolysis reaction of
OPEFBs; Harahap et al. have further optimised the production process using the response surface
methodology (RSM) method [22,23]. In addition, Gozan et al. have produced levulinic acid and
furfural from OPEFBs and have evaluated its production kinetics [24].

As a demand and sustainability, palm oil serves many tasks such as excellent source of biomass,
self-sufficient energy in processing, effective carbon sink, positive contribution to energy balance,
sustainable practices and zero burning. The Indonesian Sustainable Palm Oil (ISPO) Certification
Scheme is introduced by the Government of Indonesia as a mandatory requirement for all oil palm
growers and mills to enhance the competitiveness of Palm Oil in the global market. For Malaysia,
The Malaysian Sustainable Palm Oil (MSPO) Certification Scheme is the national scheme in Malaysia
for oil palm plantations, independent and organised smallholdings, and palm oil processing facilities
to be certified against the requirements of the MSPO Standards. The MSPO Certification Scheme
provides the general principles for plantations and palm oil processing facilities to ensure that the
palm oil products are produced in a responsible and sustainable manner [25].

Process simulation can be used to gain a better understanding of particular processes and their
behaviours in real life. Simulation can be used to conduct experiments to evaluate behaviours or
alternatives to chemical process systems [26]. To simulate a process, process engineering software
needs specific scientific abilities, including, but not limited to, the ability to accurately describe the
physical properties of pure components and complex mixtures, the ability to model a large variety of
reactors and unit operations, and the computational and numerical techniques needed to solve a wide
variety of different mathematical equations [27].

After thoroughly analysing a chemical process system, an economic analysis is an important step
in developing better knowledge about that process. There are several parameters used to measure
the investment performance of the production of chemical products, including, but not limited to,
the internal rate of return (IRR), the net present value (NPV), and the payback period (PBP). The net
present value is the difference between the present value of cash inflows and outflows used to analyse
the profitability of the project. The internal rate of return is a value representing the profitability
potential of the project as a form of discount rate that reduces the NPV of the project to zero. The payback
period is the amount of time needed to recover the initial investment from the project. The rate of
investment (ROI) is a percentage showing the efficiency of a project calculated from the net profit
divided by the total cost of investment [28].
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Advances in computational technology and improvements in modelling techniques have enabled
easier access to quantitative predictions of complex systems’ behaviours; in particular, mass and
energy balances could, with further implementation, be used to accurately design unit operations.
Process simulation has been commonly utilised in real-world chemical engineering industries to
perform system analysis and synthesis [29]. Some of the leading commercial process simulation
software packages today include Aspen Plus®, Aspen HYSYS®, CHEMCAD and PRO/II with
PROVISION. The above simulators have been designed to model primarily continuous processes and
their transient behaviour for process control purposes. Most bioprocess and biorefinery products,
however, are produced in batch and semi-continuous modes. Such processes are best modelled with
batch process simulators that account for time-dependencies and the sequencing of events. It is not
difficult to switch between simulators once the principles of process simulation have been understood
by the engineers [30]. SuperPro Designer® v.9.0. (Intelligen, Inc., Scotch Plains, NJ, USA, 2019) is one
of the simulators specifically developed to simulate batch process systems. SuperPro Designer® also
has the capability to perform comprehensive economic analyses, which is not limited to calculating
total capital investment, NPV, IRR and PBP but can also perform detailed calculations of operational
expenditure (OPEX) by enabling the customisation of staffing, utility pricing, and process scheduling.
Therefore, SuperPro Designer® is perfect for the simulation needed in this study.

Until now, there have been no articles yet addressing the economic feasibility to produce
value-added product like hand sanitiser, which is globally needed in the current pandemic situation,
from under-utilised resource like OPEFBs. This study aims to provide an alternative application for
second-generation bioethanol, combining both laboratory and modelling studies. A hand sanitiser
plant utilising OPEFB as its feedstock was designed, and the kinetic parameters of the production of
bioethanol from OPEFB using the SSF method were analysed. The obtained parameters were then
used in the designed process simulation using SuperPro Designer® to evaluate the economic viability
of this hand sanitiser plant.

