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Phenol Liquefaction of Waste Sawdust Pretreated by Sodium
Hydroxide: Optimization of Parameters Using Response
Surface Methodology
Shihao Lv, Xiaoli Lin, Zhenzhong Gao, Xianfeng Hou, Haiyang Zhou * and Jin Sun *

College of Materials and Energy, South China Agricultural University, Guangzhou 510642, China
* Correspondence: hyzhou@scau.edu.cn (H.Z.); sunjin@scau.edu.cn (J.S.)

Abstract: In this study, a two-step method was used to realize the liquefaction of waste sawdust
under atmospheric pressure, and to achieve a high liquefaction rate. Specifically, waste sawdust
was pretreated with NaOH, followed by liquefaction using phenol. The relative optimum condition
for alkali–heat pretreatment was a 1:1 mass ratio of NaOH to sawdust at 140 ◦C. The reaction
parameters including the mass ratio of phenol to pretreated sawdust, liquefaction temperature, and
liquefaction time were optimized by response surface methodology. The optimal conditions for
phenol liquefaction of pretreated sawdust were a 4.21 mass ratio of phenol to sawdust, a liquefaction
temperature of 173.58 ◦C, and a liquefaction time of 2.24 h, resulting in corresponding liquefied
residues of 6.35%. The liquefaction rate reached 93.65%. Finally, scanning electron microscopy
(SEM), Fourier transform infrared spectroscopy (FT-IR), and X-ray diffraction (XRD) were used to
analyze untreated waste sawdust, pretreated sawdust, liquefied residues, and liquefied liquid. SEM
results showed that the alkali–heat pretreatment and liquefaction reactions destroyed the intact,
dense, and homogeneous sample structures. FT-IR results showed that liquefied residues contain
aromatic compounds with different substituents, including mainly lignin and its derivatives, while
the liquefied liquid contains a large number of aromatic phenolic compounds. XRD showed that
alkali–heat pretreatment and phenol liquefaction destroyed most of the crystalline regions, greatly
reduced the crystallinity and changed the crystal type of cellulose in the sawdust.

Keywords: waste sawdust; alkali–heat pretreatment; liquefaction; response surface methodology;
residual content

1. Introduction

Fossil energy is an important raw material utilized for the production of chemical
products [1]. However, the utilization of fossil energy generates a number of greenhouse
gases including sulfur oxide, nitrogen oxide, carbon oxide and carbon dioxide, causing
air pollution and climate change [2]. Therefore, in order to alleviate energy crises and
environmental pollution, researchers need to urgently search for cheap, clean and renew-
able energy resources [3]. As a natural renewable material with a huge storage capacity,
lignocellulosic biomass has attracted increased research attention. It has a rich variety,
including crop waste, wood processing residues, and wood product recycling waste, which
is considered to be one of the most promising and sustainable alternatives to petroleum for
the production of energy, materials and chemicals in the future [4,5].

Several treatment methods such as pyrolysis, liquefaction and gasification have been
used to process lignocellulosic biomass to produce biofuels and other valuable chemi-
cals [6,7]. Among them, liquefaction is an effective method for the integrated utilization of
lignocellulosic biomass. Liquefaction technologies can be divided into two broad categories,
hydrothermal liquefaction and solvent liquefaction [8]. Hydrothermal liquefaction is often
carried out under harsh conditions, including high temperatures (200 ◦C to 400 ◦C), high
pressures (5 MPa to 20 MPa), and a closed environment. Compared with hydrothermal
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liquefaction, solvent liquefaction can be carried out under mild reaction conditions and
is an effective method for the integrated utilization of biomass [9]. Solvent liquefaction
usually uses polyols or phenols to liquefy biomass at atmospheric pressure and relatively
low temperature. Most often, acid is used as the catalyst and phenol as the solvent in
solvent liquefaction, which reflects a high biological conversion rate [10]. The liquefied
products are rich in phenolic compounds, which can be used to prepare phenolic resin
adhesives after condensation with formaldehyde [11]. However, the liquefied products
contain unreacted solvents and acidic catalysts that require recycling or alkali neutralization
before preparing adhesives [12].

Further, during the liquefaction, the cellulose and hemicellulose of lignocellulosic
biomass are wrapped in highly polymerized polyphenolic structured lignin, which makes
it difficult to transform, thus hindering the high-value utilization of lignocellulosic biomass.
Targeted pretreatment of lignocellulosic biomass before liquefaction can change the chem-
ical structure and composition of lignocellulose, soften the raw materials, and induce
depolymerization and chain breaks [13]. More importantly, the alkaline or acidic conditions
of the pretreatment stage can be utilized to meet economic and environmental criteria dur-
ing the liquefaction, and the pretreated lignocellulosic biomass exhibits better liquefaction
performance [14].

Response surface methodology (RSM) is highly effective for the optimal design of
a regression model, which is used to resolve problems related to nonlinear data process-
ing [15]. By fitting the regression and plotting the model, the effect of the variables and
their interactions on the response variables can be easily evaluated, and the optimal value
of the response and the corresponding experimental conditions can be determined. The
model obtained by RSM is continuous and can be analyzed continuously for each experi-
mental level during the search for the optimizing experimental conditions, so we can better
understand the experimental process [16]. In addition, RSM allows process optimization in
a limited number of experimental runs, thus significantly reducing experimental time and
costs [17].

In this study, a two-step process was used to achieve the effective liquefaction of
waste sawdust. The first step entailed the pretreatment of waste sawdust with hot alkali
under atmospheric pressure. In the second step, the pretreated sawdust was liquefied
using phenol as the liquefying agent. The effects of the mass ratio of sawdust to NaOH
on the liquefaction were studied. Based on RSM, the effects of the three experimental
variables, namely the mass ratio of phenol to pretreated sawdust, liquefaction temperature,
and liquefaction time, and their interactions on the liquefaction effect of waste sawdust
were systematically investigated. At the same time, the specific residual content model
was established using the design software, which was analyzed in detail to determine
the optimal liquefaction conditions. The validity of the model was verified by repeated
experiments. Finally, the untreated waste sawdust, pretreated sawdust, liquefied residues
and liquefied liquid were characterized and analyzed by scanning electron microscopy
(SEM), Fourier transform infrared (FT-IR) spectroscopy, and X-ray diffraction (XRD) to
facilitate the high-value utilization of waste sawdust.

2. Results and Discussion
2.1. Alkali–Heat Pretreatment—Screening and Optimization Tests

The effects of the mass ratio of sawdust to NaOH at 140 ◦C on the liquefied residue
yield were studied (Figure 1). It could be seen that the mass ratio of sawdust to NaOH had
a significant effect on the liquefied residue yield. The liquefied residue yield decreased
initially and then increased as the sawdust to NaOH mass ratio increased. The liquefied
residue yield was 12.5% at a mass ratio of 1:1.5. The liquefied residue yield of sawdust
without alkali–heat pretreatment under the same liquefaction conditions was 80.4%, which
was really high, indicating that the alkali–heat treatment destroyed the internal structure of
sawdust, which was conducive to liquefaction. In a certain range, the liquefied residue yield
decreased with the reduction in the sawdust to NaOH mass ratio. This was explained by as
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the amount of NaOH increased, additional wood components were decomposed. Under
alkali–heat pretreatment, the carbohydrates are degraded via the peeling reaction of the
reducing end groups. Since hemicellulose has a substantially lower molecular weight than
cellulose, it is also degraded via hydrolysis in hot alkali, increasing the number of reducing
end groups and enhancing the erosion of polymer chains [18,19]. In addition, the presence
of NaOH separated the bonds between lignin and carbohydrates, and disrupted the ether
bonds between lignin polymers, resulting in the depolymerization and degradation of
lignin [20,21]. However, when the mass ratio of sawdust to NaOH was 1:2, the yield of
the liquefied residue was slightly increased, indicating that the high proportion of NaOH
enhanced the repolymerization of degradation products or inhibited the depolymerization
of lignocellulose [22].

At a sawdust to NaOH mass ratio of 1:1, the yield of liquefied residue was relatively
low. However, when the mass ratio decreased to 1:1.5, the yield of liquefied residue changed
slowly. In terms of energy conservation, a satisfactory liquefied residue yield was obtained
at a sawdust to NaOH mass ratio of 1:1. Meanwhile, it should be noted that some of the
adsorbed NaOH crystal on sawdust during the pretreatment was dissolved during the
subsequent liquefaction, which induced cellulose swelling and increased the porosity and
specific surface area of the sawdust, thus increasing the accessibility of phenol to sawdust
and promoting the degradation of the sawdust [23–25]. According to the literature, the
liquefied residue of sawdust has a significant impact on the performance of the subsequent
fabrication of bio-based phenolic resins [26]. Therefore, it is important to optimize the
pretreatment conditions and thus reduce the residual content of liquefaction.
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Figure 1. The effect of alkali–heat pretreatment on the liquefied residue yield. The phenol liquefaction
temperature was 150 ◦C, the mass ratio of phenol to pretreated sawdust was 5:1, and the liquefaction
time was 2 h.

2.2. Optimization of Phenol Liquefaction of Waste Sawdust
2.2.1. Model Fitting

The results of the whole experimental runs are summarized in Table 1. In general,
the residual content after phenol liquefaction of waste sawdust was relatively low. Under
different liquefaction conditions, the residual content varied from 6.82% to 17.13%, sug-
gesting that phenol liquefaction is an effective and feasible biomass conversion method.
The liquefied products can further react with formaldehyde to produce valuable biobased
wood adhesive [27]. The lowest residual content was observed in a phenol-to-pretreated
sawdust mass ratio of 4.21, a liquefaction temperature of 173.58 ◦C, and a liquefaction
time of 2.24 h. The fitting quadratic multiple regression equation after the exclusion of the
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insignificant terms for the residual content of waste sawdust is determined based on these
data, as shown in Equation (1).

R = 162.74864 − 24.02153A − 1.03750B − 14.186057C − 0.134375BC
+2.15511A2+0.003566B2+7.64545C2 (1)

where R is the residual content (%), A denotes the mass ratio of phenol to pretreated
sawdust (P/S), B refers to the liquefaction temperature (◦C), and C is the liquefaction
time (h).

Table 1. Liquefaction variables and levels.

Factors

Order Mass Ratio of Phenol to
Pretreated Sawdust, P/S

Liquefaction
Temperature, T (◦C) Liquefaction Time, t (h) Residual Content, R (%)

1 3 140 1.5 17.13
2 5 140 1.5 12.55
3 3 180 1.5 15.44
4 5 180 1.5 12.61
5 3 140 2.5 16.62
6 5 140 2.5 13.36
7 3 180 2.5 9.38
8 5 180 2.5 8.22
9 2 160 2 17.8

10 6 160 2 12.23
11 4 120 2 14.11
12 4 200 2 10.09
13 4 160 1 15.72
14 4 160 3 12.36
15 4 160 2 7.58
16 4 160 2 7.35
17 4 160 2 7.81
18 4 160 2 6.28
19 4 160 2 5.78
20 4 160 2 6.12

In order to further verify the adequacy of the quadratic model, an analysis of variance
(ANOVA) was carried out and the results are shown in Table 2. p-values less than 0.05
indicate the model variables are statistically significant, and the smaller the p-value, the
more significant the corresponding coefficient and contribution to the response variable [17].
In this study, the p-value of the model was less than 0.0001 and the adjusted R2 value was
0.9189. This indicated that the response regression model was highly significant and
sufficient for the response variables tested. Further, the “lack of fit f-value” of 2.43 implied
that the lack of fit was insignificant relative to the pure error. There was a 17.65% chance of
a lack of fit f-value due to noise. The insignificant lack of fit was good, which indicated
that the proposed model fitted the data well. Based on the p-values, it can be seen that
the variables of A, B, C, the interaction term of BC, and the quadratic terms of A2, B2, C2

were significant, indicating that the variables of the reaction were interactive and complex.
The significant effect of every single variable on the residual content decreased as follows:
A > B > C. The significant effect of interacting variables on residual content decreased in
the order of BC > AB > AC. The magnitude of the f-value reflects the importance of each
test variable on the index, and the larger f-value indicates the greater importance of the test
index [28]. The importance of the influence of the test variables on residual content was
as follows: A > B > C, which was identical to the significant effect of every single factor
on residual content. In addition, the R2 of the selected model was 0.9573, and the fitting
degree was more than 95%, indicating that the model effectively reflected the changes in
response values.
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Table 2. Results of the analysis of variance for residual content.

Source Sum of Squares df Mean Square F Value p Value

Model 284.38 9 31.60 24.91 <0.0001 significant
A 32.98 1 32.98 26.00 0.0005
B 30.39 1 30.39 23.96 0.0006
C 17.79 1 17.79 14.02 0.0038

AB 1.85 1 1.85 1.46 0.2546
AC 1.12 1 1.12 0.8811 0.3700
BC 14.45 1 14.45 11.39 0.0071
A2 116.78 1 116.78 92.07 <0.0001
B2 51.15 1 51.15 40.33 <0.0001
C2 91.85 1 91.85 72.42 <0.0001

Residual 12.68 10 1.27
Lack of fit 8.98 5 1.80 2.43 0.1765 not significant
Pure error 3.70 5 0.7404
Cor total 297.06 19

The comparison between the actual residual content obtained in the experiment and
the predicted residual content based on the quadratic model is shown in Figure 2. Generally,
each experimental data point should be approximately close to the regression line of the
prediction data, which suggests that the estimated effect is true and effective [29]. In this
study, the 20 groups of actual experimental values were distributed near the predicted value,
which implied a strong correlation between the experimental responses and predicted
responses.
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obtained from the model for the response of residual content.

2.2.2. Main Response Surface Plots and Optimization

The three-dimensional response surface plots and contour plots were used to delineate
the effect of independent variables and their interactions on residual content based on
the obtained regression equation. The response surface plots of residual content were a
function of two specific variables, while the other variable remained at a fixed value. The
curve shapes of all response surfaces were upward concave, and all the center and edge
points were within the studied range, which indicated that there was an optimal response
for the content of liquefied residues.

The effect of the P/S ratio and the liquefaction temperature on the residual content is
shown in Figure 3a,b. It can be seen that P/S and liquefaction temperature significantly
affected the residual content. In a specific range, the residual content decreased with the
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increase in P/S and liquefaction temperature and then increased with the further increased
P/S and temperature after reaching the optimal critical point (P/S and temperature of
4.21 and 173.58 ◦C, respectively). Similar phenomena were observed in other woody
materials [30]. The increase in P/S in the range of 2 to 4.21 reduced the residual content,
indicating that the P/S values in this range facilitated the liquefaction of sawdust. However,
when the P/S increased to a higher value, it negatively affected the sawdust liquefaction.
These results suggest that lower P/S values lead to the recondensation of the low-molecular-
weight compounds into insoluble residues [31]. An insufficient amount of phenol in the
reaction system increases the viscosity of the liquefied products [32]. The P/S value of
4.21 is reasonable to ensure minimum residual content of waste sawdust for adequate
liquefaction.
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Further, the effect of liquefaction temperature on the residual content showed a similar
trend compared with the P/S value. With the increase in reaction temperature, the residual
content decreased first and then increased above 173.58 ◦C which is explained by the
incomplete bond cleavage of different components of waste sawdust at lower temperatures
due to less violent reaction conditions. In addition, reactions, such as hydrolyzation and
depolymerization, resulting in smaller molecules could not be completed [33]. As the tem-
perature increases, the glycosidic bonds break, leading to dehydration and decarboxylation,
resulting in the cleavage of large molecules into smaller fragments [34], and a decrease
in the residual content. However, with the further increase in temperature (>173.58 ◦C),
the residual content increased gradually. This was mainly because of the unstable compo-
nents in the liquefied product at high temperatures [35], and a series of complex reactions
resulting in the formation of a large number of liquefied residues.

The comprehensive effects of the P/S ratio and liquefaction time on the residual
content at a constant temperature are depicted in Figure 4a,b. It can be observed that the
critical transition point was established when the P/S value was 4.21 and the liquefaction
time was 2.24 h. With the increase in liquefaction time from 1 h to 2.24 h, the residual
content gradually decreased to less than 5.6%. However, the residual content increased if
the liquefaction time continued to extend. In the initial stage of the reaction, the degradation
reaction played a dominant role, which decreased the residual content [32]; the residual
content decreased. With the further extension of the reaction time, the polycondensation
reaction and the degradation reaction among the liquefaction products gradually reach
the balance until they took the dominant role, which led to the increase in the residue
content [36].
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Figure 5a,b show the effects of liquefaction time and liquefaction temperature on the
residual content at a constant P/S value. It can be seen that the effect of liquefaction time
was closely related to the liquefaction temperature. Specifically, the variation in residual
content over time was more pronounced at higher temperatures than at lower temperatures.
At a constant liquefaction temperature (greater than 173.58 ◦C), when the liquefaction time
increased from 1 h to 2.24 h, the residual content decreased significantly. Further extension
of time to 2.6 h or longer resulted in an almost constant residual content or a slight increase.
Similarly, compared with the shorter reaction times, the change in residual content with
temperature was more significant under the longer reaction times. At a constant reaction
time (greater than 2.24 h), the residual content decreased significantly with the temperature
increase from 100 ◦C to 180 ◦C, followed by equilibrium and then a slight increase. This
also confirmed that heating at 173.58 ◦C for 2.24 h facilitated waste sawdust liquefaction.
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To demonstrate the accuracy and reliability of the optimal liquefaction conditions
determined from the fitted model, the experiment was repeated three times using the same
method based on the predicted optimal point and the average value was calculated. The
actual residual content obtained experimentally was 6.35%, while the residual content
predicted based on Equation (1) was 6.15%. The results show that the experimental value
agrees well with the model prediction, with an error of only 3.25%. It is thus clear that RSM
can be used to optimize the process of waste sawdust phenol liquefaction. The optimal
liquefaction occurred at a P/S ratio of 4.21, liquefaction temperature of 173.58 ◦C, and
liquefaction time of 2.24 h.

