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Abstract: Lignocellulosic materials are a mixture of natural polymers which can be considered a great
alternative source of chemical products and energy. Hence, pinewood, poplar wood, and rice straw,
as representatives of different types of lignocelluloses, were subjected to several pretreatment types
in order to increase ethanol production yield. All pretreatments increased enzymatic hydrolysis and
ethanol yield, specifically pretreatment with phosphoric acid. This pretreatment increased ethanol
yields by 304.6% and 273.61% for poplar wood and pinewood, respectively, compared to untreated
substrates. In addition, a number of analyses, including a BET test, buffering capacity, crystallinity,
accessible surface area, and composition measurement, were conducted on the pretreated substrates
to investigate their structural modifications in detail. Accessible surface area, as one of the most
important parameters for performance of enzymes and microorganisms in the fermentation process,
was examined by the water retention value test. The results of this method (using centrifuge) showed
that the maximum accessible surface area was related to the pretreated samples with phosphoric
acid so that it increased WRV to 132.19%, 149.41%, and 68.44% for poplar wood, pinewood, and rice
straw, respectively, as compared to untreated substrates. On the whole, pretreatments restructured
and opened up the tangled structure of lignocelluloses, resulting in a considerable increase in
ethanol yields. Moreover, in this study, for the first time, a new correlation was presented for
each substrate which indicates the relationship between ethanol yield and structural features of the
lignocellulosic substrate.

Keywords: ethanol; renewable energy; waste management; pretreatment; enzymatic hydrolysis

1. Introduction

Growing concerns regarding depletion of oil resources, environmental impacts, fluctu-
ations in the petroleum products market, and increasing demand for energy have promoted
extensive research on renewable and clean alternative fuels [1–4]. Air pollution intensifies
the risk of noncommunicable diseases (such as cancer), and during the Coronavirus disease
pandemic, it may have increased susceptibility to COVID-19 infection [5]. Hence, biofuels
can partially alleviate the concerns of these issues [6] and contribute to reducing greenhouse
gas emissions [7]. One of the most common biofuels in the world is bioethanol, which
can be used instead of fossil fuels in car engines [8,9]. Biomass conversion is the main
method of bioethanol production [10], and lignocellulosic materials can be considered great
raw materials for this operation because they are abundant, available, and inexpensive
resources worldwide [11]. In addition, the use of waste lignocelluloses is a great solution
to avoid the “food vs. fuel” conflict [12] and saves food sources, such as corn and wheat,
from being consumed to produce fuel [13]. Despite first-generation biofuels which are
produced from food crops, second-generation biofuels are obtained from nonfood and
waste lignocellulosic materials such as forest waste and agricultural residues [14].

Lignocelluloses are complicated materials that are composed of lignin, hemicellulose,
and cellulose [15]. With regard to their age, species, and storage condition, they have a
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different composition compared to each other [16]. Cellulose as the major constituent [17],
making the scaffold of these compounds, is bounded by hemicellulose, and lignin covers
them as a shield [18]. Lignin has a complicated structure that is made up of hydroxyl phenyl-
propanoid units [19,20]. It covers microfibers as glue, and its principal role is to enhance
resistance against external stress, making these materials recalcitrant. This recalcitrant
structure does not allow the structural sugars to digest easily [21]. Pretreatment as an initial
process has been developed to break up this complex structure [18,22]. There are several
physical, chemical, or biological techniques for pretreatment which decrease the degree of
polymerization and increase accessible surface area for enzymes and microorganisms [23].

Autohydrolysis, as the most common pretreatment, is a simple, inexpensive, and
nontoxic method which is also named the liquid hot water method [24,25]. Moreover, this
method has other merits such as a short treatment time and low power consumption [26].
Chemical pretreatments are usually effective methods with high efficiency [27]; however, in
recent years, several studies have examined the function of pretreatments with phosphoric
acid, sulfuric acid, sodium hydroxide, and sodium carbonate. Obeng et al. [28] showed that
pretreatment with 75% (v/v) phosphoric acid after a step of physical treatment improves
the enzymatic hydrolysis yield of a durian peel from about 13% to 90%. They contended
that this process decreases the hemicellulose content and increases accessible surface
area to enzymes. Moreover, Syaichurrozi et al. [29] used diluted sulfuric acid in their
study as a low-cost acid for pretreatment. They showed that this pretreatment reduces
lignin content and increases the nonfiber carbohydrate. Because of the minimal reaction
conditions and low-cost operation, alkaline pretreatments, particularly those using sodium
hydroxide and sodium carbonate, have been reported to be extremely successful [30,31].
Penetration of sodium ions after alkaline pretreatment is the main cause of an increase
in bioconversions of lignocelluloses [32]. For instance, Noori and Karimi [33] in a study
examined the effects of pretreatment with 8 wt% sodium hydroxide at low, moderate,
and hot temperatures on elmwood. They showed that pretreatment with 8 wt% sodium
hydroxide remarkably modifies the structure of hardwoods and enhances the glucose yield
in enzymatic hydrolysis. In addition, Molaverdi et al. [31] showed that 5-hour pretreatment
with 0.5 M sodium carbonate solution slightly decreased the total crystallinity index (TCI)
of rice straw from 1.55 to 1.18. They contended that a decrease in crystallinity leads to the
improvement of glucose and ethanol production.

In this study, pinewood as a softwood, poplar wood as a hardwood, and rice straw
as an agricultural residue were chosen to be analyzed. Pretreatment of these materials
was conducted by liquid hot water, phosphoric acid, sulfuric acid, sodium hydroxide, and
sodium carbonate. The final aim of pretreatment is to provide appropriate conditions to
enzymes and microorganisms to produce more sugar and following that, more ethanol.
Hence, enzymatic hydrolysis and fermentation analysis were used to examine the effects
of pretreatments on lignocelluloses. Moreover, one of the salient parameters in the bio-
conversion of lignocelluloses is the accessible surface area [34] which was examined with
water swelling capacity and BET techniques. In addition, to better understand the role of
pretreatment in the structure of lignocelluloses, some other techniques such as FTIR, XRD,
buffering capacity, as well as determination of biomass composition were performed.

This study examined the effects of alkaline and acidic pretreatments on the structural
features of lignocellulosic materials. Afterward, it was shown that these structural features
have an important relationship with ethanol production yield. Hence, in order to quan-
titatively examine this case, for the first time, three correlations for these substrates were
presented which show the relationship between the ethanol yield and structural features
index. These correlations can be very useful for future researchers in order to conduct
quantitative examination in the ethanol production field.
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2. Materials and Methods
2.1. Raw Materials and Enzymes

Poplar wood and pinewood, obtained from Isfahan University of Technology Forest
(Isfahan, Iran, 32.7191◦ N, 51.5320◦ E), and rice straw, acquired from Lenjan fields (Isfahan,
Iran, 32.4750◦ N, 51.3051◦ E), were used as substrates in this study. After debarking poplar
wood and pinewood, they were cut and milled along with rice straw. All substrates were
screened to achieve uniform size using 20 and 80 mesh (DG, Scientific products Co., Tehran,
Iran). The substrates were well-protected from heat, moisture, or contamination until
further use.