2. Materials and Methods

2.1. Kinetic Evaluation of Fermentation

2.1.1. Preparation of Materials

The OPEFB used as the raw material for bioethanol production in this study was kindly
received from the Indonesian government-owned palm oil plantation company PTPN (PT Perkebunan
Nusantara) VIII Kertajaya, located in Banten, Indonesia. Before being used, the OPEFB was first reduced
in size by cutting and grinding it in a laboratory-scale wood grinder (PT. Enerba Teknologi, Tangerang
Selatan, Banten, Indonesia). The obtained OPEFB fibre was sifted through a 40-mesh stainless steel
wire filter in order to obtain a uniform size of raw material, as shown in Figure 1. The OPEFB fibre was
then washed under clean running water to remove the attached dirt and finally dried in an oven at
80 ◦C for 24 h. Cellulase enzymes from Trichoderma reesei ATCC 26921 and yeast Saccharomyces cerevisiae

Type-1 were purchased from Sigma Aldrich (St. Louis, MO, USA). Both the cellulase and the yeast
were stored in a refrigerator at 10 ◦C before being used. All other analytical-grade chemical reagents,
like citrate buffer and sodium hydroxide, were purchased from Merck (Darmstadt, Hesse, Germany).
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Figure 1. OPEFB before (a) and after (b) being ground as raw material for bioethanol production.

2.1.2. OPEFB Pretreatment and Analysis

OPEFB that will be used as a raw material for SSF must first be pretreated to remove its lignin
content, thus enhancing the accessibility of the cellulase enzyme to the cellulose for further bioethanol
conversion from glucose [31]. In this study, an alkaline pretreatment method using sodium hydroxide
as the solvent was applied, according to Zulkiple et al. [32]. Pretreatment was performed by adding
30 g of the OPEFB sample into a 10% sodium hydroxide solution with a 1:10 solid-to-liquid ratio.
The mixture was then heated to 120 ◦C for 2 h in an autoclave reactor (CV. Pugar Mandiri Teknik,
Bandung, West Java, Indonesia) and cooled down at room temperature. The pretreated OPEFB was
separated from the solvent, known as black liquor, using a stainless-steel wire filter. It was then
washed with clean hot water to remove any remaining sodium hydroxide until neutrality was attained
and dried in an oven at 95 ◦C for 24 h. The pretreated OPEFB was then analysed for its cellulose,
hemicellulose, lignin and ash contents according to SNI 0444:2009, SNI 14-1304-1989, SNI 0492:2008
and SNI 0442:2009, respectively [33–36]. At this stage, the OPEFB was ready to be used for bioethanol
production using the SSF method.

2.1.3. Simultaneous Saccharification and Fermentation

The SSF medium consisted of 15 g of pretreated OPEFB, 200 mL of 0.05 M citrate buffer (pH 4.8),
1 mL of cellulase enzyme and 5 g of dry yeast. The mixture of OPEFB and citrate buffer was first
sterilised at 121 ◦C for 20 min in an autoclave. The mixture was then cooled down to room temperature
and added to both the cellulase enzyme and the dry yeast. The SSF was performed in an Erlenmeyer
flask (DWK Life Sciences GmbH, Mainz, Germany) closed tightly with aluminium foil. The flask was
then incubated in an orbital shaker (Thermo Fisher Scientific, Waltham, MA, USA) at 150 rpm for
96 h. These experiments were conducted for temperature variations of 30 ◦C, 32 ◦C and 35 ◦C to give
sufficient data for the determination of the kinetic parameters. Samples were taken at 24, 48, 72 and
96 h to analyse the concentrations of glucose, yeast cells and bioethanol in the fermentation broths.