2.3. SEM Analysis

SEM was used to assess the structural and morphological changes of sawdust after
treatment (Figure 6). The surface of untreated sawdust was continuous and smooth, and
the fibrous structure was relatively complete (Figure 6a), in which lignin was the encrusting
material connecting the fibers and hemicellulose was the filling material distributed in
the microfibers of the cell wall [37]. The pretreated sawdust (Figure 6b) revealed many
microfibril aggregates with a rougher and more wrinkled surface due to the activation
of lignocellulose with alkali, resulting in partial structural degradation [38]. Further, the
rough surface of pretreated sawdust increased the specific surface area, which increased the
accessibility of phenol during the subsequent liquefaction. Following phenol liquefaction,
the structure of the pretreated sawdust was severely damaged, with a lower degree of
polymerization and loose and irregular texture (Figure 6c,d), due to the surface coke
generated by the condensed lignin and cellulose [39].
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2.4. FT-IR Analysis

The functional groups present in the untreated sawdust, pretreated sawdust, liquefied
residues, and liquefied liquid were investigated by FT-IR. For untreated sawdust (Figure 7a),
the broad peak at around 3400 cm−1 indicated O−H stretching vibrations [40]. The peak at
2925 cm−1 corresponded to the stretching vibration of C−H. The peaks between 1400 cm−1

and 1600 cm−1 are attributed to the aromatic skeleton in lignin [41]. Several peaks from
600 cm−1 to 900 cm−1 represent the characteristic peaks of aromatic monomers. Compared
with untreated sawdust, the peak intensity of pretreated sawdust at 2925 cm−1 was sig-
nificantly weakened, which suggested that pretreatment peels off most of the methylene
groups in the aliphatic acid methylene group [42]. In addition, the weakening of the peaks
at 1750 cm−1, 1240 cm−1, 1152 cm−1 and 1030 cm−1 indicates the breakage of cellulose
glycosidic bonds and hemicellulose chains, suggesting that large amounts of hemicellu-
lose and part of cellulose were degraded by hydrolysis and peeling reactions during the
pretreatment [43]. Compared with untreated sawdust, the peaks between 1400 cm−1 and
1600 cm−1 and from 600 cm−1 to 900 cm−1 were enhanced, indicating that pretreatment
promoted the decomposition of lignin into aromatic monomers and increased the formation
of low-molecular-weight oligomers. It was noteworthy that the new peak of pretreated
sawdust around 1332 cm−1 might correspond to the characteristic peak of NaOH.

After the liquefaction reaction, the disappearance of the peak at 1750 cm−1 for the
liquefied residues (Figure 7b) indicated that the hemicellulose was further decomposed
during the liquefaction. The strong peak of C−O at 1030 cm−1 associated with liquefied
residues demonstrated the presence of a large amount of lignin and its derivatives remain-
ing in the liquefied residues [39]. A strong peak at 1080 cm−1 attributed to the C–O peak
in cellulose, indicated the presence of unliquefied cellulose in the liquefied residues. The
peak enhancement at 1600 cm−1 and 1480 cm−1 indicated the presence of large amounts of
aromatic compounds and their derivatives from lignin in liquefied liquid (Figure 7c) Similar
phenomena were reported in previous studies [44,45]. The peak of the liquefied liquid
around 1240 cm−1 may be due to the C–O stretching of the phenol or ester [46]. In addition,
other peaks in the range of 600 cm−1 to 1000 cm−1 in the spectra of the liquefied liquid were
attributed to C–H bending vibrations of aromatic hydrocarbons. The enhancement of these
peaks can also be explained by the presence of a large number of phenolic compounds in
the liquefied liquid.
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2.5. XRD Analysis

Waste sawdust showed two characteristic peaks of type I lignocellulose at 16.1◦ and
22.5◦, which correspond to the lattice planes of (101) and (002), respectively [47]. The two
peaks were both shifted after alkali–heat pretreatment due to the transformation of some
cellulose crystals [48]. The Crystallinity Index (ICr) of the pretreated samples (18.21%)
was reduced by 59.11% compared with untreated natural waste sawdust (44.53%) because
a large number of hydrogen bonds between and within the cellulose were destroyed,
resulting in the disruption of the crystal structure [49]. Besides, several small peaks
between 28◦ and 50◦resulted from the NaOH crystals rearranged in the hierarchical sawdust
structures [50].

The XRD spectra of the liquefied residues exhibit many diffraction peaks (Figure 8),
indicating that the liquefied residues contained several crystalline substances, which were
difficult to liquefy. This was consistent with the results of previous studies [51]. The
liquefied residues showed two peaks of type II cellulose at positions 20◦ and 22◦, suggesting
the synergistic effect of alkali–heat pretreatment and phenol liquefaction, resulting in altered
cellulose crystals. Type II cellulose is stabler and less susceptible to liquefaction, which
also explains its presence in the liquefied residues. A sharp peak at 26.5◦ was due to the
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formation of carbonaceous structures, such as graphite, during liquefaction. The peak at
about 32.2◦ was attributed to oxidized lignin [52], which corresponded to the results of the
FT-IR analysis.
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3. Materials and Methods
3.1. Materials

The waste sawdust with a size of 20 mesh was generously provided by the carpentry
factory located at the South China Agricultural University. The chemical and elemental
composition of the sawdust is shown in Table 3. Phenol (99%) and NaOH were purchased
from Aladdin Reagent Company, Shanghai, China.

Table 3. Element and chemical composition of sawdust and the values were given on a dry basis.

Polymer Mass Fraction (%) Element Mass Fraction (%)
Ash (%)

Cellulose Hemicellulose Klason Lignin C H O S N

42.11 24.32 28.06 46.77 5.97 46.52 0.00 1.01 1.6

3.2. Pretreatment

The sawdust was dried to absolute dryness in a drying oven at 103 ◦C ± 2 ◦C. The
pretreatment was performed in a glass beaker (150 mL) with tinfoil, and heated in an oven.
Briefly, 5 g dry sawdust, 25 g distilled water and some NaOH were loaded into the reaction
vessel and mixed thoroughly. The mass ratios of dry sawdust to NaOH were 3:1, 2.5:1, 2:1,
1.5:1, 1:1, 1:1.5, and 1:2. The beaker was then transferred to a drying oven and heated to a
fixed temperature (140 ◦C) until the distilled water was dried (about 280 min). At the end
of the pretreatment, the beaker was stored in a glass desiccator for subsequent liquefaction
experiments. The overall flow chart of the two step-liquefaction is presented in Figure 9.
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3.3. Phenol Liquefaction

The pretreated sawdust and phenol were loaded into a reactor equipped with a stirrer
and a condenser. The whole assembly was immersed into an oil bath preheated to a given
liquefaction temperature for a certain reaction time under continuous stirring. Then, the
resulting reaction mixture was diluted and dissolved in hot distilled water (50 mL). The
insoluble residues were separated by filtration with a G2 glass filter (30–50 µm) under
vacuum (0.095 MPa). The filtrate was subjected to rotary evaporation under a vacuum at
70 ◦C to remove water. The residues were dried in an oven at 103 ◦C ± 2 ◦C to constant
weight. All experiments were performed in triplicates and the average value was taken.
All product yields were calculated using the following equations.

Liquefied residue yield (wt %) =
Weight of Liquefaction Residue

Weight of Sawdust
× 100 (2)

Liquefaction yield (wt %) = (1 − Liquefied residue yield)× 100 (3)

3.4. Experimental Design and Process Optimization Using Response Surface Methodology (RSM)

To investigate the effect of independent variables on the response value (residual
content) and optimize the liquefaction conditions, experiments with three key variables
and five levels were designed using the Box–Behnken design. The Design-Expert 12.0.3.0
software was used to design experiments, perform the statistical analysis, and create the
regression model. Based on extensive pre-experiments, the independent variables that
significantly influenced the residual content and the right levels were selected. The three
independent variables were the mass ratio of phenol to pretreated sawdust (A), liquefaction
temperature (B), and liquefaction time (C). The range of each value was chosen in the range
of 2 to 6, 120 to 200 ◦C, and 1 to 3 h, as shown in Table 4. The experimental design included
a total of 20 experiments, corresponding to eight factor points, six axial points, and six
center point replications to ensure the accuracy of the experiment.

Table 4. Liquefaction variables and levels.

Variables
Level

Code −2 −1 0 1 2

Mass ratio of phenol to
pretreated sawdust, P/S A 2 3 4 5 6

Liquefaction temperature, T (◦C) B 120 140 160 180 200
Liquefaction time, t (h) C 1 1.5 2 2.5 3
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What is more, the complete design matrix and actual residue are shown in Table 1, and
the experimental data were analyzed using Design Expert 12.0.3.0. The test data were fitted
to the following second order polynomial equation, as shown in Equation (4). The analysis
of variance (ANOVA) and significance test was carried out for the residual content under
different conditions to evaluate the quality of the model fitting. All these experiments were
carried out in random order.

Y = β0 +
n

∑
i=1

βiXi +
n

∑
i=1

βiiX2
i +

n

∑
i=1

n

∑
j=i+1

βijXiXj (4)

where Y is the response function (residue content), β0 is the model intercept, βi, βii and βij
represent coefficients of linear, quadratic, and interaction terms, respectively.

3.5. Characterization
3.5.1. Chemical and Elemental Composition Analysis

The chemical composition of sawdust was performed according to the Van Soest
method [53]. Briefly, the neutral detergent fiber (NDF), acid detergent fiber (ADF), and
acid detergent lignin (ADL) were prepared in turn by deterging waste sawdust sequen-
tially with neutral detergent reagent, acid detergent reagent and 72% H2SO4. Another
amount of dry sawdust was put in a muffle furnace at 600 ◦C for 6 h, and the ash content
was calculated by the weight difference. The difference values between ADF and NDF,
ADF and ADL, ADL and ash were considered as contents of hemicellulose, cellulose and
Klason lignin, respectively [49]. The elemental analysis of sawdust was performed with
an Elemental Analyzer (Vario EL cube, Elementar, Hanau, Germany). The chemical and
elemental composition of the sawdust was analyzed three times and the average values
were taken separately.

3.5.2. Scanning Electron Microscope (SEM) Analysis

The morphology of untreated sawdust, alkali–heat pretreated sawdust and liquefied
residues were analyzed via SEM (EVO MA 15, ZEISS, Oberkochen, Germany). The working
voltage was 10 kV.

3.5.3. Fourier Transform Infrared Spectroscopy (FT-IR) Analysis

FT-IR instrument (Vertex 70, Bruker, MA, USA) was used to analyze the functional
groups in the samples (untreated sawdust, alkali–heat pretreated sawdust, liquefied
residues and liquefied liquid). The sample was diluted nicely in KBr. The sample was
scanned 32 times in the range of 400 cm−1 to 4000 cm−1 at a resolution of 4 cm−1. Back-
ground spectra were recorded before every sampling.

3.5.4. X-ray Diffraction (XRD) Analysis

Samples ground to powder (100 mesh) were analyzed by X-ray diffraction (xrd-6000,
Shimadzu, Kyoto, Japan) with an AlKα radiation source at 40 kV. The scanning range was
5 to 50◦ with a step of 0.02◦ at a scanning rate of 10◦/min.

4. Conclusions

In this study, a facile method was used to liquefy waste sawdust via a two-step
method at a significant liquefaction rate. The alkali–heat pretreatment was optimized by
a temperature of 140 ◦C and a 1:1 mass ratio of sawdust to NaOH, resulting in a 4.2-fold
higher liquefaction rate than that of untreated sawdust. Based on the response model
established by RSM, it was found that the P/S ratio was the most important variable
affecting the liquefaction yield. A P/S ratio of 4.21, a liquefaction temperature of 173.58
◦C, and a liquefaction time of 2.24 h were the optimal conditions for phenol liquefaction
of pretreated sawdust, resulting in corresponding liquefied residue yield of 6.35%. Thus,
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the liquefaction rate reached 93.65%. Based on SEM, FTIR, and XRD analyses, alkali–heat
pretreatment is essential for subsequent phenol liquefaction.
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Abstract: The excessive use of fossil sources for the generation of electrical energy and the increase
in different organic wastes have caused great damage to the environment; these problems have
promoted new ways of generating electricity in an eco-friendly manner using organic waste. In
this sense, this research uses single-chamber microbial fuel cells with zinc and copper as electrodes
and pineapple waste as fuel (substrate). Current and voltage peaks of 4.95667 ± 0.54775 mA and
0.99 ± 0.03 V were generated on days 16 and 20, respectively, with the substrate operating at an acid
pH of 5.21 ± 0.18 and an electrical conductivity of 145.16 ± 9.86 mS/cm at two degrees Brix. Thus, it
was also found that the internal resistance of the cells was 865.845 ± 4.726 Ω, and a maximum power
density of 513.99 ± 6.54 mW/m2 was generated at a current density of 6.123 A/m2, and the final FTIR
spectrum showed a clear decrease in the initial transmittance peaks. Finally, from the biofilm formed
on the anodic electrode, it was possible to molecularly identify the yeast Wickerhamomyces anomalus
with 99.82% accuracy. In this way, this research provides a method that companies exporting and
importing this fruit may use to generate electrical energy from its waste.

Keywords: microbial fuel cell; waste; pineapple; bioelectricity; Wickerhamomyces anomalus

1. Introduction

The enormous technological advances of humanity have made electrical energy a
necessity in carrying out our daily tasks [1]. Currently, the main sources of fuel for electricity
generation are fossil sources (natural gas, oil, and coal), which are the cause of many health
and environmental problems and affect the quality of life of many people. Even so, in
2019, fossil fuels comprised 85.5% of the energy produced globally, with India, Japan,
China, and the US using 92.5, 90.8, 87, and 85.3%, respectively, being the countries with the
highest dependence [2–4]. In this sense, the International Energy Agency (IEA) reported
that in the year 2020, the consumption of electrical energy increased by 3% because of the
pandemic (COVID-19), and that this percentage would increase by approximately 22%
by the year 2025 [5]. Due to the increase in demand and the problems that it generates,
several research groups have worked on different ways of generating electrical energy in
an environmentally friendly way, including reusing different forms of waste and applying
a circular economy in the process [6,7].

Microbial fuel cells (MFCs) are electronic devices that have become more relevant in
recent decades, mainly because they use different types of waste to generate electricity, thus
reusing a wide variety of biomass produced from the different activities of humans [8–10].
This type of cell consists of anodic and cathodic chambers, which are almost always
connected inside by a proton exchange membrane and outside by an external circuit [11].
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This system converts chemical energy into electrical energy through the oxidation and
reduction processes in the anodic and cathodic chambers, respectively [12–14]. A great
variety of substrates have been used as fuel in MFCs for the generation of electricity, while,
on the other hand, due to the problems generated in the whole process of harvesting and
consuming agricultural products, these are becoming a potential source for use as fuel in
MFCs as there are a large number of microorganisms present in the generated waste that
can produce bioelectricity [15–17]. It is estimated that 140 Gtons of agricultural waste is
produced each year. For example, from just cereals, in 2019, it was estimated that 2.8 Gtons
of waste was generated worldwide; for this reason, it is necessary to use technologies to
reuse this type of waste [18,19].