A 9:1 (volumetric proportion) blend of Cellic®, CTec, and Cellic HTec produced by
Novozymes Denmark was employed to perform enzymatic hydrolysis and simultane-
ous saccharification and fermentation (SSF). The enzyme solution activity was measured
95 FPU mL−1, according to the method of Adney and Baker [35]. A culture collection of
Saccharomyces cerevisiae (CCUG 53310), which was provided by the University of Gothen-
burg, was used for fermentation. The collection was propagated in a growth medium
according to the method provided by Karimi et al. (2006).

2.2. Pretreatment Methods

Optimum pretreatment conditions were carefully chosen and recreated based on
previous studies. All treated substrates were dehydrated at −80 ◦C for 24 h using a freeze
dryer (Alpha 1-2 LDplus, Martin Christ, Osterode, Germany). Total solids of the untreated
and dried-treated substrates were determined by the standard method presented by the
National Renewable Energy Laboratory (NREL) [36].

2.2.1. Autohydrolysis

A quantity of 90 ± 0.01 g distilled water was added to 10 ± 0.01 g (on dry basis) of
the substrate and mixed thoroughly for 15 min. A 500 mL high-pressure stainless-steel
reactor was used to heat the mixture afterward. The mixture’s temperature was gradually
increased to 180 ◦C and held for 30 min with a heating rate of 5 ◦C/min. The reactor was
then cooled, and the solid fraction of the blend was recovered and neutralized by excess
water immediately [24].

2.2.2. Dilute Sulfuric Acid

A biomass sample of 10 ± 0.01 g on dry basis was mixed thoroughly in 90 ± 0.01 g
of 0.5% (w/w) sulfuric acid for 15 min. The same heating and neutralization steps as the
autohydrolysis process were performed afterward [37].

2.2.3. Concentrated Phosphoric Acid

A quantity of 8 mL of 85% phosphoric acid was added to a 50 mL centrifuge tube
containing 1 ± 0.01 g (on dry basis) of the substrate and mixed well for 5 min using a
glass rod. Then, sealed tube was put into a 50 ◦C water bath for 30 min. Afterward, 20 mL
of pre-cooled acetone was stirred into the solution to quench the ongoing reaction. The
solution was centrifuged at 3400 rpm for 20 min (TL320, Selecta Lab, Tianjin, China), and
the separated liquid phase was removed. Another 30 mL of pre-cooled acetone was added,
mixed, centrifuged, and eventually removed two more times. The last washing step was
applied three more times using distilled water instead of acetone to neutralize the biomass.
However, an additional step of washing with excess distilled water was sometimes needed
to enhance the neutralization [37].

2.2.4. Sodium Hydroxide

About 190 ± 0.01 g of 2 molar solution of NaOH was added to 10 ± 0.01 g (on dry
basis) of the substrate, mixed thoroughly, and endured 3 straight hours of thermal treating
and sporadic mixings. Pretreatment with sodium hydroxide was conducted in two different
thermal conditions. The hot condition (100 ◦C) was created in the same reactor that was
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used for autohydrolysis with a heating rate of 3.5 ◦C/min, while the cold treatment (4 ◦C)
was simply performed in an ice-water bath. The solid fraction of the blend was separated
and washed with plenty of distilled water [33].

2.2.5. Sodium Carbonate

The procedure for sodium carbonate pretreatment was quite similar to the hot sodium
hydroxide pretreatment process. A quantity of 190 ± 0.01 g of 0.5 M sodium carbonate was
used to pretreat 10 ± 0.01 g (on dry basis) of the substrate at 100 ◦C for 3 h [38].

2.3. Enzymatic Hydrolysis

The treated and untreated substrates were subjected to enzymatic hydrolysis to investigate
the effect of pretreatment on hydrolysis rate and yield. Following the Jeyhanipour et al. [39]
method, the hydrolysis was performed at 45 ◦C and 130 rpm for 72 h in a citrate sodium
buffer containing 50 g/L of substrate, 15 FPU of Cellulase/g substrate, and 0.8 g/L of
sodium azide. To evaluate hydrolysis progress, seven samples were taken at 1st, 2nd, 3rd,
8th, 24th, 48th, and 72nd hour of the process. The samples were kept in an 80 ◦C water bath
for 10 min, as conducted by Kootstra et al. [40], centrifuged at 900 rpm for 10 min to cease
enzyme activity effectively, and finally stored at −18 ◦C until further use. This experiment
was repeated once more to confirm data. An additional set of substrates underwent the
same procedure, only without adding the enzyme. Samples of the latter set were taken at
24 h.

The amount of released glucose into the buffer was quantified by applying Miller’s
method [41] on all samples. The glucose content of some samples was further examined
by a high-pressure liquid chromatography (HPLC) equipped with a refractive index (RI)
detector (using Bio-Rad Aminex HPX-87H column, 0.6 mL/min eluent of 5 mN sulfuric
acid, at 60 ◦C) to double-check DNS results.

The initial rate of hydrolysis was calculated by drawing the best curve to fit data and
finding the curve’s slope at zero point. Hydrolysis yield was measured using Equation (1) [33]:

Enzymatic hydrolysis yield (%) =
GH (g/L)

MG × 50 (g/L)× 1.111
× 100 (1)

where GH is glucose concentration in hydrolysate (g/L), MG is glucan content of biomass,
50 (g/L) is substrate concentration, and 1.111 is the conversion factor which was used to
dehydrate glucan to glucose.

2.4. Fermentation

Simultaneous fermentation and hydrolysis were conducted under a procedure de-
scribed by Karimi et al. [42]. A quantity of 1 ± 0.01 g of substrate on dry basis was
added to an autoclaved container of 20 mL sodium-citrate-buffer (50 mM)-based media.
The container held 5 g/L yeast extract, 7.5 g/L (NH4)2SO4, 3.5 g/L K2HPO4, 0.75 g/L
MgSO4.7H2O, and 1 g/L CaCl2.2H2O, pH was adjusted to 5. A quantity of 15 FPU enzyme,
and 0.02 g Saccharomyces cerevisiae per gram of dry substrate were added to the solution.
SSF was performed under the anaerobic conditions at 37 ◦C and 130 rpm for 72 h. Accu-
mulated gas was discharged regularly to prevent inhibition. Samples were taken after 24
and 72 h and analyzed by HPLC (An Aminex HPX-87H column, Bio-Rad, Hercules, CA,
USA) equipped with a refractive index (RI) detector (Jasco International Co., Tokyo, Japan).
The test was repeated four times to refine the results data. Ethanol yield was determined
through Equation (2) [43].

Ethanol yield (%) =
produced ethanol (g/L)

1.111 × glucan fraction (%)× 50 (g/L)× 0.51
× 100 (2)
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where the denominator equals the maximum theoretical produced ethanol (g/L). Glycerol
yield was calculated by Equation (3) [42].