2.1.4. Analysis of Fermentation Products

The fermented cell and glucose concentrations were analysed using optical density and
dinitrosalicylic acid (DNS) methods. The optical density and DNS analyses were performed using
UV-vis spectroscopy (UV-M90, BEL Engineering srl©, Monza, MB, Italy). The DNS analysis used a
575 nm wavelength; the blank solution was a DNS buffer citrate solution. The optical density analysis
used a 600 nm wavelength; the blank solution was a citrate buffer solution. The bioethanol analysis
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was conducted using a SUPELCOWAX-10 gas chromatography analyser (Supelco Inc., Bellefonte, PA,
USA) at 50 ◦C.

2.1.5. Reaction Constants Determination

The kinetic model of bioethanol production used in this study was chosen in accordance with
Fogler (2004), under the assumption that there is no mass-transfer effect and that the influence of
bioethanol as an inhibitor can be ignored [37]. The kinetic equation can, therefore, be simplified to:

• The kinetic equation for yeast cell formation:

dCC

dt
=
(

µmax
Cc · Cs
ks + Cs

− kd · Cc
)

(1)

• The kinetic equation for product formation (bioethanol):

dCC

dt
= Y P

C
· µmax

Cc · Cs
ks + Cs

(2)

• The kinetic equation for the residual substrate:

dCs

dt
= Y S

C
·

(

µmax
Cc · Cs
ks + Cs

)

−m · Cc (3)

From the equations, it is necessary to determine the four reaction rate constants (µmax, ks, kd
and m). Experimental data were obtained for the cell, glucose and bioethanol concentrations over time,
and the reaction rate constants could then be predicted by minimising the sum of the square error
values between the experimental data and the prediction data that was formulated:

SS =
∑

i

∑

j

(

[ j]i exp − [ j]i predicted

)2
(4)

The sum of the square error value can be determined using fminsearch optimisation
(the Nedler-Mead method) and MATLAB software (MATLAB 9.6, MathWorks, Natick, MA, USA, 2019).

2.2. Hand Sanitiser Plant Design

SuperPro Designer® v.9.0 was used to conducting the process simulation and economic assessment
of this hand sanitiser plant. Process design should always be completed first in order to specify a
step-by-step process as well as to determine the equipment that will be involved in the simulation.
At this stage, users also input specific parameters and operating conditions directly in the software for
each involved piece of equipment. To model this hand sanitiser plant, a capacity of 2000 kg per batch
of OPEFB was determined. The plant is also assumed to be constructed inside a palm oil mill area to
reduce the transportation cost associated with the OPEFB.

The first section of this hand sanitiser plant is the pretreatment section. In this section,
OPEFB obtained from the palm oil mill is first reduced in size by a grinding machine. This equipment
grinds the raw material from the palm oil mill into 40-mesh sized OPEFB for 1 h. The size-reduced
OPEFB is then transferred into a vertical-on-legs tank, where the alkaline pretreatment takes place at
120 ◦C for 60 min. The OPEFB is mixed with a 10% sodium hydroxide solution with a 1:10 solid-to-liquid
ratio by means of an adjustable mixer before entering this tank. The mixture is then cooled in a cooler
for 60 min from 120 ◦C to 25 ◦C before being washed. During the washing process, the OPEFB is washed
with 0.02 m3/kg of water for 30 min. This washing process is assumed to remove 60% of the water and
100% of the sodium hydroxide as aqueous waste known as black liquor. Some hemicellulose, lignin,
and ash are also removed in this process, according to the pretreatment compositional analysis results.
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The second section of the plant is devoted to medium preparation and SSF. The pretreated OPEFB
from the previous washing process is mixed with a citrate buffer (0.380% citric acid, 0.720% sodium
citrate and water) at 1:13.13 liquid-to-solid ratio by means of an adjustable mixer. The mixture is then
sterilised using a heat steriliser at 120 ◦C for 2 h to avoid contamination from other organisms and
cooled back down to 35 ◦C. Cellulase and yeast at 0.5% and 1% of the mass ratio of the entering feed,
respectively, are gradually added to the mixture by means of two serial adjustable mixers. The mixture
is then finally ready to be transferred into a batch vessel fermenter operating at 35 ◦C and equipped
with a jacket for chilled water flow. SSF takes place in this fermenter, with three reactions occurring
simultaneously. Equation (5) is related to the saccharification reaction. Equations (6) and (7) are related
to ethanol production and cell formation, respectively. The batch time for SSF in this fermenter was set
in such a way as to obtain the highest amount of bioethanol.