One of the most consumed agricultural products worldwide is the pineapple (ananas co-
mosus), which generated nine billion dollars worldwide in 2019 [20]. This fruit is generated
in large quantities in South America, making this continent the main exporter worldwide;
for example, in Brazil alone, 28,179,348 tons were harvested in 2019 according to the Food
and Agriculture Organization (FAO) [21,22]. The increase in pineapple consumption is
due to the high nutritional content of water, carbohydrates, organic acids, dietary fibers,
antioxidants, vitamins, and minerals, as well as minerals such as calcium (Ca), magnesium
(Mg), phosphorus (P), sodium (Na), manganese (Mn), iron (Fe), copper (Cu), zinc (Zn), and
selenium (Se), and vitamins such as B1, B2, B3, B5, B6, B9, and C [23–25]. Research has
been reported in which bioelectricity is generated through different types of organic waste;
for example, banana and orange peel have been used as fuel to generate bioelectricity in
MFCs with zinc and graphite electrodes, managing to generate peaks of 0.586 and 0.492 V
in the cells with banana and orange substrates, respectively [26]. Similarly, Manjrekar
et al. (2018), in their research, used kitchen waste in their double-chamber MFCs with
aluminum electrodes, managing to generate voltage peaks of 365 mV. It was also observed
that these values decreased over time, mainly due to the sedimentation of the organic
components [27]. Likewise, tomato waste has been used as a substrate for the generation of
electricity in single-chamber MFCs with zinc and copper electrodes, with voltage peaks
close to 10.8 V and an internal resistance of 0.148541 ± 0.012361 KΩ being observed at the
optimal acid pH for the operation of MFCs; this study is one of the most promising works
to date [28]. It was observed that, in the investigations carried out, metallic electrodes are
of great help in generating higher current and voltage values, while single-chamber MFCs
obtain higher current and power density values [29,30]. In the reviewed literature, research
that uses different types of fruit waste as fuel was found; however, the information on
pineapple waste is very limited, although this material is very promising for the generation
of bioelectricity in microbial fuel cells due to its physical, chemical, and biological charac-
teristics. Therefore, it is important to expand the knowledge in this field through research
using this type of waste.

The main objective of this research was to generate bioelectricity through single-
chamber microbial fuel cells at the laboratory scale, using pineapple waste as fuel, and
zinc and copper electrodes as anode and cathode electrodes, respectively. The microbial
fuel cells were monitored for voltage, current, pH, electrical conductivity, and Brix degrees
for a period of 32 days. We also found the values for power density, current density,
and internal resistance of microbial fuel cells. Additionally, the FTIR (Fourier transform
infrared spectroscopy) patterns of the initial and final substrate were studied, as well as the
molecular biology of the biofilm formed on the anode electrode.

2. Materials and Methods
2.1. Manufacture of Microbial Fuel Cells

Three (03) MFCs were manufactured with acrylic tubes (Poly/methyl 2-methypropenoate)/
PMMA) 10 × 30 cm in diameter and length, respectively. For the anodic and cathodic
electrodes, copper (Cu) and zinc (Zn) 10 and 0.2 cm in diameter and thickness, respectively,
were used. The Zn electrode was placed at one end of the tube with one side exposed to the
environment and the other was exposed to the substrate used; while the anode electrode
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(Cu) was placed inside the MFCs, both electrodes were joined by an external circuit of Cu
wire (0.25 cm in diameter) and a 100 Ω resistor, whose configuration was similar to that
used in the work of Segundo et al. (2022) [28].

2.2. Pineapple Waste Collection

Pineapple waste was selected by the people who sell it at Mercado La Hermelinda,
Trujillo, Peru, who managed to collect six kilograms in total. The collected waste was taken
to the laboratories of the university in airtight bags and washed 3 times with distilled water
to remove any type of impurities (e.g., dirt obtained from the market) acquired from the
environment, and then left to dry in an oven at 30 ± 2 ◦C for 12 h. The pineapple waste
was passed through an extractor (Labtron, LDO-B10- Camberley, UK) to obtain juice from
the waste. It was possible to obtain 2 L of juice, which was placed in a beaker and stored
until use.

2.3. Characterization of Microbial Fuel Cells

The voltage and current values were monitored using a multimeter (Prasek Premium
PR-85) for 32 days, which has an external circuit with 100 Ω resistance. Power density
(PD) and current density (DC) values were obtained using external resistors of 0.3 (±0.1),
0.6 (±0.18), 1(±0.3), 1.5(±0.31), 3(±0.6), 10 (±1.3), 20 (±6.5), 50(±8.7), 60(±8.2), 100(±9.3),
120 (±9.8), 220 (±13), 240 (±15.6), 330 (±20.3), 390 (±24.5), 460 (±23.1), 531 (±26.8), 700
(±40.5), and 1000 (±50.6) Ω, using the method of Segundo et al. (2022) [31]. The monitored
values of electrical conductivity (conductivity meter CD-4301), pH (pH meter 110Series
Oakton), and degrees Brix (RHB-32 brix refractometer) were also measured for 32 days.
The transmittance values were measured by FTIR (Thermo Scientific IS50), and for the
resistance values of the MFCs, an energy sensor (Vernier- ± 30 V and ±1000 mA) was used.

2.4. Isolation of Microorganisms from the Anode Chamber

To isolate the microorganisms, a swab of the anode plates was taken and then planted
in McConkey agar and nutrient agar medium to isolate bacteria; on the other hand,
Sabouraud agar was used to isolate fungi and yeasts with 4% glucose. Media were in-
cubated for 24 h at 35 ◦C for bacterial isolations and 24 h at 30 ◦C for fungal and yeast
isolations, and the procedure was performed in duplicate [32]. The reading consisted of
observing the macroscopic characteristics of the colonies grown in the culture media, while
methylene blue was used to observe the microscopic characteristics. Finally, pure cultures
were made.

2.5. Molecular Identification of Fungi

Molecular identification was carried out in the BIODES laboratory (Laboratorio de
Soluciones Integrales Comercial de Sociedad Limitada) where molecular biology techniques
were used. The first users were the ITS (Internal Transcribed Spacer, USA) sequences, which
are specific to fungi [33].

2.6. Statistical Analysis

The data points obtained from Figures 1–3 represent the average values obtained from
the three replicates, and the error bars represent the corresponding standard deviations.
Meanwhile, the bioinformatic software MEGA X (Molecular Evolutionary Genetics Analy-
sis, USA) analyzed the sequence obtained by comparing it with the sequences of reference
yeast species. For this, the sequence alignment tool BLAST (Basic Local Alignment Search
Tool) was used to identify the species based on the percentage of identity [32].

3. Results and Analysis

The monitored voltage values are shown in Figure 1a, where it can be seen that the
voltage values increased from the first day (0.5685 ± 0.01 V) to day 16, when the maximum
voltage peak was found (0.99 ± 0.03 V), and later decayed to 0.624 ± 0.03 V on the last
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day of monitoring. The high voltage values found are directly attributed to the microbiota
found on the surface of the anode electrode, whose influence was described by Khan
et al. (2017) [34]. Similarly, Waheed et al. (2016) showed that the size of the particles
influences the rate of hydrolysis, limiting the generation of voltage [35]. This research
found values that exceeded those obtained by Kalagbor et al. (2020), who, with the use of
the pineapple substrate, generated 0.8 V during the first days; however, in said study, a
tendency towards a decrease in voltage production was observed [36]. Likewise, Priya and
Setty (2019) generated a peak voltage of 0.4 V on the seventh day from the use of apple
juice as a substrate in the anode chamber. It is worth mentioning that the values obtained
in this study are not higher than those found in this investigation [37]. Figure 1b shows the
electrical current values monitored throughout the investigation, observing that the values
increased from 0.09667 ± 0.00577 mA on day 1 to the maximum peak of 4.95667 ± 0.54775
mA on day 20 and then decreased until the last day (1.97333± 0.50213 mA). The values of
electrical currents in the MFCs are governed mainly by the fermentative microorganisms
that convert the substrate (fermented fuel), such as glucose, into small-chain organic acids,
hydrogen, and carbon dioxide; electricity is generated at the same time as an interaction is
formed between the reduced compounds that are produced under redox conditions during
fermentation or possibly in some direct transfer of electrons between the microorganisms
and the anode surface [38–40]. On the other hand, the values of the electric current in
Figure 1b showed a decrease during the last days, which would be due to the diffusion of
oxygen from the cathode to the anode due to the lack of a membrane between them [41].
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Figure 1. Monitoring of (a) voltage and (b) current values of microbial fuel cells (MFCs). 

Figure 2a shows the values of the electrical conductivity of the substrates of the 
MFCs, observing that the values increased from the first day (189.3 ± 2.08 mS/cm) to the 
sixth day (199.33 ± 4.041 mS/cm) and then slowly decayed until the last day (135.51 ± 6.87 
mS/cm). In previous studies, it was observed that the electrical conductivity values of dif-
ferent types of substrates (organic waste), when fermented, increase over time and 

Figure 1. Monitoring of (a) voltage and (b) current values of microbial fuel cells (MFCs).

Figure 2a shows the values of the electrical conductivity of the substrates of the MFCs,
observing that the values increased from the first day (189.3 ± 2.08 mS/cm) to the sixth day
(199.33 ± 4.041 mS/cm) and then slowly decayed until the last day (135.51 ± 6.87 mS/cm).
In previous studies, it was observed that the electrical conductivity values of different
types of substrates (organic waste), when fermented, increase over time and decrease
when observing substrate sedimentation (agglomeration of particles in the fermentation
process) [42,43]. Figure 2b shows the pH values observed during the monitoring, where it
is shown that throughout the monitoring, an acidic pH was maintained, although between
days 16 and 19, maximum pH values were observed. For this work, it was observed that the
optimal operating pH of the MFCs was 5.21 ± 0.18, which was achieved on day 16. In the
literature, it has been found that the pH of the substrate affects the electrical efficiency of the
MFCs because the transfer of electrons and protons occurs within them [44]. Thus, in the
anode reactions, electrons are produced in the oxidation process, generating acidification,
which consequently lowers the pH [45,46], while the reduction reactions that occur in the
cathode produce alkalinization, increasing the pH, and the variation in the pH values over
time is attributed to this [47,48]. In this sense, it is worth mentioning that high pH inhibits
the growth of methanogens that indirectly improve the performance of MFCs [49]. The
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observed values of degrees Brix (◦Brix) are shown in Figure 2c, which remained constant
until the third day (6◦ Brix) and then gradually decreased until the twenty-fourth day, when
they decreased to zero, and they remained constant until the last day. From monitoring,
it has been observed in the literature that the ◦Brix values decrease mainly due to the
decomposition of the nutrients of the substrates in the bioelectricity generation process of
the MFCs [49,50].
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Figure 3a shows the value of the internal resistance of the microbial fuel cells, which 
are governed by Ohm’s Law (V = RI). The X axis represents the electrical current values 
(I) and the Y axis the voltage values (V), whose the linear fit slope would represent the 
average internal resistance (Rint.) of the MFCs. The Rint. found was 865,845 ± 47.23 Ω in the 
MFCs; these values were found on day 20 because it was the day that generated the most 
intense electrical current values. Compared with other investigations, the values found 
for the Rint. are high, but the values of current and voltage are higher than those found by 
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Figure 3a shows the value of the internal resistance of the microbial fuel cells, which
are governed by Ohm’s Law (V = RI). The X axis represents the electrical current values
(I) and the Y axis the voltage values (V), whose the linear fit slope would represent the
average internal resistance (Rint.) of the MFCs. The Rint. found was 865,845 ± 47.23 Ω in
the MFCs; these values were found on day 20 because it was the day that generated the
most intense electrical current values. Compared with other investigations, the values
found for the Rint. are high, but the values of current and voltage are higher than those
found by other investigations; for example, Rashid et al. (2021), in their research, managed
to generate 330 mV and 2.75 mA using single-chamber MFCs with graphite electrodes
and pharmaceutical effluents with 99 Ω internal resistance [51]. Likewise, Liu et al. (2020)
investigated the use of electrogenic bacteria as substrates and carbon electrodes in MFCs,
managing to generate peaks of 0.63 V in the internal resistance of 162.9 ± 3.5 Ω [52].
One of the most important and influential factors that can explain this phenomenon is
the presence of organisms that form the biofilm, mainly in the anodic electrode, since it
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is in charge of receiving the electrons [53,54]. Figure 3b shows the values of the power
density (PD) and voltage as a function of the current density (CD), where the DPMAX can be
observed to be 513.99 ± 6.54 mW/m2 in a CD of 6.123 A/m2, with a maximum voltage of
874.46 ± 19.64 mV. These obtained values are high compared to those obtained by Xin et al.
(2018), who managed to obtain 0.20 W/m2 in a CD of 0.27 A/cm2 and a peak voltage of
0.58 V [55]. The values obtained according to Huang et al. (2021) would be due to the high
content of glucose as a carbon source for the microorganisms present in the substrates [56].
Additionally, the DP value found by Yaqoob et al. (2022) was 0.30 mW/cm2 at a DC of
approximately 28 mA/cm2 in their dual-chamber MFCs using mango (Mangifera indica)
debris as the substrate. All these values are lower than those found in this research, which
highlights the importance of research and the use of pineapple waste and the electrodes
used [56].
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Figure 4 shows the transmittance spectra obtained by FTIR of the substrate used in
the initial and final state of the monitoring performed. It was possible to observe that
the most intense peak corresponds to the O-H bonds at 3360 cm−1, while the peak at
2930 cm−1 belongs to the strong bonds of alkanes (C-H). Similarly, the 1610 cm−1 peak
shows the presence of alkene compounds (C=C), and the 1425 and 1060 cm−1 peaks
confirm the presence of NO2 and C-H bonds [57,58]. As can be clearly seen, the intensity
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of the transmittance peaks decreases compared to the initial spectrum, which would be
due to the degradation of microorganisms in the process of generating bioelectricity and
sedimentation in the last days [59].

Molecules 2022, 27, x FOR PEER REVIEW 7 of 12 
 

 

Figure 3. Characterization of (a) internal resistance and (b) power and voltage density in relation to 
current density of MFCs. 

Figure 4 shows the transmittance spectra obtained by FTIR of the substrate used in 
the initial and final state of the monitoring performed. It was possible to observe that the 
most intense peak corresponds to the O-H bonds at 3360 cm−1, while the peak at 2930 cm−1 
belongs to the strong bonds of alkanes (C-H). Similarly, the 1610 cm−1 peak shows the 
presence of alkene compounds (C=C), and the 1425 and 1060 cm−1 peaks confirm the pres-
ence of NO2 and C-H bonds [57,58]. As can be clearly seen, the intensity of the transmit-
tance peaks decreases compared to the initial spectrum, which would be due to the deg-
radation of microorganisms in the process of generating bioelectricity and sedimentation 
in the last days [59]. 

4000 3500 3000 2500 2000 1500 1000 500
0

20

40

60

80

100

120
 Initial
 Final

%
 T

ra
ns

m
itt

an
ce

 (a
.u

.)

Wavenumber (cm-1)

3360

2930

1610

1060

1425

 

Figure 4. FTIR spectrophotometry of the initial and final pineapple waste. 
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Figure 4. FTIR spectrophotometry of the initial and final pineapple waste.

The regions sequenced and analyzed in the BLAST program obtained an identity
percentage of 99.82%, which corresponds to the species Wickerhamomyces anomalus (see
Table 1). This is a widespread yeast in nature, present in habitats such as soil, plants,
and fruits and as an opportunistic pathogen in humans and animals [60]. This yeast can
grow under extreme conditions of environmental stress, due to which it can be a spoilage
organism, especially in food products with a high sugar content [61].

Table 1. BLAST characterization of the rDNA sequence of yeast isolated from the MFC anode plate
with pineapple debris substrate.

Blast
Characterization

Length of
Consensus

Sequence (nt)

%
Maximum
Identidad

Accession
Number Phylogeny

Wickerhamomyces
anomalus 545 99.82 KJ527063.1

Cellular organisms;
Eukaryota;

Opisthokonta; Fungi;
Dikarya; Ascomycota;

Saccharomyceta;
Saccharomycetales;
Phaffomycetaceae;
Wickerhamomyces

The dendrogram was based on the ITS regions of the rDNA regions of a group of
yeast strains isolated from the anode plate of pineapple microbial fuel cells (Figure 5),
which were constructed using the MEGA program, which relates and groups sequences of
species; from this, the species Wickerhamomyces anomalus was identified, which is among
the “film-forming” yeasts. In this context, it is worth mentioning that in microbial fuel
cells, the transfer of electrons from microorganisms to the electrode is produced by various
mechanisms, including through pili or nanowires after the formation of a biofilm on
the electrode [62,63]. It has been reported that this species exhibits a direct transfer of
electrons without the help of mediators, using glucose as a carbon source, and that this
yeast also has redox enzymes present in the cell membrane of the cell, which contribute
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to the production of current in an MFC [64,65]. Finally, Figure 6 shows the bioelectricity
generation mechanism of using pineapple waste as fuel in single-chamber microbial fuel
cells, where it is observed that the three fuel cells connected in series were capable of
generating 2.85 V, which was enough to turn on an LED bulb (white) on the fifteenth day.
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4. Conclusive Remarks and Future Perspectives

Bioelectricity was successfully generated through single-chamber microbial fuel cells
on a laboratory scale using pineapple waste and zinc and copper electrodes as a substrate.
It was possible to observe that the maximum peaks of voltage and electric current were
0.99 ± 0.03 V and 4.95667 ± 0.54775 mA on the sixteenth and twentieth days, and these
values decreased slowly until the end of the monitoring. These peak values of voltage
and electrical current were obtained at an optimal pH of 5.21 ± 0.18, a substrate electrical
conductivity of 145.16 ± 9.86 mS/cm, and two ◦ Brix. Likewise, the maximum power
density found was 513.99 ± 6.54 mW/m2 with a current density of 6.123 A/m2, and the
internal resistance of the microbial fuel cells was 865.845 ± 4.726 Ω, while the initial and

24



Molecules 2022, 27, 7389

final FTIR spectra of the substrate used were obtained, achieving a decrease in the trans-
mittance peaks, the most notable being the peak belonging to the O-H bond at 3360 cm−1.
Finally, the yeast Wickerhamomyces anomalus was molecularly identified as being present
in the anode electrode with an identity percentage of 99.82%. This research highlights
the importance of the use of pineapple waste in the generation of bioelectricity; with this
substrate, electrical values higher than those found in the literature have been obtained.
The molecular identification of the microorganisms present in the microbial fuel cells con-
tributes to enriching the knowledge about the operation of microbial fuel cells. On the
other hand, companies, society, and farmers can see an opportunity in which their waste
can be reused, increasing their profits and benefits.