Glycerol yield (%) =
produced glycerol (g/L)

glucan fraction × 50 (g/L)× 1.111
× 100 (3)

2.5. Solids Characterization
2.5.1. Biomass Composition

Carbohydrate, lignin, and ash content of both the treated and untreated biomass were
determined according to NREL chemical analysis and testing procedure [44]. Using a
two-step technique provided by Sluiter et al. [45], extractives were derived out of untreated
biomass beforehand to prevent any interference with the process. In addition, solid recovery
was calculated based on Equation (4).

Recovery =
weight of pretreated sample (g)

weight of dry sample before the pretreatment (kg)
× 100 (4)

2.5.2. Accessible Surface Area
Nitrogen Adsorption (BET)

The specific surface area as an index for the accessible surface area was measured
using Brunauer–Emmett–Teller (BET) test. All samples were milled (vibrating mill 60775S,
Shimadzu, Kyoto, Japan) and vacuum-dried (25,829, Memmert, Schwabach, Germany) at
100 ◦C for 12 h before conducting a nitrogen adsorption test at 77 k through the use of a
specific surface area by porosity analyzer (PHS-1020, PHS, Shanghai, China).

Water Retention Value (WRV)

Water retention value was obtained from two different methods. The first was deter-
mined by a centrifuge technique. Based on Cheng et al. [46], around 0.2 g (on dry basis) of
untreated and treated substrates was soaked in distilled water for 2–3 days, transferred to
special setups, and centrifuged at 1350 g for 20 min. The hand-made setup was basically a
centrifuge tube containing a fixed perforated plastic cap in the middle of tube height and a
removable Whatman filter paper (No. 42, GE healthcare, the U.S.) on top of the cap. Before
the test, the weighed filter paper should be slightly wet to minimize errors. Following
centrifugation, samples that still contained some water in their pores remained on the filter
paper, and excess water shifted to the bottom of the tube. The sample and filter paper were
weighed and put into 103 ◦C oven until their weights were fixed. Each test was repeated
three times. Equation (5) was used to calculate WRV.

WRV = (Wwet − Wdry)/Wdry (5)

where Wwet is sample’s weight just after centrifugation, and Wdry is the weight of the
oven-dried sample.

The second method for determining WRV was nonwoven bags method. Following
Hashemi et al.’s method [47], a quantity of 0.1 ± 0.001 g of each substrate (on dry basis)
was placed in analogous weighed polyester bags and secured with plastic yarns. The bags
were soaked in distilled water at room temperature for 1 h and carefully weighed afterward.
Once more, WRV was obtained from Equation (5). To avoid any misjudgments, the test
was repeated three times, and an empty bag was always being used as a blank.

2.5.3. Buffering Capacity

Noori and Karimi [33]’s method was applied to evaluate the pH resistance of substrates
in an aqueous environment. About 1 ± 0.01 g of both untreated and treated materials was
added to 80 mL of deionized water and swirled gently and continuously. Two hours later,
pH was determined through the use of a pH meter (744 pH meter, Metrohm, Switzerland)
as initial pH. Enough 0.1 N sodium hydroxide was added to acidic solutions at intervals
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and neutralized. Afterward, all solutions were titrated with 0.1 N hydrochloric acid to
reach a pH of 4 gradually. Titratable alkalinity and titratable acidity are the volume of used
NaOH and HCL for each sample in milliliters, respectively. Base buffering capacity and
acid buffering capacity were estimated by Equations (6) and (7).

Base buffering capacity =
Titratable alkalinity (mL)

7
(6)

Acid buffering capacity =
Titratable acidity (mL)

7 − 4
(7)

2.5.4. FTIR Spectra

FTIR analysis examined compositional and structural changes in samples after pretreat-
ment [48] using a spectrometer (Rayleigh WQF-510 FTIR, BFRL, Beijing, China), equipped
with DTGS detector. On average, 32 scans were obtained in the wavelength range of
400–4000 cm−1 with a resolution of 1 cm−1 for each of the spectra. The absorbance axis
was normalized to 0 and 1, according to the highest peak in each spectrum. Common
crystallinity indices, such as total crystallinity index (TCI = α1377/α2922), lateral order
index (LOI = α1421/α893), and lignin to cellulose ratio (α1510/α900), were quantified
according to the modified spectra [49].

2.5.5. X-ray Diffraction (XRD)

An X-ray diffractometer (Asenware AW/XDM 300, China) equipped with a Cu kα

radiation source (λ = 0.154 nm) operating at 30 mA and 40 kV scanned and recorded the
molecular structure of moisture-free samples. Scanning was conducted at 2θ = 5–55◦ with
the step size of 0.05◦ and step of 1 s. After modifying the raw spectrum’s baseline, a
six-point average trend line was applied to make the spectrum smooth. Crystallinity index
(CrI) was calculated according to Equation (8) (Segal’s equation) as it is the most common
method and provides better opportunities for comparison with other studies [49,50].

CrI = (I002 − IAM)/I002 (8)

where I002 is peak intensity at 2θ ≈ 22.5◦, and IAM is the lowest peak between 101 and 002
planes which appears at about 2θ≈ 18◦ [50]. Scherrer equation was employed to determine
the crystallite size of the samples.

β =
k.λ

τ. cos θ
(9)

where β is the width of the peak at half the maximum height in radians, k is the Scherrer
constant factor (about 1), λ is the wavelength of the applied X-ray (= 0.154 nm), τ is the
crystallite size plane, and θ is half the Bragg angle [51].

Since plane 002 exhibits a much more conspicuous peak than others, the corresponding
peak was chosen to estimate crystallite size based on its data. The k value was set to one [51,52].

2.6. Statistical Analysis

Analysis of variance of the results was conducted by ANOVA test using SAS® 9.4 for
WRV, enzymatic hydrolysis, and SSF. Tukey’s method with 95 percent confidence coefficient
was carried out to determine the remarkable differences among the experimental results.
Error bars show standard deviations (SD) from the means.

3. Results and Discussion

Softwood, hardwood, and agricultural residues are the three most common groups of
lignocellulosic material. In this study, pinewood, poplar wood, and rice straw as represen-
tatives of these groups were subjected to autohydrolysis, dilute sulfuric acid, concentrated
phosphoric acid, sodium hydroxide at low temperatures, and sodium carbonate at high-
temperature pretreatments, and each of these pretreatments possesses its own condition
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and mechanism. In order to examine the structural changes in lignocellulosic materials
after pretreatment, some analytical tests such as FTIR, XRD, and buffering capacity were
performed. Accessible surface area as one of the most important parameters of lignocellu-
loses in enzymatic hydrolysis and fermentation was analyzed using the WRV technique
and BET. Moreover, initial hydrolysis rate, enzymatic hydrolysis yield, as well as ethanol
production yield were obtained from SSF and enzymatic hydrolysis experiments.

3.1. Effects of Pretreatment on the Composition of lignocelluloses

The total solid content of substrates was determined in order to investigate the effects
of pretreatment on the composition of lignocelluloses. As mentioned before, pretreatments
break the complex structure of lignocelluloses. The results of this experiment are summa-
rized in Table 1. As shown in Table 1, the glucan content of all samples was increased, and
hemicellulosic sugar (the sum of xylan, galactan, arabinan, and mannan) content of these
was decreased after pretreatment. Pretreatment of rice straw with hot sodium hydroxide is
a salient example of this change. The glucan content of rice straw increased from 41.76% to
71.25% after pretreatment with hot sodium hydroxide.