1.00 cellulose + 13.13 water →2.21glucose (5)

1.00 glucose →2.09 carbon dioxide + 1.91ethyl alcohol (6)

0.56 glucose →0.45 carbon dioxide + 1.11 water + 0.33 yeast (7)

Reaction rate constants obtained from the optimisation results will be used as values to be input in
the SuperPro Designer® v9.0 Software. The kinetics parameters data input can be seen in Table 1 below.

Table 1. Kinetics parameters data used as inputs in SuperPro Designer®.

Reaction Kinetics Parameters Input

Glucose→ Yeast cell dCC
dt =

[

µmax
[

1− Cp
Cp∗

]

Cs
ks+Cs − kd

]

Cc

Input:
α = 1
µmax = µmax
(S1 − Term) = 1
(S2 − Term) = Cs

ks+Cs
β = − kd
(B − Term) = Cc

Glucose→ Ethanol dCC
dt =

[

Y P
C
· µmax

[

1− Cp
Cp∗

]

Cs
ks+Cs

]

Cc

Input:
α = Y P

C
(ethanol mass/cell mass)

µmax = µmax
(S1 − Term) = 1
(S2 − Term) = Cs

ks+Cs
β = 0
(B − Term) = Cc

Glucose→ Glucose(residue) dCs
dt =

[

Y S
C
·

(

µmax
[

1− Cp
Cp∗

]

Cs
ks+Cs

)

−m
]

Cc

Input:
α = Y S

C

µmax = µmax
(S1 − Term) = 1
(S2 − Term) = Cs

ks+Cs
β = − m
(B − Term) = Cc

The final section of the plant handles purification and hand sanitiser formulation. The purification
is started with filtration for 2 h in a plate and frame filter, which is set to remove almost all solid
fractions from the fermentation broth. The liquid fraction is then transferred into the first distillation
column, called a beer column, for 6 h to separate the ethanol from the fermentation medium. Most of
the water and fermentation medium are removed as bottom products. At the same time, concentrated
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ethanol is transferred to the second distillation column, called a rectifying column, to increase the
ethanol concentration up to 96%. The product is then cooled to 25 ◦C and transferred into a blending
tank, where 3% hydrogen peroxide, 98% glycerol and water are added to fulfil the hand sanitiser
requirements provided by the WHO. The mixture is agitated for 1 h to obtain a homogenous hand
sanitiser formulation and is then transferred out as a final product. The complete process flow diagram
for the described hand-sanitiser production process as formulated by SuperPro Designer® v9.0 can be
seen in Figure 2 below.

 
Figure 2. Complete process flow diagram of hand sanitiser production from OPEFB-based bioethanol
in SuperPro Designer® v9.0.

The economic evaluation of this hand sanitiser plant was focused on the internal rate of return
(IRR), the net present value (NPV), the payback period (PBP), the return on investment (ROI) and the
gross margin of the operation. The calculations of those parameters were performed automatically
by SuperPro Designer® v9.0. Before performing the economic evaluation, several terms should be
assigned to this hand sanitiser plant, as can be seen in Table 2 below.

Table 2. Assigned terms for hand sanitiser plant’s economic evaluation.

Parameters Value

Year of analysis 2020
Construction period 30 months

Start-up period 4 months
Project lifetime 15 years

Interest rate 7.0%
OPEFB capacity 2000 kg/batch

Labour wage $0.92/h

3. Results and Discussion

3.1. Kinetic Parameters of Fermentation

The compositional analysis showed that the un-pretreated OPEFB used in this study contained
39.0% cellulose, 29.8% hemicellulose, 22.8% lignin and 1.7% ash, according to Gozan et al. [24].
After being alkaline-pretreated, there were significant changes to the composition of the OPEFB,
as can be seen in Table 3. The pretreated OPEFB contained 63.97% cellulose, 10.58% hemicellulose,
19.39% lignin and 1.51% ash. This result proved that the delignification of the OPEFB occurred during
the pretreatment process. In general, alkaline pretreatment of biomass at elevated temperatures
will dissolve hemicellulose and lignin effectively, as the degradation of hemicellulose occurs much
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faster than that of cellulose [38]. This phenomenon can be seen from the decreasing amounts of both
hemicellulose and lignin, but not of cellulose, in the pretreated OPEFB. The high cellulose content in the
pretreated OPEFB would be very beneficial for the hydrolysis reaction to produce glucose during SSF.