For future work, it is recommended that an optimal pH is used for the operation of
the cells, since in this investigation, we worked with the pH of the pineapple waste itself;
we further recommend using metal electrodes (due to their excellent electron-conducting
properties) but coated with some type of non-toxic chemical compound so that microor-
ganisms are not affected and thus increase the efficiency of microbial fuel cells. Carrying
out these new investigations will clarify whether the metallic electrodes have a higher
performance when they are coated or pure; this can be measured through the electrical
values found in future investigations. On the other hand, the use of a cell system with
air flows is recommended to increase power density, as it has been shown that the supply
of O2 increases the electrical values, mainly the PD values [66], which, combined with
sucrose-enriched substrates, can increase the voltage and current values [67].
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Abstract: This study correlated biomass heat capacity (Cp) with the chemistry (sulfur and ash
content), crystallinity index, and temperature of various samples. A five-parameter linear correlation
predicted 576 biomass Cp samples from four different origins with the absolute average relative
deviation (AARD%) of ~1.1%. The proportional reduction in error (REE) approved that ash and sulfur
contents only enlarge the correlation and have little effect on the accuracy. Furthermore, the REE
showed that the temperature effect on biomass heat capacity was stronger than on the crystallinity
index. Consequently, a new three-parameter correlation utilizing crystallinity index and temperature
was developed. This model was more straightforward than the five-parameter correlation and
provided better predictions (AARD = 0.98%). The proposed three-parameter correlation predicted the
heat capacity of four different biomass classes with residual errors between −0.02 to 0.02 J/g·K. The
literature related biomass Cp to temperature using quadratic and linear correlations, and ignored the
effect of the chemistry of the samples. These quadratic and linear correlations predicted the biomass
Cp of the available database with an AARD of 39.19% and 1.29%, respectively. Our proposed model
was the first work incorporating sample chemistry in biomass Cp estimation.

Keywords: biomass sample; heat capacity; empirical correlation; biomass crystallinity; feature reduction

1. Introduction

Global warming [1,2] and limitations of fossil fuel sources [3] have been two main
problematic issues in recent decades. According to reports, the maximum allowable carbon
dioxide (CO2) concentration has exceeded 70 ppm in the atmosphere from the preindustrial
period [4]. The combustion of coal and petroleum [5], natural gas industries [1], and
petrochemical complexes are responsible for 80% of CO2 emissions to the atmosphere [6,7].
Furthermore, cement, steel, and iron manufacturers are the subsequent sources of CO2
emissions [4]. In this way, significant attention has been paid to carbon capture [8] and
sequestration strategies [9] to reduce, control, and utilize greenhouse gases, including CO2,
methane, nitrogen, sulfur, chlorofluorocarbons, and so on [10,11]. To this end, according
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to the BLUE map scenario of the international energy agency [12], sustainable energy
sources, including biomass [13], biogas [14], and solar energy [15], have been introduced as
promising candidates to replace traditional fossil fuels.

Recently, biomass-to-energy processes have received growing interest because of the
energy and global warming crises [16]. According to the United Nations Environment
Program (UNEP) [17], 140 billion tons of biomass (mainly agricultural and wooden wastes)
are produced throughout the world annually [18]. Wide ranges of added-value chemicals
and biofuels may be synthesized from this low-cost, sustainable, and plentiful renewable
feedstock [19]. A schematic illustration of synthesizing various products from lignocellu-
losic biomass is presented in Figure 1. Based on UNEP [12], around 20 times the available
environmental yield of agricultural production technologies is required to achieve sus-
tainable development in 2040 [20,21]. Accordingly, thermal processes of biomass, such as
gasification and pyrolysis, have emerged as practical technologies to convert these types
of biomass samples into valuable products [22,23]. It is worth noting that the mentioned
processes include during the first pyrolysis step, in which biomass is converted to gas and
a solid carbon in the presence of heat [24].
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Reliable knowledge of the thermal characteristics of biomass is a crucial issue for
biomass-to-energy process design [22]. Indeed, molecular kinetics govern the thermal
behavior of biomass valorization processes [22,25]. Numerous experimental/modeling
studies have been devoted to the determination of thermal properties of biomass, including
elemental composition [26], higher heating value [27], thermal conductivity [28] and specific
heat capacity [13].

Biomass heat capacity is often experimentally measured by differential scanning
calorimetry (DSC) [29]. Although the DSC is an accurate method, utilizing a few milligrams
of sample results in a shallow heat throws doubt on the measurement accuracy [22,24,25]. It
is worth noting that measuring biomass heat capacity at a higher temperature than 423 K has
some limitations due to sample decomposition [24]. Bitra et al. determined the heat capacity
and thermal conductivity of kernels, peanut pods, and shells using a purpose-built vacuum
flask calorimeter [30]. Furthermore, Mothée and De Miranda focused on the thermal
analysis of sugarcane bagasse and coconut fiber as typical agricultural byproducts [31]. In
addition, the heat capacity of cellulose regarding its applications in the pulp industry and
tissue engineering has been investigated in many studies [32–34]. Ur’yash et al. employed
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the adiabatic calorimeter method to explain the water effect on biomass heat capacity in
temperatures ranging from 80 K to 330 K [34]. Blokhin et al. experimentally measured the
heat capacity of biomass samples obtained from four different sources [32].

Generally, laboratory-scale measurements are complicated and time-consuming, re-
quire economic expense, and often contain different uncertainty levels associated with
human error and the wrong calibrations of apparatus. Furthermore, it is hard to directly
incorporate experimentally measured data for computer-aided simulation purposes. There-
fore, it is necessary to develop a correlation to estimate biomass heat capacity from some
available features. This type of correlation reduces experimental cost, saves time, and
can be easily coupled with computer-aided simulators. The heat capacity (Cp) of a wide
range of pyrolysis chars obtained under conditions representative of industrial reactors
was correlated in a temperature range of 40–80 ◦C [22]. Kollman and Cote suggested an
empirical correlation for estimating the specific heat capacity of solid wood as a function
of the temperature valid for 0–100 ◦C [35]. In another attempt, Gupta et al. proposed a
model for softwood barks and their derived softwood chars using differential scanning
calorimetry, showing acceptable Cp predictions in the temperature range of 40–140 ◦C [36].
The mathematical formulas of the literature suggesting correlations for estimating biomass
heat capacity have been widely investigated in Section 2.2.

All these correlations only estimate the biomass heat capacity as a function of tem-
perature and ignore the effect of biomass chemistry [22,35,36]. Since biomass chemistry
influences heat capacity, it is necessary to include such information in the model’s entry.
Accordingly, this study developed a simple correlation to estimate biomass heat capacity by
considering the sample’s chemistry and operating conditions. To our knowledge, it is the
first usage of the bio-sample composition (sulfur and ash contents), crystallinity index, and
temperature to estimate the biomass heat capacity. This study also compared the accuracy
of the developed correlation with those suggested in the literature. This type of correlation
helped to enhance the understanding of biomass composition on heat capacity.

2. Results and Discussion

Multiple linear regression was employed to estimate the biomass heat capacity from
the sample chemistry, crystallinity index, and temperature. Then, the proportional re-
duction in error was applied to simultaneously decrease the model size and increase its
accuracy. Then, the accuracy of the constructed correlation was compared with those
suggested in the literature. Finally, several graphical and numerical investigations were
performed to monitor the prediction accuracy of the proposed model in real-field situations.

2.1. Developed Correlations in This Study

Equation (1) shows a simple linear correlation developed to estimate the heat capacity
of biomass from four different origins in a temperature range of 81 to 368 K. The differen-
tial evolution algorithm [37] was used to adjust the coefficients of this correlation using
576 experimental datasets.

Cpcal = − 0.0158 × CI − 0.0011 × Ash + 0.022 × S + 0.00407 × T + 0.0165 (1)

This correlation estimated the biomass heat capacity with the absolute average relative
deviation (AARD%) of 1.1%. Equation (2) was used to calculate the AARD% from the
experimental (Cpexp) and calculated (Cpcal) biomass heat capacities [38,39]. Here, N shows
the number of available datasets, i.e., 576.

AARD% = ∑N
i = 1 100 ×

(∣∣∣Cpexp
i − Cpcal

i

∣∣∣/Cpexp
i

)
/N (2)

The proportional reduction in error (PRE) is a practical method for conducting the
sensitivity analysis on independent variables and ranking them based on their contribution
to the model’s accuracy [40]. The PRE uses the sum of squared errors (SSE) or mean
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squared errors (MSE) to conduct its duty. Equations (3) and (4) express the mathematical
formulation of the SSE and MSE, respectively [41].

SSE = ∑N
i = 1

(
Cpexp

i − Cpcal
i

)2
(3)

MSE =

√
∑N

i = 1

(
Cpexp

i − Cpcal
i

)2
/N (4)

The developed correlation (i.e., Equation (1)) has four parts, with each part includ-
ing one independent variable. The PRE associated with each independent variable was
obtained using Equation (4).

PRE = (SSEpart − SSE)/SSEpart part = 1, 2, 3, 4 (5)

Here, SSE and SSEpart indicate the sum of squared errors obtained by considering all
terms (i.e., Equation (1)) and excluding the ith part of the original correlation, respectively.
A high PRE shows that a considered independent variable has a more substantial role in
model accuracy and vice versa.

Figure 2 represents the PRE related to the crystallinity index, ash and sulfur contents
of the bio-samples, and temperature.
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Figure 2. The relative importance of each feature on the prediction accuracy of the biomass
heat capacity.

This figure justifies that the temperature and crystallinity index are the main param-
eters that improve the model’s accuracy. On the other hand, the ash and sulfur contents
only enlarged the model size and had a low contribution to its accuracy.

The previous analysis approved that it was better not to consider the ash and sulfur
contents of the bio-samples in the model development, and re-design the correlation solely
based on the temperature and crystallinity index. Equation (5) presents the mathematical
shape of the developed correlation utilizing the most important independent variables.

Cpcal = − 0.0156 × CI + 0.00407 × T + 0.0162 (6)
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This three-parameter correlation was more straightforward than the previous five-parameter
model, needing low entry information, and providing higher accuracy, i.e., AARD = 0.98%.

2.2. Comparison with the Literature Suggested Models

It was previously explained that the available correlations in the literature estimated
the biomass heat capacity by either quadratic or linear relationships with the temperature.
Therefore, it was necessary to adjust the coefficients of Equation (6) utilizing the available
experimental database. It is worth noting that A equaled zero for the linear correlation.

Cpcal = A × T2 + B × T + C (7)

Table 1 presents the numerical values of the adjustable coefficients of the linear and
quadratic correlations based on the temperature. The last column of Table 1 indicates
that the linear and quadratic correlations predict the heat capacity of the 576 bio-samples
with the AARD of 1.29% and 39.19%, respectively. Not considering the effect of bio-
sample chemistry on the heat capacity may have been responsible for this non-logical
uncertainty [22,35,36].

Table 1. Adjusted coefficients and AARD% of the linear and quadratic correlations developed based
on the temperature.

Correlation A B C AARD%

Linear 0 0.00406 0.0061 1.29

Quadratic 6.11 × 10−5 −0.0210 2.232 39.19

2.3. Visually Inspecting the Performance of the Three-Parameter Correlation

Up to now, it has been approved that the three-parameter linear correlation based on
the crystallinity index and temperature has the highest accurate prediction for biomass heat
capacity. This section employs several graphical analyses to inspect the model performance
further. The compatibility between experimental and calculated heat capacities for different
biomass samples is depicted in Figure 3. It can be concluded that an outstanding level of
agreement existed between the laboratory-measured and calculated heat capacities. The
developed correlation encountered problems in predicting the fourth class’s biomass heat
capacity with excellent accuracy (wood amorphous cellulose).
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Since the crystallinity index of this biomass type was zero, the first part of the devel-
oped correlation diminished (i.e., Equation (5)). Indeed, the heat capacity of the biomass
obtained from wood amorphous cellulose was estimated using a linear correlation solely
based on the temperature. This explanation may justify the uncertainty observed in pre-
dicting the biomass heat capacity of the fourth class, especially at higher values.

The histogram of the arithmetic deviation between experimental and calculated
biomass heat capacities (i.e., residual error) is illustrated in Figure 4. This figure states that
the heat capacity of four different biomass classes was estimated with infinitesimal residual
errors, mainly between −0.02 to 0.02 J/g·K. It was interesting to see that 200 biomass heat
capacities were calculated with the residual error equaling zero.
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Figure 5 shows the AARD observed for predicting the heat capacity of each biomass
class. The heat capacity of the first to the fourth biomass classes was estimated with the
AARD of 0.86%, 0.53%, 0.83% and 1.71%, respectively. The developed correlation presented
the overall AARD = 0.98% for estimating the heat capacity of all 576 bio-samples.
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2.4. Analyzing the Cp of Bio-Samples with Different Origins

The experimental and modeling profiles of heat capacity versus temperature for the
considered biomass classes are plotted in Figure 6a,d. Excellent compatibility between
the laboratory measurements and the correlation predictions can be concluded from these
figures. Furthermore, it can be seen that biomass heat capacities have a substantial direct
relationship with temperature.
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Figure 6. (a) Performance of the developed correlation for calculating the Cp versus temperature
profile of the cotton microcrystalline cellulose. (b) The calculated and experimental profiles of the Cp
versus temperature of the wood sulfite cellulose. (c)Investigating the temperature effect on the straw
cellulose heat capacity from the experimental and modeling observations. (d) Performance of the
developed correlation for approximating the Cp dependency of the wood amorphous cellulose on
the temperature.

It should be highlighted that by reducing the crystallinity index from the first to the
last biomass classes, the first term of the developed correlation (i.e., Equation (5)) gradually
became weaker. As mentioned previously, the developed correlation finally appeared
as a linear model based on the temperature only for the fourth biomass class (i.e., wood
amorphous cellulose). The deviation between experimental and calculated heat capacities
increased by decreasing the crystallinity index (compare Figure 6a–d). Although the
observed deviation level was too small to distort the generalization ability of the developed
correlation, it approved the importance of incorporating the sample’s chemistry in the heat
capacity estimation phase.

2.5. Pair Effect of Temperature and Crystallinity Index on the Biomass Cp

Furthermore, the variation in heat capacity of biomass based on temperature and crys-
tallinity index is plotted in Figure 7. As can be observed, there is a linear relation between
employed variables and related heat capacity. Additionally, temperature enhancement has
a significant effect on the biomass heat capacity than crystallinity index, which was already
proved by PRE analysis (Figure 2).
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2.6. Summary of the Study in the Flowchart Form

A summary of the steps followed in this study to develop and validate a linear
correlation to estimate the biomass heat capacity is graphically introduced in Figure 8.
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3. Materials and Methods

This section presents experimental biomass heat capacities collected from the literature.
Furthermore, the literature suggesting correlations for estimating biomass heat capacity
has been reviewed.

3.1. Collected Database

This study focused on constructing a correlation to estimate the heat capacity of
biomass from four origins, including cotton microcrystalline cellulose (sample 1), wood
sulfite cellulose (sample 2), straw cellulose (sample 3), and wood amorphous cellulose
(sample 4), were considered [32]. The chemical composition of bio-samples, crystallinity
index, and temperature were considered in this estimation. Table 2 introduces numerical
ranges of sulfur and ash mass fractions, crystallinity index, temperature, and the associated
heat capacity of the considered bio-samples [32]. A multiple regression method was applied
to linearly relate bio-sample heat capacity (Cpcal) to the ash (Ash) and sulfur (S) contents,
crystallinity index (CI), and temperature (T) based on Equation (8).

Cpcal = f (CI, Ash, S, T) (8)

Table 2. The heat capacity versus biomass chemical composition, crystallinity index and temperature [32].