Table 1. The composition of untreated and pretreated samples in poplar wood, pinewood, and rice straw.

Substrate Pretreatment Glucan 1 Xylan Galactan Arabinan +
Mannan ASL 2 AIL 3 Total

Lignin Ash

Poplar

Untreated 51.4 18.7 0.2 5.7 4.7 ± 0.1 20.4 ± 0.1 25.1 0.17 ± 0.10

Autohydrolysis 57.8 9.4 ND4 3.5 2.7 ± 0.1 25.1 ± 0.1 27.8 0.93 ± 0.27

Sulfuric Acid 64.1 4.7 ND 1.9 1.6 ± 0.1 31.3 ± 0.1 32.9 0.83 ± 0.17

Phosphoric Acid 61.2 4.8 ND 3.2 2.7 ± 0.1 20.3 ± 0.1 23 0.34 ± 0.01

Hot Sodium
Hydroxide 65.3 9.2 ND 3.8 3.5 ± 0.2 19.7 ± 0.4 23.2 0.73 ± 0.05

Cold Sodium
Hydroxide 55.4 9.6 ND 4.1 3.9 ± 0.2 19.9 ± 0.2 23.8 0.36 ± 0.19

Sodium
Carbonate 52 9.7 ND 4.2 4.1 ± 0.1 19.2 ± 0.1 23.3 0.23 ± 0.49

Pine

Untreated 44.2 6.8 1.3 11 2.9 ± 0.1 20.2 ± 0.1 23.1 0.55 ± 0.02

Autohydrolysis 51.8 4.1 ND 5.3 2.2 ± 0.1 19.7 ± 0.8 21.9 0.72 ± 0.14

Sulfuric Acid 52.7 4 ND 3 2.7 ± 0.1 26.5 ± 0.1 29.2 0.89 ± 0.05

Phosphoric Acid 47.4 3.1 1.6 3.2 2.7 ± 0.2 24.7 ± 0.4 27.4 0.72 ± 0.51

Hot Sodium
Hydroxide 47 8.6 0.7 3.2 3.1 ± 0.2 22.4 ± 0.7 25.5 0.33 ± 0.12

Cold Sodium
Hydroxide 45.9 5.9 1.3 5.4 2.9 ± 0.1 19.5 ± 0.4 22.4 0.43 ± 0.10

Sodium
Carbonate 48.6 6.6 1.1 3.7 3.2 ± 0.5 24.7 ± 0.5 27.9 0.56 ± 0.23

Rice Straw

Untreated 41.8 18.7 ND 3.2 4.3 ± 0.1 15.7 ± 0.6 20 7.08 ± 0.25

Autohydrolysis 52.7 7.9 ND 5.4 2.5 ± 0.1 15.9 ± 0.7 18.4 7.91 ± 0.81

Sulfuric Acid 59.8 5.6 ND 1.5 2.6 ± 0.1 16.8 ± 0.4 19.4 11.91 ± 0.16

Phosphoric Acid 63 5.3 ND 3.2 2.6 ± 0.1 16.8 ± 0.2 19.4 11.44 ± 0.07

Hot Sodium
Hydroxide 71.2 8.9 ND 2.3 1.1 ± 0.1 8.7 ± 0.1 9.7 7.63 ± 0.05

Cold Sodium
Hydroxide 60.5 10.1 ND 2.7 2.0 ± 0.1 13.3 ± 0.3 15.3 8.45 ± 0.19

Sodium
Carbonate 57.8 12 ND 2.2 1.6 ± 0.1 9.2 ± 0.3 10.7 11.58 ± 0.32

1 According to previous studies, hemicellulosic sugars range in standard deviation between 3.5 and 4.8 in this
method. 2 Acid Soluble Lignin. 3 Acid Insoluble Lignin. 4 Not Detected.
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According to this table, the xylan content of poplar wood and rice straw samples was
declined after pretreatment. In contrast, in the vast majority of samples of pinewood, xylan
content was not considerably decreased and it was slightly increased after pretreatment
with hot sodium hydroxide. This may indicate that softwood xylan is more resistant to
hydrolysis. Softwood xylan is highly acetylated and has several side chains of methyl
glucuronic acid, which makes xylan hydrolysis difficult [53]. It should be noted that the
increase in xylan after pretreatment with hot sodium hydroxide was relative, and its mass
amount did not increase. In fact, with the more severe elimination of mannan and arabinan
during the pretreatment, the ratio of xylan to total solid increased. In addition, in all cases
of rice straw, lignin content was reduced after pretreatment. On the contrary, in some wood
samples, the lignin content was increased. For these cases, it means that pretreatment
broke some parts of the cellulose and hemicellulose chain and removed them from the
lignocellulose structure. Hence, despite lignin removal in the pretreatment process, the
percentage of lignin content was increased. Moreover, as the most important result of
pretreatment, the sum of lignin and hemicellulosic sugar percentage was decreased in all
substrates after pretreatment.

In this research, crystallinity, as one of the crucial parameters in lignocelluloses affect-
ing enzymatic hydrolysis and fermentation, was investigated using FTIR and XRD analyses.
The results of the FTIR test are presented in Tables S2–S4. The wavenumbers of 898, 1111,
1160, 1425, 1455, 2900, and 3400 are bands that are related to cellulose I and cellulose II, and
depending on the type of substrate they have a slight change in their positions. As shown
in these tables, most of the band positions have no considerable change in adsorption,
which means subtle parts of the structure have changed. Most of these slight changes
corresponded to the removal of other parts of the sample. However, drastic change is
obvious in poplar wood samples, which were pretreated with sulfuric acid, and rice straw
and pinewood samples which were pretreated with phosphoric acid. It means that some
parts of cellulose I and cellulose II were certainly eliminated in substrates after pretreatment
with the mentioned acids. In most of the cases in rice straw, adsorption of bands at 1111
and 1455 were decreased or eliminated after alkaline pretreatment.

Amorphous cellulose and xylan were designated by positions at 898 and 1425, re-
spectively. Adsorption of these positions was decreased just by pretreatment with sulfuric
acid in all substrates. Previously, as shown in Table 1, xylan contents of the substrates
were reduced after pretreatment with sulfuric acid. Hence, the results of the FTIR analysis
confirm the xylan removal after pretreatment with sulfuric acid.