Table 3. Composition of OPEFB after NaOH pretreatment.

Parameters Composition (%)

Ash 1.51
Lignin 19.39

Cellulose 63.97
Hemicellulose 10.58

The effect of the fermentation time on the cell concentration at various fermentation temperatures
can be seen in Figure 3b. Based on Figure 3b, cell concentration tends to increase with longer SSF times.
This shows that the process of cell formation is still at an exponential stage because of the availability
of sufficient substrate during the reaction and of reaction conditions that support the process of cell
growth. Cell growth phenomena such as the lag phase, stationary phase and death phase have not
been seen in the SSF process; this could be due to the large range of times for sampling processes.
The lag phase in the cell formation can be predicted at t ≤ 24 h. The exponential phase can be seen
according to Figure 3b from the 24th h to the 72nd h, and after the 72nd h, cell growth looks constant or
enters the stationary phase. On the other hand, the death phase was not seen in this study. This could
be due to the abundant amount of substrate, which is indicated by the large residue of OPEFBs at
the end of the SSF reaction (t = 96 h). The death phase was also not seen in a study conducted by
Amenaghawon et al. in which it was stated that the death phase is not seen in the cell growth phase
because the substrate is still available for microorganisms to carry out metabolic processes [39].

 

Figure 3. The concentration of bioethanol (a), yeast cell (b) and glucose (c) during SSF.

The effect of temperature on cell growth shows that the higher temperature of SSF produced
higher microbial concentrations. This may have been due to the substrate that was used in this process.
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The substrate used in this research was OPEFB, which must be broken down into glucose using the
cellulase enzyme. The enzymatic hydrolysis process was generally carried out at a temperature of
50 ◦C (T ≥ 30 ◦C). At 32 ◦C and 35 ◦C, the SSF process can cause the enzymatic hydrolysis of OPEFBs
to be more effective and to produce more glucose than is produced at lower temperatures (30 ◦C).
Glucose is used by yeast for cell growth.

The effect of the fermentation time on the glucose concentration at various fermentation
temperatures can be seen in Figure 3c. Based on Figure 3c, glucose concentration tends to decrease
with longer SSF times. This may occur because the glucose produced in enzymatic hydrolysis will be
used directly by cells for growth processes and to produce bioethanol [39,40].

The decrease in glucose concentration showed the same tendency at each SSF reaction temperature.
This indicates that in the SSF process, glucose that has been formed as a result of enzymatic hydrolysis
will be used directly by yeast as a carbon source to form bioethanol. 30 ◦C was the temperature that
showed the lowest glucose concentration at the end of the SSF reaction. This happened because,
at this temperature, yeast cells make optimum use of glucose, which can be characterised by high
ethanol concentrations.

The effect of the fermentation time on the bioethanol concentration at various fermentation
temperatures can be seen in Figure 3a. Based on Figure 3a, the highest bioethanol concentration
was 0.70 g/L. The longer reaction time of SSF produces lower bioethanol concentrations. The lower
bioethanol concentration produced in this study was different from that produced in previous studies
because, in general, the concentration of bioethanol will increase with longer fermentation times.
The lower bioethanol concentration in this study could be due to the vaporisation of the ethanol.