Biomass Type CI (-) Temperature (K) Ash (wt%) S (wt%) Cp (J/g·K) Number Data

Sample 1 0.90 81.50–367.50 0.10 0.02 0.3335–1.500 143

Sample 2 0.80 80.73–367.40 0.10 0.43 0.3304–1.521 144

Sample 3 0.74 80.53–368.25 0.49 0.11 0.3314–1.554 145

Sample 4 0 80.61–368.09 0.07 0.02 0.3342–1.602 144

It should be mentioned that all constructed correlations in this study were only valid
for estimating the heat capacity of those bio-samples with the composition listed in Table 2,
in the temperature range of 80.53 to 368.25 K.

3.2. Literature Suggested Correlations

As previously mentioned, the literature suggested several correlations for estimating
the bio-sample heat capacity. Table 3 summarizes the mathematical formulations of these
correlations and the range of applications. This table shows that all the developed corre-
lations only use temperature to estimate heat capacity. Generally, these correlations use
quadratic or linear forms to correlate the bio-sample heat capacity to the temperature.

Table 3. Developed correlations in the literature to estimate biomass heat capacity.

Material Correlation Shape Temperature Ref.

Various biomass Cp = 0.00534 × T − 299 40–80 ◦C [22]

Pyrolysis residues Cp = 0.0014 × T + 688 40–80 ◦C [22]

General wood Cp = 0.0046 × T − 0.113 0–100 ◦C [35]

Dried softwood particles Cp = 0.00546 × T − 0.524 40–140 ◦C [36]

Derived softwood char Cp = − 3.8 × 10 − 6 × T2 + 0.00598 × T − 795 40–140 ◦C [36]

Since these correlations were only valid to estimate the heat capacity of the considered
biomass in the specific operating ranges, their coefficients were needed to readjust to cover
the utilized database in the current study (see Section 3.2).
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4. Conclusions

This study aimed to develop an accurate and straightforward correlation for estimating
biomass heat capacity, considering bio-sample chemistry and operating condition. The
proportional reduction in error justified that temperature and crystallinity index of bio-
samples were the most critical factors affecting biomass heat capacity. Multiple linear
regression was applied to develop a three-parameter correlation based on the selected
features. The proposed model was more accurate than the quadratic and linear models
available in the literature. This model predicted 576 biomass heat capacities with the
AARD = 0.98%, while the previously suggested models presented higher uncertainty for
the same database. The constructed correlation in this study predicted the heat capacity of
biomass samples from four different origins with an excellent AARD of lower than 1.71%.
The sensitivity analysis approved that the deviation between experimental and calculated
heat capacities increased by reducing the crystallinity index of biomass samples. This
observation indicated the importance of incorporating biomass chemistry in the estimating
phase of the heat capacity. Since this study estimated the heat capacity of biomass samples
with low ash content, it is a good idea to consider straw/digestate as the independent
variable in future research, where the influence of ash on the specific heat capacity would
not be neglectable.
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Abstract: The search for alternative methods for the production of new materials or fuel from
renewable and sustainable biomass feedstocks has gained increasing attention. In this study, Nypa
fruticans (nipa palm) fronds from agricultural residues were evaluated to produce pure cellulose
by combining prehydrolysis for 1–3 h at 150 ◦C, sulfur-free soda cooking for 1–1.5 h at 160 ◦C
with 13–25% active alkali (AA), 0.1% soluble anthraquinone (SAQ) catalyst, and three-stage totally
chlorine-free (TCF) bleaching, namely oxygen, peroxymonosulfuric acid, and alkaline hydrogen
peroxide stages. The optimal conditions were 3 h prehydrolysis and 1.5 h cooking with 20% AA. Soda
cooking with SAQ was better than the kraft and soda process without SAQ. The method decreased
the kappa number as a residual lignin content index of pulp from 13.4 to 9.9–10.2 and improved
the yields by approximately 6%. The TCF bleaching application produced pure cellulose with a
brightness of 92.2% ISO, 94.8% α-cellulose, viscosity of 7.9 cP, and 0.2% ash content. These findings
show that nipa palm fronds can be used to produce pure cellulose, serving as a dissolving pulp grade
for viscose rayon and cellulose derivatives.

Keywords: Nypa fruticans fronds; cellulose; soda cooking; peroxymonosulfuric acid; alkaline hydro-
gen peroxide

1. Introduction

Nypa fruticans (nipa palm) is a widely grown palm on peat soils and wetlands in several
countries, including India, Myanmar, Thailand, Malaysia, Indonesia, Borneo, Philippines,
the Ryukyu Islands, Papua New Guinea, countries in West Africa, the Solomon Islands,
and northern Australia [1,2]. Previous studies also revealed that it has several advantages,
such as the use of its leaves as traditional thatching materials [3]. Furthermore, this plant
has been utilized for food crops in agriculture, such as the sap, which is often used for the
production of toddy, vinegar, and sugar. It has also been used to produce fruit preserves,
which serve as a local dessert due to their high sucrose, glucose, and fructose content [4,5].
The sap is considered a potential feedstock for ethanol or butanol production [3,5]. It can
serve as a raw material for the production of medium-density fiberboards [6], heavy metal
adsorbents [7], pulping materials [8], cellulose derivatives [9], and fuels [3]. The utilization
of nipa palm for medicine has also been registered [10]. However, most of its parts are left
as residues and can serve as a biomass source for fuels or producing new materials. It has
also been considered a source of biomass for renewable energy, along with oil palm [11].
A previous study revealed that its total cultivation area in Indonesia is approximately
700,000 ha [12].

At present, non-wood plant fibers are often considered an important source of ma-
terials for the production of pulp and its derivatives [13]. They can be classified into
agricultural residues including sugarcane bagasse, corn stalks, rice straw, wheat straw, and
cereal straw, as well as natural growing plants, such as bamboo, reeds, and sabai grass.
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These fibers can also be categorized as non-wood crops, such as jute, cotton fiber, ramie,
and cotton linters [14]. A previous study revealed that 80% of China and India’s total pulp
was obtained from non-wood materials [15]. The utilization of their fibers was facilitated
by the rapid growth of the pulp and paper industry, a shortage of wood fibers, the level of
technical equipment, environmental contamination, and their abundant availability [14,15].
Therefore, it is important to find suitable resources, the most efficient methods, and the
most environmentally friendly production techniques.

Lignocellulosic raw materials containing ≥34% α-cellulose are considered suitable for
pulp and paper production [16]. Previous studies reported that different parts of nipa palm
including the fronds, husk, shell, and leaf have an α-cellulose content of 28.9–48.2%; hence,
they are potential raw materials for fuels and chemicals [5,17], as shown in Figure 1. The
slenderness ratio, namely the fiber length/fiber diameter of its fronds and petiole, is very
high compared to other non-wood fibers, such as bagasse and jute fiber, which indicates
that it has high strength properties [1,18].
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Dissolving/bright pulp is currently an important commodity in the global market,
which contains >90% pure cellulose, <6–7% hemicellulose, and a low lignin content with a
high brightness of >90% [19,20]. It is often used in the production of textile fibers, such as
viscose rayon and lyocell as well as other derivatives, including cellulose nitrate, cellulose
acetate, carboxymethylcellulose, and ethylcellulose. The high cellulose content can be
obtained through the addition of a prehydrolysis step to extract most of the hemicelluloses
before kraft, alkaline sulfite, or soda cooking. The process is then continued with bleaching
or purification. The separated hemicellulose, namely hexose and pentose, can potentially
be converted into valuable products, such as furfural, xylitol, and ethanol, which are often
called potential biorefinery units [21].

Several studies explored the beneficial effect of anthraquinone (AQ) as a catalyst in
the pulp and paper industries [22,23]. Furthermore, the mechanism of AQ catalysis is
illustrated as a redox cycle. AQ is reduced to anthrahydroquinone (AHQ) by carbohydrates
in the wood, and the product is oxidized back to the anthraquinone through a reaction, which
involves reducing the active site (ß-O-4) in lignin during alkaline cooking [24]. Several studies
also reported the benefits of AQ addition in pulping, namely a lower kappa number and
improved pulp yield for kraft/soda cooking of hardwood and non-wood materials [25–28].
Utami et al. [29] revealed the advantages of prehydrolysis followed by soda with soluble
anthraquinone (soda-SAQ) cooking over kraft cooking for Acacia crassicarpa, namely a
higher pulp yield of 1.8% and a higher brightness level by 3.8–3.9 points. Jahan et al. [30]
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also stated that the method led to additional decreases of 1.2–6.3 points in the kappa
numbers of Acacia auriculiformis compared to the kraft and soda processes after bleaching.
These studies reported higher yields of soda-SAQ compared to kraft cooking, namely by
2.8–4.3%. However, Salaghi et al. [31] did not observe the advantages of prehydroyzed soda-
SAQ over prehydrolyzed kraft for Eucalyptus globulus wood. All of these dissolving pulp
studies only used hardwood materials, and hence no study has compared kraft, soda, and
soda-SAQ pulping to produce purified pulp or dissolving pulp using non-wood materials.

There are only a few studies on the potential of totally chlorine-free (TCF) bleaching
with peroxymonosulfuric acid (Psa) to produce high-quality dissolving pulp [23–25]. Soda-
SAQ cooking and TCF bleaching are considered environmentally friendly due to the
sulfur-free process in the cooking and reduction in the halogenated organic compounds
emissions during bleaching [32–34]. Jahan et al. [8] and Dewi et al. [12] evaluated Nypa
fruticans wastes, namely nipa palm fronds (NPFs) and petioles, as pulping materials without
prehydrolysis and bleaching. A previous study obtained a low pulp yield of 36.2–37.2%
based on the raw materials as well as a high residual lignin content of 27.2–29.1 using the
soda-AQ and kraft processes because the conditions were not optimal. Other studies only
performed soda processing on nipa palm petioles without the prehydrolysis and bleaching
processes, and the results showed a 27.9% yield and 7.2 pulp lignin content. This implies
that there are no reports on the production of pure cellulose as a dissolving pulp grade
from nipa palm using a process which includes the prehydrolysis and purification stages.
The final properties and performance of pure cellulose/derivatives were affected by the
raw material, processes, and other previously reported factors. Therefore, this study aims
to find efficient and safe methods to produce dissolving pulp from NPF fibers.

NPFs obtained as agricultural residues were processed using prehydrolysis followed
by sulfur-free cooking and TCF bleaching to produce pure cellulose as dissolving pulp
grades. The chemical characterization of the sample was carried out along with the de-
termination of the optimum prehydrolysis conditions. The possibility of pure cellulose
production using a soda process with an AQ-catalyst (SAQ) and modified Psa-TCF bleach-
ing was also performed. This is the first study to report the production of pure cellulose
from NPF fiber using these processes. Therefore, this study aims to: (i) determine and
compare the chemical composition of NPF used for pure cellulose; (ii) investigate the effect
of prehydrolysis time of 1–3 h at 150 ◦C on kappa number, which comprises the residual
lignin content and pulp yield after soda-SAQ cooking; (iii) compare the effect of cooking
methods, namely kraft, soda, and soda-SAQ at 160 ◦C, 1–1.5 h cooking time, and 13–25%
active alkali/AA dosage on pulp yields and kappa number; and (iv) apply three stages of
modified Psa-TCF bleaching, namely oxygen, Psa, and alkaline hydrogen peroxide to the
selected soda-SAQ pulp and compare the product to the dissolving pulp standard.

2. Results and Discussion
2.1. Potential Characteristics of Nypa fruticans Fronds for Pure Cellulose

Table 1 shows that NPFs contain 61.3 ± 2.4% holocellulose, 24.0 ± 1.9% pentosan,
17.5 ± 0.7% acid-insoluble lignin, 0.8 ± 0.5% acid-soluble lignin, 1.5 ± 0.6% extractives,
and 16.5 ± 2.2% ash. Furthermore, a previous study on the characterization of NPFs for
pulp showed similar results for hollocellulose, pentosan, lignin, and extractives [17]. High
carbohydrate contents of lignocellulosic materials have the potential to be exploited as
raw materials for pulp production, fuels, and chemicals. The obtained 60% holocellulose
content is comparable to that of several non-wood plants, such as vine stem [35], grapevine
stalks [36], rice, wheat straw [37–39], vine shoots [40], tobacco, cotton stalks [41], barley
straw [41], and sugarcane whole bagasse [42].

The α-cellulose content of NPF in this study was 37.3 ± 2.1%, which is also comparable
to other non-wood species. Figure 2 shows that a range of 31.6–38.2% was recorded for
banana peduncle/kadhi and stem [43], okra sticks [44], and rice straw [14,45]. Furthermore,
the α-cellulose content of bamboo [46], oil palm fronds [47], date palm rachis [48], soft-

43



Molecules 2022, 27, 5662

woods [49], and most hardwoods [50] is 40–56%, which is higher than non-wood materials.

Table 1. Chemical composition of Nypa fruticans fronds used in this study and the literature.

Components (%) This Study * Tamunaidu and Saka (2011) [17]

Holocellulose 61.3 ± 2.4 61.5
α-Cellulose 37.3 ± 2.1 35.1

Pentosan 24.0 ± 1.9 26.4
Acid-insoluble lignin 17.5 ± 0.7 17.8
Acid-soluble lignin 0.8 ± 0.5 1.9

Ash 16.5 ± 2.2 11.4–11.7
Extractives 1.5 ± 0.6 (Dichloromethane) 1.9 (Acetone)

* Values presented for this study are averages ± standard deviations.
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Figure 2. Comparison of α-cellulose and acid-insoluble lignin contents of Nypa fruticans fronds with
those of other non-wood plants reported in the literature.

The acid-insoluble lignin content of NPF is similar to corn stalks [51], oil palm fronds
(15.2%) [47], rice straw and banana stem/peduncle [43,45], but lower compared to vine
stem [35], grapevine stalks [36], okra stick [44], and dhaincha (23.2%) [52], as shown in
Figure 2. Tamunaidu and Saka [17] revealed that various parts of nipa palm contain a
syringyl (S)-, guaiacyl (G)-, or p-hydroxyphenyl (P)-type lignin, and a large S to G ratio.
The proportion of S units is greater than that of G units of lignin, which indicates that the
wood material can easily be delignified [49]. These studies also showed that the chemical
composition of all parts of nipa palm was very similar to that of oil palm. The acid-soluble
lignin content obtained in this study using the TAPPI method at 205 nm and 110 L/g cm
absorption coefficient is lower than the values recorded in previous studies for the same
material, namely 0.8 ± 0.5% vs. 1.9% [17]. The differences in the measured values using
the UV-spectrophotometric method are caused by the biomass feedstock, solubility in the
solvent, differences in absorbance of the G-S-P type of lignin, and experimental factors [53].
However, the acid-insoluble lignin content is higher than the acid-soluble content in the
NPFs, which contributed to the total lignin. Future studies can include a determination of
the absorption coefficient, because it is important for biorefinery.
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Table 1 shows that the ash content of NPF is higher than that of other non-wood plants,
but it is relatively comparable to banana plant stem [54] and rice straw, namely 18.3% and
17.2%, respectively [37]. Its presence in silica can cause a variety of operational problems in
dissolving pulp processes as well as limiting its uses, and hence it must be removed [16].
The silica content was not determined in this study, but previous investigations showed
that it is comparatively low compared to the total ash content [17]. The extractives are also
relatively low and comparable to Jahan et al., namely 1.7% [17].

In conclusion, NPF can potentially be used for the production of cellulose deriva-
tives as well as biofuels and chemicals due to its α-cellulose and lignin content. The
high α-cellulose content is expected to produce pulp with good mechanical properties,
while relatively low lignin content often requires short reaction times or small amounts of
reagent [39]. Therefore, this study examined the biomass’s suitability for the production of
pure cellulose as a dissolving pulp.

2.2. Effect of Prehydrolysis Time on Residual Lignin Content and Pulp Yield after Cooking

Figures 3 and 4 show that increasing the time of prehydrolysis from 1 h to 2 h when
cooking for 1 h contributed to a decrease in kappa number and pulp yield. These conditions
also caused an increase in the active alkali (AA) dosage from 13% to 20%. Similar results
were obtained after increasing the prehydrolysis time from 2 h to 3 h and the AA dosages
when cooking for 1.5 h. The combination of prehydrolysis and soda cooking causes
the hemicellulose dissolution of non-wood lignocellulosic materials and delignification.
Extension of the reaction time also contributed to the decrease in kappa number.
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Figure 3. Effect of prehydrolysis time on the pulp yield of Nypa fruticans frond soda-SAQ pulp. The
values presented are averages ± standard deviations.