Positions 1267, 1510, and 1595 exclusively indicate the presence of lignin. The peak
height in 1267 cm−1 in the raw poplar wood spectrum is 0.448, in the raw pinewood
spectrum, it is 0.488, and in rice straw, it is not identified. Since this peak is related to
guaiacyl lignin, and the relative amounts of guaiacyl lignin in softwood are the highest and
lowest in agricultural wastes, these observations are justified. Adsorption of 1267 cm−1

after most different pretreatments in pinewood changed slightly (less than 10%), and only
after the pretreatment with phosphoric acid its value increased by 12%. However, in poplar
wood samples, adsorption at this band was decreased well, and even in pretreated poplar
with phosphoric acid, no peaks were found. The peak absorption ratio of 1510 to 1595 in
raw poplar wood was 0.97, in raw pinewood was 1.49, and in raw rice straw was 0.61, which
indicated the predominance of syringyl lignin in poplar wood, guaiacyl lignin in pinewood,
and relatively low amounts of guaiacyl lignin in rice straw. Colom et al. [54] examined
Buxus sempervirens (as a softwood) and Populus tremula (as a hardwood) and stated that in
softwoods the peak height in 1510 cm−1 was more than the peak height in 1595 cm−1 due
to the predominance of guaiacyl lignin, having an equal value in hardwoods.

According to the FTIR spectra of samples—shown in Figures S1–S3 in Supplementary—TCI,
LOI, and lignin to cellulose ratio α (1510/900) are calculated and presented in Table 2.



Designs 2022, 6, 119 9 of 22

Table 2. TCI, LOI, and lignin to cellulose ratio based on FTIR, and CrI, and crystallite size based on
XRD spectra of untreated and pretreated substrates.

Substrate Pretreatment Type LOI TCI α1508/898 CrI (%) Crystallite Size

Poplar

Untreated 1.58 1.53 1.14 67.3 2.37 nm

Autohydrolysis 1.62 1.47 1.37 60.03 2.38 nm

Sulfuric Acid 2.08 1.43 1.78 60.69 1.88 nm

Phosphoric Acid 1.5 1.37 1.09 31.38 0.93 nm

Hot Sodium
Hydroxide 1.58 1.28 1.18 66.16 2.64 nm

Cold Sodium
Hydroxide 1.46 1.26 1.11 56.14 2.09 nm

Sodium Carbonate 1.62 1.3 1.16 67.13 2.62 nm

Pine

Untreated 1.53 1.42 1.38 53.98 1.67 nm

Autohydrolysis 1.41 1.33 1.45 59.1 2.47 nm

Sulfuric Acid 1.92 1.3 2.13 64.83 1.72 nm

Phosphoric Acid 1.3 1.25 1.23 23.92 0.86 nm

Hot Sodium
Hydroxide 1.5 1.32 1.39 55.51 2.02 nm

Cold Sodium
Hydroxide 1.45 1.33 1.33 45.2 1.56 nm

Sodium Carbonate 1.7 1.3 1.49 57.68 1.94 nm

Rice Straw

Untreated 1.83 1.31 1.27 66.25 1.78 nm

Autohydrolysis 1.69 1.35 1.08 70.77 2.00 nm

Sulfuric Acid 1.86 1.25 1.26 68.25 1.98 nm

Phosphoric Acid 1.33 1.35 0.91 35.32 1.07 nm

Hot Sodium
Hydroxide 1.36 1.17 0.6 73.56 3.27 nm

Cold Sodium
Hydroxide 1.5 1.13 0.89 62.68 2.05 nm

Sodium Carbonate 1.61 1.29 0.84 60.35 2.14 nm

Generally, hardwoods and agricultural residues after pretreatment with acids had a
maximum value of TCI and after pretreatment with alkalis had a minimum value. The
reason for this is the dissolution of the hemicellulose and amorphous parts at low pH and
the separation and dissolution of lignin at high pH. Motaung et al. [55] reported pretreated
materials with acid to have higher crystallinity than the same pretreated materials with
alkali. In addition, pretreated samples by the autohydrolysis process always had higher
crystallinity than the pretreated samples with sulfuric acid because the power of sulfuric
acid is higher than acetic acid which is produced in autohydrolysis in partial degradation of
cellulose. Similarly, pretreatment with phosphoric acid reduced TCI in poplar wood more
than pretreatment with sulfuric acid. Among alkaline pretreatments, sodium carbonate,
which is a weaker base and its concentration was lower in pretreatment, had less effect
on reducing the crystallinity. The amount of TCI in softwood was decreased by a similar
amount after pretreatment, with the exception of phosphoric acid. The high power of
phosphoric acid in dissolution further reduced the total crystallinity of pinewood.

TCI refers to the crystallinity of cellulose I and II of the sample, and LOI shows
the crystallinity of cellulose I. After pretreatment with phosphoric acid and cold sodium
hydroxide, LOI decreased, which indicates definitive dissolution of part of cellulose I in all
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samples. An increase in LOI after pretreatment with sulfuric acid states that more area of
amorphous parts in lignocelluloses was dissolved than cellulose I.

The lignin to cellulose ratio in pretreated samples with dilute acid and autohydrolysis
was clearly higher than pretreated samples with a base which indicates more successful
removal of lignin in alkaline pretreatment. This is consistent with prior results in Table 1.
A larger α (1508/898) after pretreatment with sulfuric acid than autohydrolysis in woods
indicates two points. Firstly, as mentioned before, cellulose was dissolved slightly in the
presence of sulfuric acid, and secondly, it confirms the phenomenon of condensation and
displacement of lignin and replacement on the substrate surface, which is very common
in intense acidic pretreatments. The ratio α (1508/898) in woods after pretreatment with
phosphoric acid and cold sodium hydroxide and in rice straw after pretreatment with
sodium carbonate and hot sodium hydroxide had the lowest value.

The crystallinity index was obtained by the X-ray diffraction method describing the
crystallinity of total biomass. The crystallinity indices obtained from the Fourier transform
infrared spectroscopy deals only with the crystallization of cellulose, and the presence of
hemicellulose and lignin in the lignocellulosic material will cause an error in measuring
this crystallinity [49]. Therefore, the crystallinity index obtained by the XRD method is
generally more reliable, but it is not possible to track the details of structural changes as is
possible in the FTIR test.

The crystallinity index (CrI) was determined according to Segal’s method [56]. Cel-
lulose I, cellulose II, amorphous cellulose, lignin, as well as hemicellulose affect crys-
tallinity [50]. As summarized in Table 2, after phosphoric acid, cold sodium hydroxide
has a good performance in reducing crystallinity (CrI) due to its high ability to dissolve
lignocellulosic substances, just like phosphoric acid. In fact, in the field of crystallization
reduction, the dissolution mechanism seems to be superior to the destructive mechanism.
Only in the case of rice straw, the pretreatment with sodium carbonate was able to change
the structure of substrate well and reduce its crystallinity as much as the pretreated sample
with cold sodium hydroxide and even a little more. It is possible that the destructive power
of sodium carbonate, due to the ability of its anion to penetrate along with the sodium ion
into the structure of rice straw, has doubled and has made this pretreatment superior to the
others. The relative increase in crystallinity after some pretreatments, such as sulfuric acid,
autohydrolysis, and hot sodium hydroxide, is due to the removal of the amorphous area
and remaining of their crystalline part in the solid fraction.