The effect of temperature on bioethanol concentrations is quite significant. Figure 3a shows
that a temperature of 30 ◦C with a 24-h reaction time produced bioethanol at around 0.70 g/L.
At 32 ◦C and 35 ◦C with 24-h reaction time, the concentration of bioethanol dropped significantly to
0.26 g/L and 0.17 g/L, respectively. This might have occurred because higher reaction temperatures
can make fermentation processes ineffective. High temperatures can affect cell transport activity
and the occurrence of ribosomal and enzyme denaturation and can cause fluidity problems in cell
membranes [41]. Yeast optimally ferments glucose into bioethanol at 30 ◦C. Based on data obtained
from the laboratory, the bioethanol concentration was very small. Therefore, the influence of bioethanol
as an inhibitor in the SSF kinetics equation can be ignored.

Based on Figure 4 above, the kinetic model optimisation of cell, glucose and bioethanol
concentrations shows some results that are not optimal. This could be due to the composition
of the raw materials used in this study. The raw material used in this study was OPEFB, which consists
of cellulose, hemicellulose and lignin. The hemicellulose and lignin contents in the raw material could
have inhibited the enzymatic hydrolysis process and the fermentation process. However, overall,
the kinetics model that was used in this study is suitable for experimental data and can describe the
SSF process.

From the results of the kinetic model optimisation with cell, glucose and bioethanol concentrations,
various kinetic constants on the bioethanol reaction can be obtained. The kinetics constants for the
bioethanol fermentation reaction can be seen in Table 4 below.

Table 4. Determined kinetic parameters for bioethanol production.

Kinetic Parameters
Temperature (◦C)

30 32 35

µmax (h−1) 0.009 0.013 0.018
ks (g/dm3) 0.004 0.010 0.025

kd (h−1) 0.009 0.009 0.213
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Figure 4. Arrhenius plot for SSF to determine µmax (a), ks (b) and kd (c).

Based on Table 4, it can be seen that higher temperatures will increase the value of various reaction
constants, such as µ max (maximum specific growth rate), ks (Monod constant), kd (cell death rate
constant) and m (maintenance cell constant). One parameter that influences cell growth is µ max.
The effect of ethanol on cell growth can be seen through the µ max parameter. When the ethanol
concentration rises, µ max tends to decrease. The same phenomenon is also seen in the previous
research conducted by Amenaghawon et al. [39]. This indicates that bioethanol is an inhibitor of the
cell growth process.

3.2. Process Simulation

The simulation result obtained using SuperPro Designer® v9.0 showed that fermentation time
plays a significant role in determining the flowrate of products coming out of the fermenter when
the kinetic parameters in Table 4 are applied. Figure 5 shows that the fermenter’s output flowrate
of bioethanol, glucose and yeast varied according to the fermentation time. The glucose flowrate
decreased with increasing fermentation time as it was used as the substrate for bioethanol production.
On the other hand, the bioethanol and yeast flowrates increased with increasing fermentation time,
as they were both produced during fermentation. The glucose was completely consumed when the
fermentation time was set to 192 h. At this time, the flowrate of produced bioethanol was at a maximum.
Thus, the fermentation time for this hand sanitiser plant was set to 192 h to obtain the maximum
bioethanol yield with the minimum batch time.
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Figure 5. The relationship between fermentation time and flow rate of bioethanol, glucose and yeast
leaving fermenter simulated by SuperPro Designer©. v9.0.

When the fermentation time was set to 192 h, the flowrate of produced bioethanol was 681 kg per
batch, with a concentration of 3.4%. The plate and frame filtration could separate solid and liquid
fractions of fermentation broth, resulting in an increased bioethanol concentration of 3.5% in the liquid
output stream. The first distillation process in the beer column increased the bioethanol concentration
to 79.3% with the remaining water. The second distillation process in the rectifying column finally
increased the bioethanol concentration to 96.2%, as required by the WHO for use as a hand sanitiser
raw material. At this point, the flowrate of bioethanol decreased to 651 kg due to some losses in the
previous separation processes. Bioethanol was then mixed with the other raw materials, resulting in
a final hand sanitiser product with a composition of 80.2% ethanol, 18.3% water, 1.4% glycerol and
0.1% hydrogen peroxide, as required by WHO standards. The overall results showed that this hand
sanitiser plant design could produce 812.7 kg of hand sanitiser from 2000 kg of OPEFB for every batch.