There are no studies on the production of dissolving pulp using NPF as the raw
material. Jahan et al. [6] studied soda-AQ pulp production with a 6 L/kg liquor to solid
ratio, 18% AA, and 170 ◦C maximum cooking temperature. The findings showed that
a yield of 36.2–37.2% was obtained with a kappa number of 27.2 and 29.1. However,
these results cannot be compared because the processes were carried out without the
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prehydrolysis stage. The findings of Dewi et al. [12] with nipa palm petioles cannot
also be compared. This implies that the effect of prehydrolysis time on the NPF pulp
yield and kappa number after cooking was first reported in this study. No attempts
were carried out to measure the pulp yield and kappa number after the prehydrolysis
stage; nevertheless, Figure 3 shows quite good cellulose yields at long prehydrolysis times
with low alkali dosages. Additionally, Figure 4 illustrates the positive effect on kappa
number of increasing the prehydrolysis time. However, a decrease in these parameters
has previously been reported with 1.0–7.0 h prehydrolysis time using Moso bamboo and
oil palm empty fruit bunches [30,34,55]. The low pulp yield from the process was caused
by the removal of hemicellulose [55]. Harsono et al. revealed that extension of the time
did not affect the complete delignification and dissolution of hemicellulose [34]. The effect
of AA on decreasing the kappa number and pulp yield in various AA dosages was also
observed in the previous studies [30,32,34], which indicates that the increase in AA led to
lignin removal.
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Figure 4. Effect of prehydrolysis time on the kappa number of Nypa fruticans frond soda-SAQ pulp.
The values presented are averages ± standard deviations.

Prehydrolysis for 3 h and cooking for 1.5 h were better for lignin removal than the
other conditions, namely 1–2 h prehydrolysis and 1–1.5 h cooking.

2.3. Effect of Cooking Methods on Pulp Yields and Kappa Number

A comparison of the prehydrolysis soda-SAQ cooking with the prehydrolysis kraft
and soda cooking methods is presented in Figure 5. Soda-SAQ cooking (•) reduced the
kappa number to 9.9–10.2 at an AA dosage of 19–20%. Compared to kraft cooking (•) with
the same AA dosage, the kappa number was lower by approximately nine points, but high
yields of 40.5–40.9% were obtained, which was approximately four points higher than the
soda-SAQ cooking, namely 36.5–37.2% (p < 0.05). Utami et al. [29] also reported high kappa
numbers for the prehydrolysis kraft compared to the prehydrolysis soda-SAQ cooking of
A. crassicarpa at an AA dosage of 17–20%.
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Figure 5. Comparison of kappa number and pulp yield in prehydrolysis cooking of Nypa fruticans
fronds between kraft, soda, and soda-SAQ processes.

The kappa number obtained from soda cooking with 0.1% SAQ was approximately
30% lower than soda cooking (N) at the same AA dosage, namely 8.6–10.2 and 19–25%,
respectively (p < 0.05). Furthermore, the yield recorded was approximately 6% higher
than soda cooking at AA dosage of 19–20%, namely 26.5–36.5% and 33.9–35.3%, respec-
tively. This finding indicates that the soda-SAQ was more effective at p < 0.05. Jahan
and Mun [56] stated that the soda-anthraquinone (AQ) process is suitable for non-wood
cooking due to relatively low-average molecular weight of lignin. Several studies revealed
that soda-AQ provided better results than soda cooking for pulp production. For example,
Salehi et al. [26] reported that the AQ use in the process for wheat and rye straw increased
the screen pulp yields by 2–14% and simultaneously enhanced the delignification rate
by approximately 30% compared to soda cooking without AQ. Similar results were also
obtained in other studies where there was an increase in pulp yield and a decrease in kappa
number for cotton stalks at 0.075–0.2% AQ dosage [27] as well as bast kenaf fibers at 0.2%
AQ dosage [28]. The higher pulp yield in soda-AQ cooking was caused by the retention of
hemicellulose and cellulose along with the enhancement of lignin degradation. Although
Utami et al. [29] reported comparable yields of A. crassicarpa soda-SAQ pulp to soda pulp,
lower kappa numbers were observed after adding 0.1% SAQ. Additional decreases af-
ter the prehydrolysis soda cooking with AQ were also observed by Jahan et al. [57] for
A. auriculiformis soda-AQ pulp.

The results obtained for NPF were comparable to those of Harsono et al. [34] for oil
palm empty fruit bunches with a kappa number of 9.4–10.7 and 29.0–33.5% pulp yield
using prehydrolysis soda-SAQ cooking, namely 3 h prehydrolysis at 150 ◦C and 3 hours of
cooking at 160 ◦C with a 19–21% AA dosage. Putra et al. [58] used the same conditions as
Harsono et al. [34] and obtained a 31.1% yield of pulp with a kappa number of 9.6 at 20%
AA dosage for A. crassicarpa. Furthermore, Maryana et al. [32] recorded 33.9–34.7% yields
with low kappa numbers of 5.3–5.7 using prehydrolysis for 3 h at 150 ◦C and soda-SAQ
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cooking for 2 h at 150 ◦C with a 17–19% AA dosage for sugarcane bagasse. Chem et al. [30]
reported a higher kappa number of 12.8–22.9 from Moso bamboo stem pulp than this
study, but the yields of 32.6–34.0% were comparable when using 3 h prehydrolysis at
150 ◦C and 3 h cooking at 160 ◦C with 17–23% AA dosage. Banana plant stem gave
high kappa numbers of 28.3–37.6 and 27–30% pulp yields using prehydrolysis for 3 h at
150 ◦C and cooking for 0.5–1.5 h at 150 ◦C with 25% AA dosage [54]. The high residual
lignin content indicated by the kappa number in Moso bamboo and banana plant stem
was caused by the initial contents of the two raw materials. The yields obtained from
non-wood raw materials are comparable and depend on the selected/optimum condition
of the process as well as the initial α-cellulose content of the materials. Meanwhile, the
kappa number recorded seemed to be affected by the initial lignin content. The comparison
results between prehydrolysis soda-SAQ and prehyrolysis kraft/soda of nipa palm fronds
definitely provide new information to the available literature, because no previous studies
were found.

2.4. Application to Totally Chlorine-Free Bleaching

The combination of prehydrolysis for 3 h and soda-SAQ cooking for 1.5 h produced
26.5–36.9% pulp yields with a low kappa number of 8.6–11.0 for totally chlorine-free
bleaching. NPF pulp obtained through prehydrolysis and soda-SAQ cooking at a 20% AA
dosage was selected for application in TCF bleaching because the conditions produced
a kappa number of 9.9 ± 0.1, a yield of 36.5 ± 0.6%, 34.8 ± 0.5% ISO brightness, and
22.1 ± 0.7 cP viscosity, as shown in Table 2.

Table 2. The brightness and viscosity of Nypa fruticans frond pulp obtained through prehydrolysis
for 3 h at 150 ◦C followed by soda-SAQ cooking for 1.5 h at 160 ◦C *.

Active Alkali Dosage (%) Screened Pulp Yield (%) Brightness (% ISO) Viscosity (cP)

13 38.6 ± 0.7 29.6 ± 0.4 21.8 ± 0.4
17 37.5 ± 0.3 32.1 ± 0.6 22.7 ± 0.4
19 37.2 ± 0.4 34.2 ± 0.4 23.0 ± 0.3
20 36.5 ± 0.6 34.8 ± 0.5 22.1 ± 0.7
25 26.5 ± 0.4 35.1 ± 0.6 20.6 ± 0.5

* Values presented are average ± standard deviations.

The optimum conditions for the soda-SAQ and TCF bleaching produced kappa num-
bers < 10 and a reasonable level of pulp yield, as suggested by previous studies [31,34]. Fur-
thermore, there were significant differences between the screened pulp yields, brightness,
and viscosity as the AA dosage was increased from 13 to 20% in the selected prehydrolysis–
cooking process, namely 38.6 ± 0.7% vs. 26.5 ± 0.4%, 29.6 ± 0.4% vs. 35.1 ± 0.6%, and
35.1 ± 0.6 cP vs. 20.6 ± 0.5 cP, respectively (p < 0.05).

In this study, the bleaching procedure proposed by previous studies [31,32,34] with a
five-stage sequence of O-Psa-Ep-Psa-Ep was modified to increase the dosage of NaOH in
the O-stage to 2%. Psa was selected instead of ozone because of its better selectivity in TCF
bleaching [33]. Modifying the NaOH dosage can shorten the stages involved (O-Psa-Ep)
and thus reduce the number of processes, as shown in Figures 6 and 7. There was also a
gradual increase in pulp brightness at each stage starting from 72.6 ± 0.8 % ISO after the O
stage, followed by 77.7 ± 0.7% ISO at the Psa stage, and 92.2 ± 1.0 % ISO at the third Ep
stage. Meanwhile, the viscosity decreased from 11.0 ± 0.4 to 7.9 ± 0.6 cP after the whole
process. There was clear evidence of differences in the brightness and viscosity values
between the two consecutive bleaching stages (p < 0.05). The viscosity is related to the
degree of polymerization (DP, Equation (1)) with values of 20.6–22.3 after pulping followed
by a subsequent decrease to 7.2–10.3 after TCF bleaching, which indicates the degradation
of NPF cellulose fibers after these processes. The normal DP values in wood are reported to
be between 300 and 1700 [59]. Similar results were obtained in the five-stage TCF sequence
for sugarcane bagasse pulp, namely 89.1% ISO with 6.4 cP [23] as well as E. globulus pulp
with 88.4% ISO and 6.0 cP [31].
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Figure 6. The brightness and viscosity profiles during three-stage totally chlorine-free bleaching of
Nypa fruticans frond pulp at 20% AA dosage (O: oxygen; Psa: peroxymonosulfuric acid; Ep: alkaline
hydrogen peroxide).
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Figure 7. Transformation of the Nypa fruticans unbleached pulp into pure cellulose during three-stage
totally chlorine-free bleaching at 20% AA dosage (O: oxygen; Psa: peroxymonosulfuric acid; Ep:
alkaline hydrogen peroxide).

The α-cellulose and ash contents of the bleached pulp as pure cellulose in this study
were 94.8 ± 2.8% and 0.2 ± 0.07%, respectively, as shown in Table 3. The final yield of
the purified pulp was 28.0 ± 1.3% based on the material weight. The properties of pure
cellulose include 92.2 ± 1.0% ISO brightness, 94.8 ± 2.8% α-cellulose, 7.9 ± 0.6 cP viscosity,
which are acceptable levels for viscose rayon and cellulose derivatives. Regarding the ash
content obtained in this study, namely 0.2 ± 0.07%, it was reported that dissolving pulps from
non-woody materials with an ash content of approximately 0.7% still showed potential for the
production of viscose rayon, carboxymethylcellulose, and other derivatives [60,61]. Therefore,
pure cellulose was successfully produced from nipa palm fronds using prehydrolysis,
soda-SAQ and TCF bleaching. The processes can further be utilized for the production of
other useful products or materials.

The results show that only a small amount of pentosan, namely 1.0 ± 0.4%, remained
in the purified pulp. Most of the pentosan in the materials can be isolated from the prehy-
drolysate for furfural production. From the sulfur-free soda cooking liquor, dissolved lignin
can easily be precipitated based on a proposed method, such as the lignoboost process for raw
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materials of biopolymers [62]. The sulfur-free and totally chlorine-free processes for cellulose
purification from NPF can be developed in future into a promising biorefinery.

Table 3. Chemical composition of pure cellulose from Nypa fruticans fronds.

Components α-Cellulose (%) Pentosan (%) Ash (%)

Materials 37.3 ± 2.1 24.0 ± 1.9 16.5 ± 2.2
Sulfur-free unbleached pulp 84.1 ± 2.7 3.3 ± 1.2 1.0 ± 0.5

Totally chlorine-free pulp 94.8 ± 2.8 1.0 ± 0.4 0.2 ± 0.07

3. Materials and Methods
3.1. Materials

Nypa fruticans fronds were collected from Muntai village, Bantan district of Bengkalis
island, Indonesia. The fiber fragments with lengths of 0.5–1.0 cm were prepared after
washing and sun-drying to approximately 90%. Figure 8a–c shows the nipa palm fronds
and their chipped form. SAQ (1,4-dihydro-9,10-dihydroxyanthraxene sodium salt) was
provided by Air Water Performance Chemical Inc., Kawasaki, Japan. Furthermore, Psa
(H2SO5) was synthesized based on the method proposed by Kuwabara et al. [63] using 98%
sulfuric acid (Wako Pure Chemical Industries, Ltd., Osaka, Japan) and a 50% hydrogen
peroxide aqueous solution (Mitsubishi Gas Chemical Company, Inc., Tokyo, Japan) at a
molar ratio of 1:3 and 70 ◦C.
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3.2. Methods
3.2.1. Prehydrolysis and Sulfur-Free Cooking

The prehydrolysis and cooking of the NPF were carried out in a 350 mL stainless-
steel reactor (Taiatsu Techno Corporation, Tokyo, Japan), with a maximum temperature
of 150 ◦C. The parameters used for the process include a distilled water to biomass ratio
of 7 L/kg, a temperature of 150 ◦C, and a reaction time of 1–3 h. The wet solid residues
without washing were subjected to soda-SAQ cooking using sodium hydroxide solution as
fresh alkaline cooking liquor. The parameters used were a 0.1% SAQ dosage on the raw
material weight, a 7 L/kg liquor to solid ratio, a temperature of 160 ◦C, 1–1.5 h cooking
time, and active alkali (AA), namely Na2O, with dosages of 13, 17, 19, 20, and 25%. The
residue obtained was processed into pulp using a disintegrator (FRANK-PTI GmbH),
followed by screening, washing, and drying at 105 ◦C. Subsequently, the yield (%) of
pulp was determined based on the raw materials’ weight. The optimal prehydrolysis and
cooking times were selected based on the yield and kappa number. The selected parameters,
procedures, and analyses were carried out based on the method from previous studies for
the production of dissolving pulp from non-wood materials with similar characteristics,
such as oil palm empty fruit bunch [34]. Cooking with soda without SAQ as well as the
kraft method using a mixture of sodium hydroxide and sodium sulfide (sulfidity of 30% as
Na2O) were also carried out to compare the results from the selected soda-SAQ process.
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3.2.2. Totally Chlorine-Free Bleaching

A modified and simple three-stage sequence of TCF bleaching, including oxygen (O),
Psa, and alkaline hydrogen peroxide (Ep) treatments and procedures, was carried out for
the soda-SAQ pulp based on the multi-stage sequence proposed by a previous study [34].
This TCF sequence has been suggested as a solution for the pulp and paper industry to
prevent pollution during bleaching [32,34]. The conditions of each stage are presented
in Table 4. Depending on the TCF bleaching stage, a pulp consistency (PC) of 10 or 30%
was prepared by carefully mixing the pulps with distilled water. The particles of wet pulp
were mixed with NaOH in a polyethylene bag by hand, providing limited homogeneity
of the treatment specifically to the samples with 30% PC; however, successful results for
bleaching were obtained in this study. The PC value was then determined with the TAPPI
method T 240-om 93 [64]. Regarding the oxygen delignification step, a portion of oxygen
was added to the reaction mixture at the beginning of the process until the pressure was
reached, followed by the reaction at the determined temperature and time (T-t). We did
not use a high-share mixer for medium-consistency oxygen bleaching. Meanwhile, at the
Psa stage, a target amount of Psa and a small amount of NaOH aqueous solution for pH
adjustment were added to the pulp suspension in a polyethylene bag at the determined T-t.
With respect to the Ep stage, target amounts of H2O2 and NaOH were also added to the
pulp suspension in a polyethylene bag and at the determined T-t. These two later steps
of bleaching at lower consistency (10%) were carried out for easier comparison with past
results in the literature (Appendix A). The brightness and viscosity after each stage were
obtained using methods explained in the next section.

Table 4. Conditions of three-stage totally chlorine-free bleaching for Nypa fruticans frond soda pulp.

Bleaching Stage Conditions

O: Oxygen O2 pressure: 0.5 MPa, NaOH dosage: 2.0%, 60 min, 115 ◦C, pulp consistency (PC): 30%.
Psa: Peroxymonosulfuric acid H2SO5 dosage: 0.2%, 70 min, 70 ◦C, pH 3.0, PC: 10%.

Ep: Alkaline hydrogen peroxide H2O2 dosage: 2.0%; NaOH dosage: 1.4%, 60 min, 70 ◦C, PC: 10%.

3.2.3. Chemical Analysis of Materials and Pulp

For raw materials, the contents of holocellulose, alpha (α)-cellulose, pentosan, acid-
insoluble lignin (Klason lignin), extractives, and ash were determined using the TAPPI
methods, namely T 249 om-00, T 203 cm-99, T 223 cm-10, T 222 om-06, T 204 cm-07, and
T 211 om-07, respectively [65–70]. Meanwhile, the acid-soluble lignin was determined with
UV-vis spectrophotometry at 205 nm using a gram extinction coefficient of 110 L/g cm
[TAPPI method: T 250 um-62]. The methods T236 om-99, T452 om-08, and T230 om-04
were used to determine the kappa number, brightness, and viscosity, respectively [71–74].
The pulp viscosity was also converted into the degree of polymerization or DP based on
the equation proposed by Shi et al. [75] (Equation (1)):

DP0.905 = 0.75V (1)

where V represents the pulp viscosity (mPa·s or cP) after the process.