Scherrer relationship (Equation (9)) was used to calculate the crystal size. The size of
the crystallites generally increases after pretreatments due to the removal of amorphous
parts of the sample. The increase in crystallite size of softwood from 5.02 to 6.52 nm,
hardwood from 5.09 to 5.58 nm, and cotton liner from 7.24 to 7.59 nm after 4 h of hydrolysis
with cellulase was previously reported by Chao and Tan [57]. In this study, only phosphoric
acid was able to reduce the crystallite size by 40 to 50%, which again indicates the ability of
phosphoric acid to dissolve solid cellulose crystals.

3.2. Accessible Surface Area

The accessible surface area as an efficacious parameter affecting enzymatic hydrolysis
was measured using a BET test and WRV method. According to Figure 1, the specific
surface area (BET test results) increased after pretreatment in all poplar wood and rice
straw cases, with the exception of pretreatment of rice straw with phosphoric acid.

Although pretreatment of poplar wood with phosphoric acid increased specific surface
area, it was not remarkable. It is possible that the high power of phosphoric acid resulted in
the dissolution of some parts of the amorphous area and the relocation of other components
in this process. The FTIR and XRD results justified this reason. On the contrary, in
pinewood, the specific surface area was decreased after pretreatment. As shown in Table S5,
the percentage of lignin and hemicellulose removal in pinewood samples was lower than
other substrates, and also lignin and hemicellulose have a great impact on the accessible



Designs 2022, 6, 119 11 of 22

surface area. Therefore, it can be a good justification for the decrease in specific surface area
in pinewood.
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Figure 1. Specific surface area of untreated and pretreated substrates.

Results of the BET test are strongly dependent on adsorption time, vacuum time,
vacuum level, sample preparation, type of sample, and its characteristics. Therefore, a wide
range of specific surface area for each substrate has been reported in the literature [58].

According to the results of the WRV method (using centrifuge) in Figure 2, the maxi-
mum increase in WRV was related to pretreated samples with phosphoric acid and cold
sodium hydroxide, respectively.
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Figure 2. Water retention value of untreated and pretreated substrates using a centrifuge method,
considerable differences among the samples are seen by different letters by ANOVA test.
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Both of these pretreatments were foremost in the reduction in crystallinity. This is
probably due to the high ability of these pretreatments in the dissolution of lignocellulosic
materials, specifically part of the cellulose crystalline region. As a result, the change in
the crystal structure of cellulose after pretreatment was one of the effective parameters
for increasing the swelling capacity of substrates in this study. Following, pretreatment
with sodium carbonate on poplar wood and rice straw increased the swelling capacity and
even performed better than hot sodium hydroxide. Such superiority was also observed in
increasing the specific surface area in the BET test. The larger anion of sodium carbonate
intensified the destruction of the lignocellulose structure more than hot sodium hydroxide.
On the other hand, the performance of hot sodium hydroxide was better than sodium
carbonate in pinewood, which can be justified by considering the very strong structure
of softwoods, their different lignin type, and the impossibility of large anions penetrating
into them. In this case, the higher concentration and ionic strength of sodium hydroxide
were the reasons for the superiority of this solvent over sodium carbonate. In general, Na+

ions are so small that they can penetrate and move into the smallest cavities in cellulose.
Therefore, pretreatment with sodium hydroxide and sodium carbonate enhances the ionic
properties of the pretreated samples and increases the water swelling capacity. Moreover,
rice straw had the highest WRV, and pinewood had the lowest value among the substrates.
Differences in the type and amount of lignin, internal structure, and bonds in these materials
are the reasons for this difference.

In contrast, the results of the experiment using nonwoven bags do not show a justifiable
trend. In addition, the standard deviation values were higher in this method, which means
that the repeatability of this method was lower (Figure S4). The WRV experiment using
polymer bags seems to have low accuracy for the following reasons: presence of droplets
trapped between the cloth bag and the sample, high dependence of the results on exact
weighing time, passage of a number of solid particles through fabric cavities into the water
bath, surface evaporation, and continuous change in sample weight.

3.3. Buffering Capacity

In order to investigate the effect of resistance of pretreated samples against pH changes,
a buffering capacity test was performed on all pretreated and untreated samples, and its
results are summarized in Table 3. The initial pH of untreated poplar, pine, and rice straw
was 4.78, 5.40, and 6.24 in the acidic pH range, respectively. Hence, it was first necessary
to increase the pH to 7 by adding 0.1 N sodium hydroxide solution. Titratable alkalinity
in untreated poplar, pine, and rice straw was 0.85, 0.20 and 0.05 mL, respectively, and
titratable acidity to reduce the pH from 7 to 4 for these samples was 0.65, 0.6 and 0.9.

Table 3. Initial pH, acid buffering capacity, and base buffering capacity before and after pretreatment
of poplar wood, pinewood, and rice straw.

Substrate Pretreatment Initial pH Acid Buffering
Capacity (mL)

Base Buffering
Capacity (mL)

Poplar

Untreated 4.78 0.22 0.12

Autohydrolysis 6.33 0.2 0.01

Sulfuric Acid 5.75 0.17 0.02

Phosphoric Acid 7.14 0.27 0

Hot Sodium
Hydroxide 8.6 0.5 0

Cold Sodium
Hydroxide 9.49 0.42 0

Sodium Carbonate 9.16 0.57 0
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Table 3. Cont.

Substrate Pretreatment Initial pH Acid Buffering
Capacity (mL)

Base Buffering
Capacity (mL)

Pine

Untreated 5.4 0.2 0.03

Autohydrolysis 7.3 0.24 0

Sulfuric Acid 6.33 0.25 0.02

Phosphoric Acid 6.02 0.4 0.04

Hot Sodium
Hydroxide 9.36 0.67 0

Cold Sodium
Hydroxide 8.77 0.54 0

Sodium Carbonate 9.21 0.57 0

Rice Straw

Untreated 6.24 0.3 0.01

Autohydrolysis 7.03 0.3 0

Sulfuric Acid 6.5 0.3 0.01

Phosphoric Acid 6.95 0.35 0

Hot Sodium
Hydroxide 10.5 0.63 0

Cold Sodium
Hydroxide 9.33 0.57 0

Sodium Carbonate 8.88 0.97 0

According to Table 3, the base buffering capacity of untreated rice straw was less than
untreated pine, and untreated pine was less than untreated poplar. The acidic buffering
capacities of pine and poplar were close to each other and less than rice straw. Generally,
the acidic buffering capacity in pretreated samples with alkali was more than with acid.
Base buffering capacity after all types of alkaline pretreatment was zero, and after other
pretreatments, it was the opposite. Still, no specific trend was observed in them. Among
the alkaline pretreated poplar wood and rice straw, sodium carbonate had the highest and
cold sodium hydroxide had the lowest increase in acid buffering capacity value. In the
alkaline pretreated pinewood, hot sodium hydroxide had the highest and cold sodium
hydroxide had the lowest acid buffering capacity.

As seen in FTIR results, several pretreatments reduce acetylation groups and, conse-
quently, increase free hydroxyl at the surface of the substrate. Increasing free hydroxyl
means an increase in hydrophilicity and acid buffering capacity. Since the optimum pH of
hydrolysis is in the acidic range, a sample with a higher buffering acid capacity can better
control and stabilize pH of the hydrolysis medium.