The recipe scheduling information feature in SuperPro Designer® v9.0 for this hand sanitiser plant
showed that the batch time and minimum cycle time (excluding equipment shared across batches and
auxiliary equipment) were 219 and 194 h, respectively, with a total of 40 batches per year. This plant
could, therefore, produce 32,506.16 kg of the total flow of hand sanitiser as the main product per year.

3.3. Cost and Economic Parameters

Investment performance measurement was conducted using several economic analyses, including
the calculation of NPV, IRR, PBP and ROI. The calculations were performed using SuperPro Designer®

v9.0 with several assumptions employed, based on the particulars of the Indonesian industry context,
such as the number of holidays in a year, the labour price, the price of raw materials and the risk-free rate.

This section presents the estimation of the total capital investment cost (TCI), the annual operating
cost (AOC) and the unit production cost of the hand-sanitiser product. The project is assumed to have
a lifetime of 10 years and an annual operating time of 330 days (11 months). The depreciation of the
capital investment was calculated using the straight-line method for a period of 10 years and a salvage
value equal to 5% of the initial cost. The TCI of the plant was estimated according to the equipment
purchase cost (EPC) following a well-established engineering methodology described in detail in the
literature [42]. The equipment sizes were calculated using the simulation tool, based on the mass and
energy balances. The EPC was estimated according to information from vendors, literature sources,
and the SuperPro Designer® v9.0 equipment cost database. The total investment was estimated at
$645,000; the breakdown of the TCI is presented in Table 5 below.
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Table 5. Fixed capital estimate summary (2020 prices in $).

Total Plant Direct Cost (TPDC)

1. Equipment purchase cost 101,000
2. Installation 33,000
3. Process piping 35,000
4. Instrumentation 41,000
5. Insulation 3000
6. Electrical 10,000
7. Buildings 46,000
8. Yard improvement 15,000
9. Auxiliary facilities 41,000
TPDC 325,000

Total Plant Indirect Cost (TPIC)

10. Engineering 81,000
11. Construction 114,000
TPIC 195,000

Total Plant Cost (TPC = TPDC + TPIC)

TPC 520,000

Contractor’s Fee and Contingency (CFC)

12. Contractor’s Fee 26,000
13. Contingency 52,000
CFC 78,000

Direct Fixed Capital Cost (DFC = TPC + CFC)

DFC 598,000

The calculation of the annual operating cost (AOC) was conducted to determine the influence
of operating components on the product cost. The calculated AOC for this plant was $305,000;
its breakdown is summarised in Figure 6. As shown in Figure 6, the largest percentage of the
AOC is facility-dependent costs, which consist of capital depreciation, maintenance, insurance and
overheads [43]. This can be explained, as the high value of the TCI and the relatively short lifetime of the
plant lead to higher annual depreciation. The second highest cost contributor is utilities, which consist
of standard electrical power, steam (low pressure and high pressure), and a large amount of cooling
and chilled water, with a total annual utility cost of $95,749. The highest contributor to the utility
cost is electricity, at $58,807 annually, or more than 61% of the utility cost. This is a result of the long
period of fermentation that leads to high electricity consumption for processes such as agitation and
temperature control. Raw materials, despite the low price of OPEFB, contribute to 22% of the AOC.
The breakdown of raw material and utility costs can be seen in Table 6.

− − −
− − −
− − −

−

Figure 6. Annual operating cost breakdown.
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Table 6. A detailed list of materials and utilities cost.