3.2.4. Statistical Analysis

In this study, at least two independent experiments and two measurements for each
were carried out for each condition/method. The average values ± standard deviations
were calculated and presented. Furthermore, a t-test with significance at p < 0.05 was
used to compare any two pulp yield or kappa number values with different processing
conditions/methods (Systat v13.2.01, Systat Statsoft Inc., San Jose, CA, USA), as described
by Hart and Sharp [76]. It was also used to compare any two brightness or viscosity values
in the TCF bleaching experiment.
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4. Conclusions

Nypa fruticans frond waste is a promising raw material for producing pure cellulose
and its derivatives, as well as biofuels and chemicals, due to a reasonable amount of α-
cellulose and a relatively low lignin content, namely 37.3% and 18.3%, respectively. The
selected prehydrolysis sulfur-free soda process with soluble anthraquinone (SAQ) catalyst
has more advantages compared to the kraft and soda processes due to the decrease in the
kappa number by ≥3.6 points at a 19–20% active alkali or AA dosage. Soda-SAQ also
exhibited higher pulp yields of 6% at the same dosage. The optimal conditions for the
soda-SAQ process include 3 hours of prehydrolysis at 150 ◦C and cooking for 1.5 h at 160 ◦C
with a 20% AA concentration. Prehydrolysis sulfur-free soda cooking with the SAQ catalyst
followed by three-stage totally chlorine-free bleaching with oxygen, peroxymonosulfuric
acid, and alkaline hydrogen peroxide stages can produce pure cellulose as a dissolving
pulp from NPF waste. The final properties of the product obtained include 92.2% ISO
brightness, 94.8% α-cellulose, 7.9 cP viscosity, and 0.2% ash content. The results show the
benefits and details of the prehydrolysis sulfur-free soda process with SAQ to produce
pure cellulose that is acceptable for viscose rayon and cellulose derivatives. Further studies
can be conducted to investigate and develop its potential for biorefinery because 99% of
the pentosan was removed in the prehyrolysate and cooking liquor. The production of the
viscose rayon and cellulose derivatives, such as cellulose nitrate/acetate from the obtained
prehydrolysis soda-SAQ pulps, can also be explored.
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Appendix A

High Consistency of Oxygen Bleaching

1. Measure the water content of the air-dried pulp sample.
2. Measure the pulp sample with 10.0 g of oven-dried weight, and then tear it, and put

them in a polyethylene plastic bag.
3. Prepare 20 mL (or A: 10 mL for MgSO4·7H2O2 and B: 10 mL for NaOH) of distilled

water for 30% of pulp consistency.
4. Prepare the targeted NaOH and Mg dosage. Example 1.0% and 0.1% respectively.
5. If the pulp sample was 10.0 g, then add 2.5 mL of 1 N (1 mol/L) NaOH (0.1 g of

NaOH) into the distilled water.
6. If the NaOH is 2N (2 mol/L), then add 1.25 ml.
7. Drop A: 10 mL of Mg solution containing 100 mg of MgSO4·7H2O2 to the pulp

sample, and mix the pulp sample in a polyethylene bag with hands (Figure A1). Drop
B: 12.5 mL or 11.25 mL of the NaOH solution to the pulp sample, and mix the pulp
sample in a polyethylene bag with hands (Figure A1).
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8. Make pulp into small, bulky and fluffy particles (diameter 5–10 mm).
9. Put pulp in a polypropylene plastic bottle and put it in a reactor (Figure A2).
10. Charge oxygen gas into the reactor under 0.35–0.50 MPa (3.5–5.0 bars) at room tem-

perature for several minutes (Figure A3). Release the oxygen gas from the reactor, and
repeat the charging twice for purging air inside sufficiently.

11. Set the reactor in 123 ◦C oil bath.
12. Count the reaction time from 91–115◦C.
13. Cool the reactor after 60 minutes in a water bath.
14. Transfer the pulp into a jar of a disintegrator and wash the pulp with 1.5 L of water.

Dewater the pulp suspension using a Büchner funnel.
15. Wash the pulp twice more, and make 2 pieces of hand-sheets and air-dry them.
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Abstract: The accelerated increase in energy consumption by human activity has generated an
increase in the search for new energies that do not pollute the environment, due to this, microbial fuel
cells are shown as a promising technology. The objective of this research was to observe the influence
on the generation of bioelectricity of sucrose, with different percentages (0%, 5%, 10% and 20%), in
papaya waste using microbial fuel cells (MFCs). It was possible to generate voltage and current peaks
of 0.955 V and 5.079 mA for the cell with 20% sucrose, which operated at an optimal pH of 4.98 on
day fifteen. In the same way, the internal resistance values of all the cells were influenced by the
increase in sucrose, showing that the cell without sucrose was 0.1952 ± 0.00214 KΩ and with 20% it
was 0.044306 ± 0.0014 KΩ. The maximum power density was 583.09 mW/cm2 at a current density
of 407.13 A/cm2 and with a peak voltage of 910.94 mV, while phenolic compounds are the ones with
the greatest presence in the FTIR (Fourier transform infrared spectroscopy) absorbance spectrum. We
were able to molecularly identify the species Achromobacter xylosoxidans (99.32%), Acinetobacter
bereziniae (99.93%) and Stenotrophomonas maltophilia (100%) present in the anode electrode of the
MFCs. This research gives a novel use for sucrose to increase the energy values in a microbial fuel
cell, improving the existing ones and generating a novel way of generating electricity that is friendly
to the environment.

Keywords: saccharose; microbial fuel cells; waste; papaya; bioelectricity

1. Introduction

Due to the exponential increase in society, it has generated two main problems, the
need for new sources of electricity generation and a way to reuse the waste produced by
human consumption. This last problem has generated a problem for the collection centers
of the different municipalities of large and small cities [1,2]. In 2016, waste production
exceeded 2.02 billion tons, and it was estimated that by 2050 it would be approximately
3.4 billion tons, which will make waste management increase from 1.61 million dollars in
2020 to 2.50 million by 2030 [3,4]. In this sense, part of the waste is that from agricultural
production, which in its process of sowing, harvesting, sale and consumption, generates
different types of waste that in recent years have begun to be reused in order to give them
a second use and take advantage of them in other activities of society [5]. One of the waste
products with the highest production in Latin America and consumed worldwide is papaya
derivatives (Carica papaya L.). In its different presentations, this product represents approxi-
mately 15.36% (11.22 metric tons) of tropical fruits produced each year; approximately 24
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countries produce this type of product [6]. The high consumption of this fruit is mainly due
to the high amounts of vitamins A, C and E that it presents, besides being a natural diuretic.
In the last decade, its production has increased by 85% for South American countries,
mainly in their tropical zones [7]. On the other hand, new technologies have emerged to
generate electricity in a sustainable way, for example, microbial fuel cells (MFCs). These
types of devices generate electricity through the oxidation and reduction processes that
occur inside them, converting chemical energy into electrical energy [8,9]. These systems
are generally composed of two chambers (anodic and cathodic). In the chamber where
the anodic electrode is placed, the microorganisms oxidize the organic matter, producing
electrons, which travel through an external circuit to the cathodic chamber where they are
oxidized. Due to this process, a flow of electrons occurs, producing electricity [10–12].

There is a wide variety of substrates used as fuels in MFCs, with biological factors
being a fundamental characteristic because they are used as an environment for microbial
growth and other metabolic activities, therefore, the composition and degradability of
the substrate promote the rate of activity for the generation of electrons, which translates
into a better performance of the MFCs [13–15]. Various investigations have reported the
use of a wide range of substrates, from domestic, industrial and municipal wastewater to
simpler substrates such as glucose, which serves as a carbon source in MFCs for electricity
production [16,17]. In this sense, the concentration of glucose as a substrate establishes
the maximum amount of chemical energy available to convert into electrical energy, so a
substrate with a high content of sugars can improve the generation of electrons in MFCs [18].
In this sense, in their research, Kamau et al. (2020) used waste from avocados, tomatoes,
bananas, watermelons and mangos as substrates, mainly monitoring the voltage and
current values generated in MFCs, reporting that the tomato produced the highest voltage
(0.702 V) and, in terms of current values, it increased linearly over time for all residues. On
the other hand, that study indicated that moisture content and carbohydrate level were the
main factors influencing electricity generation [19]. Likewise, Kalagbor and Akpotayire
(2020) evaluated the generation of electricity from tropical fruit residues (watermelon and
papaya) in single-chamber MFCs. The cells were monitored for a period of four weeks,
and the maximum voltage generated was 139.5 mV in the use of the watermelon substrate
and 222.9 mV produced by the papaya. In terms of the power density of the watermelon
substrate, it was 0.2452 mW/cm2. For the papaya substrate, on the other hand, the values of
dissolved oxygen (DO) and biological oxygen demand (BOD) showed that the medium was
conducive to the proliferation of microorganisms [20,21]. These results demonstrated that
single-chamber MFCs are capable of generating electricity from tropical fruit residues, so
the use of these systems was recommended as a sustainable alternative since they represent
an option to increase electricity supply in urban and rural areas [22,23]. Likewise, Utami
and Yenti (2018) studied the generation of electrical energy from papaya peel waste in
MFCs. In the anaerobic compartment of the anode, the layer of this substrate was used
as an electron donor, while in the cathode compartment, KMnO4 was used as an electron
acceptor. Regarding the results, the power density was 121 mW/m2 and a current of
179 mA with a voltage of 1.095 V [24]. In this sense, it has been proven that carbohydrates
rich in glucose and fructose are of essential importance for the generation of electricity in
MFCs. In this sense, sucrose is a natural component present in all-natural juices.

In this sense, the main objective of this research was to evaluate the generation of
electricity using papaya residues as a substrate by adding different concentrations of
sucrose (0%, 5%, 10%, and 20%) in a single-chamber microbial fuel cell manufactured at
low cost with Zn-Cu electrodes, monitoring their voltage, current, current density, power
density and pH for 30 days. Thus, the values of the internal resistance and absorbance
spectrum were also measured by FTIR (Fourier transform infrared spectroscopy).

2. Results and Discussion

Figure 1 shows the influence of sucrose concentrations on the generation of voltage,
current and pH, with the concentration of sucrose at 20% being the one with the highest
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value when used as a substrate, reaching a maximum value (0.955 V) on day 15. From
the first day, the measurements were remarkable, with the highest voltage values when
the sucrose concentration was 20% generating 0.19 V more than the MFCs with 10% and
0.26 V with the MFCs used as blank (Figure 1a). While in Figure 1b it is observed that the
MFCs with 20% sucrose generated a higher electric current with a peak value of 5.079 mA
on the sixteenth day, all electrical current values have their maximum peaks between
the eleventh and sixteenth day. The main reason for the increase in current parameters,
according to Fujimura et al. (2022), is because sucrose, being a disaccharide (glucose and
fructose), has been used for fermentation, releasing electrons in the process, generating
electric current [24]. On the other hand, when glucose is coupled in respiratory chains,
it is oxidized to gluconate by glucose dehydrogenase and is subsequently oxidized to
2-cetagluconate by gluconate dehydrogenase [25]. While microorganisms consume glucose
as a source of carbon electrons and protons, previous research mentions that 24 mol of
electrons and hydrogen ions are generated by the oxidation of one mole of glucose under
anaerobic conditions [26]. On the other hand, the pH values increased from the first day
of monitoring to the last, as shown in Figure 1c; the optimum operating pH of 4.45, 4.61,
4.77 and 4.98 for the MFCs with 0%, 5%, 10% and 20% sucrose on days 17, 15, 14 and 15,
respectively. Leiva et al. (2018) mention that the low pH values in microbial fuel cells
are due to the accumulation of protons in the anode electrode and hydroxide ions in the
cathode electrode [27]. The pH values influence the generation of voltage and current in
MFCs mainly because the microorganisms present in each cell need the ideal conditions for
their growth and acclimatization [28].
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Figure 2 shows the values of the electrical resistance obtained from the microbial fuel
cells at different percentages of sucrose, where the experimental data is adjusted to Ohm’s
law (V = RI), where the x-axis is the current (I) and the y axis is the voltage (V), for which
the slope of the linear fit is the internal resistance (Rint.) of the cells. The Rint. values found
were 0.044306 ± 0.0014, 0.03572 ± 0.00716, 0.02269 ± 0.0015 and 0.1952 ± 0.00214 KΩ and
stop the MFCs with 0%, 5%, 10% and 20% sucrose. As clearly observed in Figure 3, the
values decrease with increasing sucrose concentration. According to Ueda et al. (2022), the
time required for the decomposition of the substrates has a dependence on the resistance of
the microbial fuel cells. It is known that when the resistance is low, the electrons flow more
freely, generating a greater electric current, and it is probable that this affects the microbes
in the electrode biofilm [29,30].
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mV. These values are higher than those generated by Mohamed et al. (2020), where they 
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managing to generate maximum PD peaks of 31.6 ± 0.5 mW/cm2 in a CD of 172 mA/cm2 
with a maximum voltage of 600 mV [31]. In the same way, Kondaveeti et al. (2019) used 
citrus peels as fuel in their single-chamber MFCs, managing to generate PD peaks of 63.4 
mW/cm2 at a CD of 280.56 mA/cm2 at a peak voltage of 0.478 V [32]. According to Yaqoob 
et al. (2020) obtained high values of PD shown in the research are due to the metallic elec-
trodes used due to the good electrical properties they have, so the current losses are few 
in the energy generation process [33]. 

Figure 2. Internal resistance values of the microbial fuel cells at (a) 0, (b) 5, (c) 10 and (d) 20% sucrose.

Figure 3 shows the values of power density (PD) and maximum voltage as a function
of current density (CD), being the MFCs with 20% sucrose the one that generated a higher
value of PD with 583.09 mW/cm2 at a CD of 407.13 A/cm2 and a peak voltage of 910.94 mV;
with a 36% higher than that generated by the MFCs used as target (0% sucrose) that
generated a PD of 427.14 mW/cm2 in a CD of 4.920 A/cm2 with a peak voltage of 537.72 mV.
These values are higher than those generated by Mohamed et al. (2020), where they used
kitchen wastewater and photosynthetic algae as fuel in their dual-chamber MFCs, managing
to generate maximum PD peaks of 31.6 ± 0.5 mW/cm2 in a CD of 172 mA/cm2 with a
maximum voltage of 600 mV [31]. In the same way, Kondaveeti et al. (2019) used citrus
peels as fuel in their single-chamber MFCs, managing to generate PD peaks of 63.4 mW/cm2

at a CD of 280.56 mA/cm2 at a peak voltage of 0.478 V [32]. According to Yaqoob et al.
(2020) obtained high values of PD shown in the research are due to the metallic electrodes
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used due to the good electrical properties they have, so the current losses are few in the
energy generation process [33].
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Figure 3. Values of the power densities as a function of the current density of the microbial fuel cells 
at (a) 0, (b) 5, (c) 10, and (d) 20% sucrose. 

Figure 4 shows the absorbance spectrum of the compounds present in the different 
substrates (0, 5, 10 and 20% sucrose), observing the most intense peak at 3289 cm−1 belong-
ing to the N-H stretch, O-H groups, phenols, and carboxylate acids, while peaks 2904 and 
2848 cm−1 are associated with the C-H stretching of alkanes, aldehydes and ketones. In the 
same way, the peak of 1756 cm−1 belongs to alkane C-H stretching, while 1660 is associated 
with C=C stretching, N-H primary amine, C==N stretching and amide stretch. The 1545 
cm−1 peak indicates the presence of alkane C-H stretching, alkene C=C stretching, C==N 
stretching, primary and secondary amine C-N stretching and amide; and finally, the peaks 
at 1255 and 1030 cm−1 alkane C-H stretching, alkene C=C stretching, C==N stretching, pri-
mary and secondary amine C-N stretching and amide [34–36]. It has been shown that the 
high content of phenols releases large amounts of electrons which travel through the ex-
ternal circuit to the cathode electrode, thus generating a higher electrical current output 
[37,38]. 

Figure 3. Values of the power densities as a function of the current density of the microbial fuel cells
at (a) 0, (b) 5, (c) 10, and (d) 20% sucrose.

Figure 4 shows the absorbance spectrum of the compounds present in the different
substrates (0%, 5%, 10% and 20% sucrose), observing the most intense peak at 3289 cm−1

belonging to the N-H stretch, O-H groups, phenols, and carboxylate acids, while peaks
2904 and 2848 cm−1 are associated with the C-H stretching of alkanes, aldehydes and
ketones. In the same way, the peak of 1756 cm−1 belongs to alkane C-H stretching, while
1660 is associated with C=C stretching, N-H primary amine, C=N stretching and amide
stretch. The 1545 cm−1 peak indicates the presence of alkane C-H stretching, alkene C=C
stretching, C=N stretching, primary and secondary amine C-N stretching and amide; and
finally, the peaks at 1255 and 1030 cm−1 alkane C-H stretching, alkene C=C stretching, C=N
stretching, primary and secondary amine C-N stretching and amide [34–36]. It has been
shown that the high content of phenols releases large amounts of electrons which travel
through the external circuit to the cathode electrode, thus generating a higher electrical
current output [37,38].