3.4. Enzymatic Hydrolysis

The effects of several pretreatments on enzymatic hydrolysis of lignocelluloses were
examined using a commercial enzyme. As shown in Figures S5–S7, all pretreated samples
significantly produced more glucose after pretreatment. The concentration of sugar in
the solution increases over time, but this increase does not have a constant rate and
grows more rapidly in the early hours. This result supports a well-known theory that
during enzymatic hydrolysis, first amorphous parts and then more crystalline regions
are decomposed by enzymes. Due to the difference in the hydrogen bonding network
between amorphous cellulose and crystalline cellulose, the rate of hydrolysis of amorphous
cellulose is 3–30 times more than crystalline cellulose [59]. The inactivation of enzymes
and an increase in lignin concentration during hydrolysis are also factors that reduce the
rate of hydrolysis. Hence, the initial hydrolysis rate was calculated, and its results are
shown in Figure 3. According to this diagram, the highest initial hydrolysis rate was related
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to pretreatment with phosphoric acid. Because of the high acidic power of this solvent,
amorphous parts of the substrates were immediately depolymerized, and as a result,
the initial hydrolysis rate of pretreated samples with phosphoric acid was dramatically
increased, as compared to the other types.
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Figure 3. Initial hydrolysis rate of untreated and pretreated poplar wood, pinewood, and rice straw.

The total amount of sugar produced for untreated poplar wood, pinewood, and rice
straw was 8.1, 6.2 and 13.1 g/L, respectively. Similarly, the same trend in sugar release was
seen for pretreated samples. In other words, under the same pretreatment conditions and
different substrates, the highest amount of sugar was related to rice straw, poplar wood,
and pinewood, respectively. Rice straw was more susceptible to pretreatment due to its
weaker structure and more limited lignin content than wooden substrates. In contrast,
pinewood clearly produced less sugar than other substrates. First, according to the previous
results in Table 1, pine samples contain more lignin, generally. Lignin acts as a physical
barrier for cellulase and prevents enzymes from returning to the bulk solution. Second,
xylan in softwoods, such as pine, is less digestible for enzymes due to its higher content of
methyl glucuronic acid side chains.

Pretreatment of pine and poplar wood with phosphoric acid produced the highest
amount of sugar among other pretreatments. In the case of rice straw, probably due to its
more fragile structure, it dissolved a large amount of its sugar during pretreatment with
concentrated acid in the liquid fraction of pretreatment. Therefore, alkaline pretreatment is
more useful for releasing more sugar in rice straw.

Pretreatment of all three substrates with sodium hydroxide resulted in more sugar
production than pretreatment with sulfuric acid. This can be due to the condensation of
lignin on the substrate surface after acidic pretreatment at high temperatures and a decrease
in enzyme performance. In addition, alkaline pretreatment removes acetyl groups on
hemicelluloses which reduces enzyme accessibility and partially depolymerizes cellulose.

As shown in Figure 4, the enzymatic hydrolysis yield of all substrates after pretreat-
ment substantially increased. The hydrolysis yield of phosphoric acid pretreatment was the
highest, and the hydrolysis yield of autohydrolysis was the lowest. Generally, among the
substrates and in the same pretreatment condition, rice straw showed the best performance
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in enzymatic hydrolysis, and pinewood had the lowest hydrolysis yield. The enzymatic
hydrolysis yield of pretreated samples with sodium hydroxide (both high and low temper-
atures) was higher than pretreated samples with sodium carbonate, which was previously
reported by Taherzadeh and Karimi [60].
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Figure 4. Enzymatic hydrolysis yield of untreated and pretreated poplar wood, pinewood, and
rice straw.

3.5. Simultaneous Enzymatic Hydrolysis and Fermentation

To investigate the effect of pretreatment of lignocelluloses on ethanol production, SSF
was conducted using Saccharomyces cerevisiae and mixed enzyme solution for 72 h at 37 ◦C.
The main advantage of SSF over separate fermentation and hydrolysis is the remarkable
reduction in glucose and cellobiose inhibition due to their immediate consumption by
microorganisms, and the main challenge in this approach is the operating temperature
of the process, which is inevitably far from the optimum temperature of hydrolysis and
fermentation.

According to Table 4, the ethanol yield of untreated woods was about 30% lower than
untreated rice straw. Similarly, rice straw still had the highest yield after pretreatment. All
pretreated rice straw samples had an acceptable and similar performance—an approximate
increase of 60% in ethanol yield compared to the untreated sample. Poplar wood was more
affected by pretreatment compared to the other substrates.

As seen in Table 4, pretreatment with phosphoric acid was very useful for wooden
substrates and considerably increased ethanol production yield above 80%. After that,
pretreatment with hot sodium hydroxide had the best performance in ethanol yield. In rice
straw samples, pretreatment with hot sodium hydroxide showed a higher ethanol yield
than pretreatment with phosphoric acid. Such an order was seen in glucose production
(enzymatic hydrolysis section, Figure S7) for rice straw. Moreover, glycerol was the main
byproduct in the SSF method, for which yield was calculated using Equation (3), and its
results are presented in Table 4.
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Table 4. Recovery (g per kg initial substrate), glucose production after enzymatic hydrolysis based
on recovery (g per kg initial substrate), total ethanol production in SSF based on recovery (g per kg
initial substrate), glycerol yield (%), and ethanol yield (%) for all untreated and pretreated substrates.

Substrate Pretreatment Type Recovery (g/kg
Substrate)

Glucose
Production

(g/kg
Substrate)

Ethanol
Production

(g/kg
Substrate)

Glycerol Yield
(%)

Ethanol Yield
(%)