Material/Utility Unit Cost ($) Annual Amount Reference Unit Annual Cost ($)

Air 0.00 5,914,956 kg 0
Cellulase 2.50 4058 kg 10,146

Citric Acid 0.63 2866 kg 1791
Glycerol 98% 0.60 471 kg 283

H2O2 3% 0.40 1356 kg 542
OPEFB 0.01 80,000 kg 488

Sodium Citrate 0.76 5431 kg 4127
Sodium Hydroxide 0.43 80,000 kg 34,000

Water 0.01 4600 MT 46
Yeast 1.95 8158 kg 15,907

Standard Power 0.10 588,067 kW-h 58,807
Low Pressure Steam 3.34 1983 MT 6624
High Pressure Steam 5.78 1119 MT 6468

Cooling Water 0.05 186,277 MT 9314
Chilled Water 0.19 78,573 MT 14,536

One of the reasons why this project could be economically beneficial is the low cost of labour in
Indonesia. The actual minimum wage of labour in Indonesia varies depending on location. In this
study, we used the highest value of minimum wage in Indonesia for labour and blue-collar jobs,
which is about $0.9/labour-h. The annual cost for operators as labour in this plant was found to be
$24,996 with a total annual amount of 27,170 h, and it contributes to about 8% of the AOC.

After calculating the TCI and AOC, the unit production cost of the hand sanitiser product was
then calculated at $9.37 per kg of the main product. Since hand-sanitiser products are sold by volume,
we determined the product selling price in USD/L. We varied the product selling price to further analyse
the investment performance and to obtain the best-selling price. The calculation was performed using
SuperPro Designer®, and the parameters we focused on were IRR, PBP, gross margin, ROI and NPV.
We wanted to obtain the selling price most feasible for penetrating the market in Indonesia, most likely
to be economically beneficial and most able to fulfil the standard economic parameters of the market.
The detailed data pertaining to the effect of product price variation can be seen in Table 7 below.

Table 7. Effect of hand sanitiser price on some economic parameters in this study.

Product Price
(USD/L)

IRR
(%)

PBP
(Year)

Gross Margin
(%)

ROI
(%)

NPV
(USD)

2 N/A N/A −295 −26 −1,824,000
4 N/A N/A −97 −14 −1,278,000
6 N/A N/A −32 −3 −732,000
8 0.4 10.9 1 9 −224,000

10 9.8 6.1 21 16 108,000
12 17.0 4.3 34 24 440,000
14 23.2 3.3 44 31 772,000
16 28.7 2.6 51 38 1,104,000

3.4. N/A: Not Available

Based on the data mentioned above, it can be concluded that a product selling price of $10/L is
the minimum selling price able to fulfil all the given parameters. The hand sanitiser product with a
$10/L price produces a 9.8% IRR, will break even at 6.1 years, and has an NPV of $108,000 at the end
of the plant’s lifetime. With a gross margin of 21%, the product has a lower value according to the
average gross margin obtained by speciality chemical industries, which have gross margin values
at 31.16% [44]. Therefore, we need to choose the product selling price that can fulfil this parameter.
The price point of $12/L produces a gross margin value of 34% with a higher IRR and NPV compared
to the $10/L price-point, with values of 17% and $440,000, respectively. It also has a relatively short
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payback period, at about 4.3 years. These economic parameters are from the market’s point of view,
with the average product selling price of hand sanitiser in Indonesia being $0.87 per 50 mL, or about
$17.40/L, the product is economically competitive compared to the existing products in Indonesia.

4. Conclusions

This study explored the techno-economic evaluation of a hand sanitiser production plant using
OPEFB-based bioethanol and the simultaneous saccharification and fermentation method. The kinetic
parameters of bioethanol production using Saccharomyces cerevisiae in a laboratory-scale experiment
were applied in SuperPro Designer® v9.0 to process simulation and economic assessment. The batch
time of this hand sanitiser plant was 219 h, with a total of 40 batches per year. The total capital
investment was calculated at $645,000 with a production capacity of 2000 kg per batch and a total of
32,506.16 kg of hand sanitiser as the main product per year. The total annual operating cost of this
plant was found to be $305,000. The economic assessment performed by SuperPro Designer® v9.0
showed that the minimum selling price of the hand sanitiser was $10/L, which would result in a 9.8%
IRR, a 21% gross margin, a 16% ROI, a $108,000 NPV and a PBP of 6.1 years. These results have shown
that hand sanitiser production from OPEFB-based bioethanol is economically feasible and can be
implemented at a tolerable price as an alternative application for second-generation bioethanol from
lignocellulosic biomass in order to produce hygiene-related products.
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