Poplar

Untreated - 162.5 ± 0.2 60.2 ± 0.1 0.99 ± 0.2 20.87 ± 0.48

Autohydrolysis 677.9 292.8 ± 0.7 112.2 ± 0.6 1.64 ± 0.1 51.02 ± 2.54

Sulfuric Acid 622.4 356.6 ± 1.3 119.6 ± 0.2 1.94 ± 0.1 53.45 ± 0.77

Phosphoric Acid 763 493.3 ± 0.7 221.2 ± 0.1 3.24 ± 0.1 84.44 ± 0.42

Hot Sodium
Hydroxide 565 342.1 ± 2.1 130.7 ± 0.1 1.80 ± 0.2 63.19 ± 0.39

Cold Sodium
Hydroxide 773.5 459.2 ± 3.4 136.8 ± 0.1 1.54 ± 0.3 56.91 ± 0.24

Sodium Carbonate 760.1 344.2 ± 0.6 128.9 ± 0.1 2.45 ± 0.2 58.15 ± 0.50

Pine

Untreated - 125.0 ± 3.2 55.9 ± 0.1 1.08 ± 0.1 22.55 ± 0.12

Autohydrolysis 714.2 177.6 ± 1.3 63.9 ± 0.1 1.07 ± 0.1 30.78 ± 0.29

Sulfuric Acid 617.8 151.3 ± 0.1 56.2 ± 0.1 1.08 ± 0.1 30.80 ± 0.05

Phosphoric Acid 792.8 446.0 ± 0.6 177.6 ± 0.1 2.80 ± 0.1 84.25 ± 0.16

Hot Sodium
Hydroxide 761.8 306.3 ± 0.4 90.2 ± 0.1 1.49 ± 0.4 44.97 ± 0.15

Cold Sodium
Hydroxide 936 340.5 ± 0.3 97.3 ± 0.3 1.35 ± 0.1 40.38 ± 1.30

Sodium Carbonate 847.5 233.2 ± 0.2 71.1 ± 0.1 1.11 ± 0.2 30.76 ± 0.06

Rice Straw

Untreated - 262.5 ± 0.3 115.5 ± 0.2 1.94 ± 0.2 53.13 ± 0.58

Autohydrolysis 574.5 305.4 ± 0.2 142.7 ± 0.1 2.57 ± 0.2 84.12 ± 0.36

Sulfuric Acid 510.8 322.6 ± 0.6 145.8 ± 0.1 3.16 ± 0.1 85.10 ± 0.17

Phosphoric Acid 665.8 493.2 ± 0.6 206.2 ± 0.1 3.08 ± 0.4 87.64 ± 0.27

Hot Sodium
Hydroxide 332.3 267.8 ± 0.4 123.5 ± 0.1 4.22 ± 0.4 92.95 ± 0.01

Cold Sodium
Hydroxide 665.5 513.7 ± 0.3 195.1 ± 0.2 3.17 ± 0.1 86.41 ± 0.85

Sodium Carbonate 593 352.9 ± 0.1 166.3 ± 0.2 4.40 ± 0.4 86.36 ± 1.11

3.6. Ethanol Production Balance Based on Recovery

For all samples, the overall mass balance is summarized in Table 4. The results show
that ethanol and glucose production was increased after pretreatment, specifically with
phosphoric acid and cold sodium hydroxide. Maximum ethanol was produced by those
samples which were treated with phosphoric acid in all wooden substrates. Moreover,
maximum released glucose corresponded to the pretreated woods with phosphoric acid
and pretreated rice straw with cold sodium hydroxide. For instance, ethanol production
was increased from 115.52 g/kg rice straw to 206.24 g/kg rice straw after pretreatment of
rice straw with phosphoric acid.

3.7. Prediction of Ethanol Production Yield Using Structural Features of Biomass

As mentioned before, structural features of lignocellulosic materials affect ethanol
production, and pretreatment can bring about positive changes in their properties. Hence,
in this study, the effects of pretreatment on lignocelluloses were examined by a number
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of analytical tests. As shown in Figure 5, there is a linear relationship between ethanol
production yield and the structural features index. The correlation between them in poplar
wood is presented as Equation (10).

EPY = (13.697 × S) + 19.555 (10)
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Figure 5. Linear relationship between ethanol production yield and structural features index of
poplar wood.

In which EPY = ethanol production yield (%), and S = structural features index of
lignocellulosic material which is defined below.

S = IGlu + IBET + IWRV + IEn + IR + ICr (11)

where IGlu = glucan index, IBET = specific surface area index, IWRV = water retention
value index, IEn = enzymatic hydrolysis index, IR = lignin and hemicellulose removal, and
ICr = XRD index.

All these indices were defined in the same way, with the exception of ICr:

Ix =
x in sample − minimum x
maximum x − minimum x

(12)

and ICr defined as follows:

ICr =
maximum CrI − CrI in sample
maximum CrI − minimum CrI

(13)

Similarly, as shown in Figures 6 and 7, relationships between ethanol production
yield and structural features index for pinewood and rice straw were obtained based
on their diagrams. Equations (14) and (15) present ethanol yield for pinewood and rice
straw, respectively.

ESP = (17 .959 × S)− 5.9469 (14)

ESP = (10.162 × S) + 52.96 (15)

Based on these correlations, and using the measurement of structural features of a
number of untreated and pretreated samples of lignocellulosic materials, ethanol yield can
be predicted.
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4. Conclusions

For lignocellulosic biomass, structural properties play consequential roles in the bio-
conversion of these materials. Hence, in this review, several examinations on lignocelluloses
were conducted, and as a result, lignin removal, accessible surface area, and crystallinity
were presented as the most important structural features in ethanol production. Pretreat-
ments led to improvements in these structural properties, specifically with phosphoric acid
and sodium hydroxide. NREL results showed that the amount of glucan after pretreatment
depends on the type of wood and the type of pretreatment. Moreover, hardwood, softwood,
and rice straw had different reactions to the same pretreatment.

Accessible surface area as a key feature in the structure of lignocellulosic materials
was measured by three different methods, among which the centrifuge method had the
most reliable results compared to the BET and nonwoven bag methods.

The ethanol production yield of pretreated rice straw samples, specifically with phos-
phoric acid, was considerably more compared to the pretreated hardwood and softwood.
Phosphoric acid as a powerful solvent destroyed the complicated structure of all substrates
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and resulted in a remarkable reduction in crystallinity. On the other hand, due to its
high power, some parts of the amorphous area were dissolved in this solvent during the
pretreatment process, and it also led to the relocation of some parts of the lignin content on
the surface of the substrates. All in all, a decrease in crystallinity and destruction of the
complex structure were more affected on lignocellulosic materials in the ethanol production
yield. As shown, TCI results were the most consistent with the ethanol production yield
results trend.

Pretreatment with phosphoric acid is introduced as an efficacious process to improve
the structural features of lignocelluloses and enhance ethanol production yield. Finally, all
of the structural features affect ethanol production, and for the first time, their influence
on ethanol yield was presented as three correlations for poplar wood, pinewood, and rice
straw. These equations can be a starting point for future researchers in order to establish
a quantitative relationship between the structure of lignocellulosic materials and ethanol
production. By finding such correlations, quantitative relationships can be obtained for
these materials. From then on, the calculations of ethanol production or fermentation can
be performed theoretically, just like what can be seen in heat and mass transfer equations,
and there is less of a need for experimental tests.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/designs6060119/s1, Figure S1: FTIR spectra obtained from scanning
untreated and pretreated poplar wood, Figure S2: FTIR spectra obtained from scanning untreated and
pretreated pinewood, Figure S3: FTIR spectra obtained from scanning untreated and pretreated rice
straw, Figure S4: Water retention value of untreated and pretreated substrates using nonwoven bags,
Figure S5: Glucose concentration during enzymatic hydrolysis of untreated and pretreated poplar
wood, Figure S6: Glucose concentration during enzymatic hydrolysis of untreated and pretreated
pinewood, Figure S7: Glucose concentration during enzymatic hydrolysis of untreated and pretreated
rice straw, Table S1: Total solids, volatile solids, and pretreatment recovery percentages of substrates,
Table S2: Relative change in adsorption at different wavenumbers after pretreating poplar wood,
Table S3: Relative change in adsorption at different wavenumbers after pretreating pinewood, Table
S4: Relative change in adsorption at different wavenumbers after pretreating rice straw, Table S5: The
percentage of glucan, hemicellulose, and lignin content of poplar wood, pinewood, and rice straw.
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