Table 1 shows the regions sequenced and analyzed in the BLAST program in which
an identity percentage of 99.32% was obtained, which corresponds to the Achromobacter
xylosoxidans species, 99.93% to the Acinetobacter bereziniae species, and with 100.0% to
the species Stenotrophomonas maltophilia. Figure 5 shows the dedongram, which was
built using the MEGA program, which relates and groups sequences of species [39]. These
bacteria are ubiquitous, they are found in soil, water, air, plants and animals. They transfer
electrons to the anode via external loop carrier proteins, such as cytochrome c, or via
membrane appendages called [40,41] nanowires. An essential factor in the production of
electric current is the formation of biofilms on the anode electrode. This consists of two types
of microorganisms, fermentative and electrogenic. Where the former hydrolyzes organic
compounds and the metabolites they secrete and are used as substrates for electrogenic
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bacteria to generate electrons, protons and CO2 through oxidative processes [42]. Figure 6
shows the electricity generation process through microbial fuel cells, where MFCs with 5,
10 and 20% sucrose connected in series were used; managing to generate a voltage of 2.09 V,
enough to turn on a red LED bulb. This shows that papaya residues have great values for
the generation of bioelectricity. Recent research has shown the importance of other residues
in other changes, which leads to the sustainability of these types of products [43,44].

Molecules 2022, 27, x FOR PEER REVIEW 7 of 12 
 

 

4000 3500 3000 2500 2000 1500 1000 500

0.00

0.02

0.04

0.06

0.08

0.10

0.12

Wavenumber (cm-1)

 20%
 10%
 5%
 Target

%
 A

bs
or

ba
nc

e 
(a

.u
.)

32
86

29
04

28
48

17
56

16
60

15
45

12
55

10
30

 
Figure 4. FTIR spectrophotometry of the papaya residues with saccharose. 
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Table 1. BLAST characterization of the rDNA sequence of bacteria isolated from the MFCs anode plate.

BLAST
Characterization

Consensus Sequence
Length (nt) % Maximum Identity Accession Number Phylogeny

Achromobacter
xylosoxidans 1451 99.32% CP053617.1

Cellular organisms;
Bacterium; Proteobacteria;
Betaproteobacteria;
burkholderials;
Alcaligenaceae;
Achromo-bacter

Acinetobacter
bereziniae 1468 99.93% CP018259.1

Cellular organisms;
Bacteria; Proteobacteria;
Gammaproteobacteria;
Pseudomonadales;
Moraxellaceae;
Acinetobacter

Stenotrophomonas
maltophilia 1477 100.00% NR_041577.1

Cellular organisms;
Bacteria; Proteobacteria;
Gammaproteobacteria;
Xanthomonadales;
Xanthomonadaceae;
Stenotrophomonas;
Stenotrophomonas
maltophilia group
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3. Materials and Methods
3.1. Fabrication of Single-Chamber Microbial Fuel Cells

For the chambers of the microbial fuel cells (three in total), 400 cm3 polyethylene
terephthalate cubic containers were used, to which an 18 cm2 hole was made on one of the
faces in which the electrode was placed, cathodic (Zinc, Zn), while the anodic electrode
(Copper, Cu) was placed inside the container; both electrodes were joined by means of
an external circuit with a resistance of 100 Ω. As a proton exchange membrane, 10 mL of
the solution obtained from 6 g of KCl and 14 g of agar in 400 mL of H2O were used (see
Figure 7). While the preparation of sucrose was carried out at 0 (target), 5, 10, and 20%,
for this a 50% sucrose stock solution and papaya residue extract were used, with the final
working volume being 200 mL.
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3.2. Collection of Papaya Waste

Three decomposing papayas (approximately 5 kg) were collected from La Hermelinda
market, Trujillo, Peru. Which were collected in hermetic bags and transferred to the
laboratory for use where they were washed three times with distilled water to remove
any type of impurities (sand, dust or insects). These wastes were ground in an extractor
(Labtron, LDO-B10-USA) until obtaining homogeneity throughout the substrate and then
stored in a 1000 mL bottle at 20 ± 2 ◦C until used in microbial fuel cells.

3.3. Characterization of Microbial Fuel Cells

The electrical parameters of current, voltage, power density and current density
were measured using a multimeter (Prasek Premium PR-85, Chicago, IL, USA) using the
method described by Rojas-Flores et al. (2021), whose external resistances were 10 ± 0.2,
40 ± 2.3, 50 ± 2.7, 100 ± 3.2, 300 ± 6.2, 390 ± 7.2, 560 ± 10, 680 ± 12.3, 820 ± 14.5,
1000 ± 20.5 Ω [45]. While the internal resistance was found using the energy sensor
(Vernier- ±30 V & ±1000 mA, USA). Likewise, the values of pH and electrical conductivity
were monitored with a pH-meter (110 Series Oakton, Chicago, IL, USA) and a conductivity
meter (CD-4301, Chicago, IL, USA) during the 30 days of operation. The initial and final
transmittance values were measured by FTIR (Thermo Scientific IS50, Chicago, IL, USA).

3.4. Molecular Identification of Microorganisms by Sequencing the 16S rRNA Genes

Molecular identification was carried out by the Analysis and Research Center of the
“Biodes Laboratories”. From pure or axenic cultures of bacteria, which were based on
DNA extraction using the CTAB extraction method, which were analyzed molecularly by
amplification of the 16S rRNA gene [46]. The genetic sequences were evaluated with the
bioinformatic program MEGA-X to generate consensus sequences and develop phyloge-
netic trees. The identification of the microbial species was carried out using the Gen-Bank
databases and the programs Nucleotide Blast (Basic Local Alignment Search Tool) and
EzBio-Cloud [47,48]. The molecular analysis was analyzed only from the MFC with papaya
waste with 20% sucrose.

4. Conclusions

Bioelectricity was successfully generated using papaya waste with sucrose in differ-
ent percentages (0%, 5%, 10%, and 20%) as fuel through laboratory-scale microbial fuel
cells using zinc and copper as electrodes. The cell that obtained the best electrical pa-
rameters was the one that contained the highest percentage of sucrose (20%), managing
to generate an electrical voltage and current of 0.955 V and 5.079 mA, respectively, with
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an optimal operating pH of 4.98 on the fifteenth day. Likewise, the internal resistance
of the cells decreased as sucrose increased, with the maximum internal resistance being
0.044306 ± 0.0014 KΩ and the minimum being 0.1952 ± 0.00214 KΩ belonging to the cells
with 0 and 20% sucrose, respectively. Thus, it was also observed that the maximum power
density was 583.09 mW/cm2 at a current density of 407.13 A/cm2 with a peak voltage of
910.94 mV, belonging to the cell with 20% sucrose. Finally, the absorbance peaks demon-
strate the presence of phenols, which gives indications of the high values of current and
voltage. Being able to identify 99.32, 99.93 and 100% of the species Achromobacter xylosox-
idans, Acinetobacter bereziniae and Stenotrophomonas maltophilia, respectively, from the
anode electrode of the MFCs with 20% sucrose. For future work, replicas (at least three) of
each MFC should be made and, using the optimal pH values (4.98) found in this research,
standardize the pH, as well as cover the metal electrodes with some chemical compound
that is not harmful for the species of microorganisms found (Achromobacter xylosoxidans,
Acinetobacter bereziniae and Stenotrophomonas maltophilia species) on the substrates to
improve the efficiency of microbial fuel cells.
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Abstract: The global chocolate value chain is based exclusively on cacao beans (CBs). With few
exceptions, most CBs traded worldwide are produced under a linear economy model, where only
8 to 10% of the biomass ends up in chocolate-related products. This contribution reports the mass
balance and composition dynamics of cacao fruit biomass outputs throughout one full year of the
crop cycle. This information is relevant because future biorefinery developments and the efficient use
of cacao fruits will depend on reliable, robust, and time-dependent compositional and mass balance
data. Cacao husk (CH), beans (CBs), and placenta (CP) constitute, as dry weight, 8.92 ± 0.90 wt %,
8.87 ± 0.52 wt %, and 0.57 ± 0.05 wt % of the cacao fruit, respectively, while moisture makes up most
of the biomass weight (71.6 ± 2.29 wt %). CH and CP are solid lignocellulosic outputs. Interestingly,
the highest cellulose and lignin contents in CH coincide with cacao’s primary harvest season (October
to January). CB contains carbohydrates, fats, protein, ash, and phenolic compounds. The total
polyphenol content in CBs is time-dependent, reaching maxima values during the harvest seasons. In
addition, the fruit contains 4.13 ± 0.80 wt % of CME, a sugar- and nutrient-rich liquid output, with an
average of 20 wt % of simple sugars (glucose, fructose, and sucrose), in addition to minerals (mainly
K and Ca) and proteins. The total carbohydrate content in CME changes dramatically throughout the
year, with a minimum of 10 wt % from August to January and a maximum of 29 wt % in March.

Keywords: cacao fruit; cacao husk; cacao mucilage exudate; cacao placenta; cacao beans; valorization

1. Introduction

Cacao is an important crop in the equatorial regions of Latin America, Western Africa,
and Southeast Asia, providing income to more than 4.5 million families worldwide. Ac-
cording to the International Cocoa Organization (ICCO), world gross cacao bean (CB)
production in 2019 was 4.75 × 106 tons [1]. The main cacao-producing countries are Côte
d’Ivoire, Ghana, Indonesia, Brazil, Cameroon, Nigeria, Ecuador, Peru, and the Dominican
Republic. In South America, more than 90% of CBs come from Brazil, Ecuador, Peru, Colom-
bia, and Mexico [2]. In 2019, Colombia produced 5.97 × 104 tons of CBs, an increase of 4.9%
with respect to 2018. The Santander region in Colombia contributes 42% of the country´s
CBs [3]. As with many other agricultural commodities, CB production generates abundant
residual biomass. Typically, only 8 to 10% of the biomass contained in the cacao fruit ends
up as cacao beans, while the remaining biomass is discarded as waste. Figure 1 shows the
traditional approach to cacao fruit processing worldwide. Clearly, the current process is
aimed (with a few exceptions) exclusively at obtaining fermented and dry cacao beans.
Considering the scheme in Figure 1 as the standard process for cacao fruit, the residual
biomass from cacao crops worldwide could easily reach up to 4.5 × 107 tonnes/year (2019).
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Figure 1. Traditional scheme for cacao fruit processing in tropical cacao-producing countries.

The cacao fruit (Figure 1) has a dense shell, or cacao husk (CH), protecting the seeds.
Once harvested, the fruit is opened, the husk is discarded, and the seeds (covered by a
white mucilage) are stored and fermented in heaps or wooden crates to produce cacao
beans. Literature reports from 2000 to 2021 [4–7] show a steady increase in the number
of publications related to the use of some residual biomass outputs from cacao bean
production. The scientific interest in residual biomass usage is fueled by the need to
increase the cacao crop’s circularity, strengthen the cacao value chain, increase the economic
profitability of the crop for producers, and reduce the environmental impacts.

There are many uses for cacao residual biomass, particularly cacao husk (CH), involv-
ing energy generation, biomaterials extraction, the isolation of active ingredients, catalyst
support, human food, animal feed, and biocomposite synthesis, among others. For instance,
cacao husk (CH) anaerobic digestion and fermentation result in biogas production [8–10].
Energetic potential analysis showed that gasification is better than pyrolysis or combustion
for CH processing [11]. Along the same lines, the CH potential for electricity generation in
Uganda was evaluated, reporting a potential energy generation of 24 × 106 MWh for the
9.03 × 103 tonnes of CH produced in Uganda in 2018 [12].

Materials production is another alternative for utilizing cacao residual biomass. For
instance, controlled CH pyrolysis can be used for activated carbon production. Some
authors reported that the yields and textural properties of the material improve by using
acid (H3PO4) or basic (KOH) treatments [13]. An activated carbon surface area of over
1300 m2/g using de-ashed CH as the raw material has been reported [14]. Activated carbon
derived from CH exhibited an adsorption performance comparable to that of commercial
activated carbon for the removal of Congo Red and residual drugs (diclofenac) from
aqueous solutions [15,16]. Similarly, there are reports of catalyst and nanoparticle synthesis
using CH; for example, the production of Neem seed oil methyl esters, using CH ash as a
catalyst, or silver nanoparticle synthesis using CH extract [17,18]. Additionally, researchers
reported the use of the pectins in CH as a nutraceutical and functional pharmaceutical
excipients [19]. CH has also been tested as a filler in a bioplastic-based composite [20]
and a synthetic PP composite [21]. The tensile strength, flexural strength, and modulus of
thermoplastic polyurethane (TPU) were improved by the addition of CH fibers [22]. In the
field of animal nutrition, CH can be a substitute for traditional ingredients, like replacing
maize as a dietary staple for raising rabbits [23] or pigs [24].

However, there is little information in the literature regarding the uses of biomass
outputs from cacao fruit other than CH, such as cacao placenta (CP) or cacao mucilage
exudate/sweatings (CME). Cacao mucilage exudate (CME), in particular, is generally lost
as a lixiviate during cacao bean fermentation. However, it is occasionally consumed as a
fresh drink or is used for manufacturing syrups, jams, marmalades, and alcoholic bever-
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ages [25–32]. Likewise, the technological applications of CME include ethanol production
by fermentation [33]. Recently, our group reported the use of CME as culture media for
bacterial cellulose biosynthesis [34]. Finally, the cacao placenta (CP), a tissue that holds
the cacao beans together inside the pod (Figure 1), has been used in the production of
beverages and nutritional bars [35].

Cacao bean prices, like any other commodity in the world, are controlled globally by
the interaction between supply and demand chains. However, global markets are changing,
and chocolate consumers are driven by additional factors such as fair trade, direct trade,
and reduced environmental impacts (directly associated with crop circularity and the
emission of pollutants during beans processing). The cacao fruit has a lot to offer besides its
beans, and with cacao production and consumption on the rise, there is abundant residual
biomass from the crop that can be used to strengthen the crop value chain, particularly in
the producers’ countries. However, despite the many possible uses for residual biomass
from cacao, currently, there is a systematic lack of information in terms of compositional and
mass balance data for the whole cacao fruit, let alone data regarding the seasonal variations
in these fundamental crop characteristics. Most of the compositional data available in
the current literature relates to small samples of cacao fruit collected exclusively during
the harvest months. Knowing the seasonal compositional and mass balance changes in
biomass outputs from cacao fruit processing is of fundamental importance to planning
for efficient usage of the residual biomass from fermented beans production. In addition,
future biorefinery approaches and final usage methods for cacao fruit biomass will be
determined by its abundance and composition.

Thus, we hypothesize that it is possible to observe cacao fruit composition and mass-
balance dynamics by analyzing representative one-tonne samples, collected monthly for
one year. Initially, we separated the traditional biomass outputs of cacao fruit processing
(as seen in Figure 1) and determined their abundance, as percentages by weight of the fruit.
Next, we collected, processed, and stored all cacao fruit biomass outputs for a detailed mass
balance and compositional analysis. CH, CP, CBs, and a new biomass output labeled cacao
mucilage exudate (CME) were studied. In the traditional cacao-processing scheme, only
a low percentage of the cacao fruit biomass, represented in dry/fermented CBs, is used
in the chocolate industry. The remaining percentage, represented in dry CH and CP, and
CME are considered to be residual biomass. These residues could be used as raw materials
to feed other processes to produce value-added products, to strengthen the cacao value
chain in the producers’ countries.

2. Results and Discussion
2.1. Cacao Fruit Mass Balance

The traditional process for cacao bean production is manually intensive and starts with
cacao fruit harvesting, followed by fruit-opening and the extraction of the fresh cacao beans
(CBs), as shown in Figure 1. All these processes are performed on-site (on-farm). Typically,
the empty fruit husk (CH) and the placenta (CP) are discarded and left to decompose in
the field. In the traditional process, only fresh CBs undergo further treatment, in a step
called fermentation.

Figure 2 shows the seasonal percentage by weight variation of cacao beans (CBs),
cacao placenta (CP), and cacao fruit husk (CH), of twelve cacao fruit loads (one tonne
each), gathered over the months of February to January, using the traditional cacao fruit-
processing scheme (Figure 1). Table S1 of the Supplementary Information contains detailed
wt % data for fresh CH, CP, and CBs in every cacao-fruit load processed. The percentage by
weight values reported in Figure 2 correspond to the fresh (wet) by-products with respect
to the fresh fruit weight. Fresh CH is by far the most abundant cacao fruit byproduct, with
a total average of 66.96 ± 2.83 wt %, followed by fresh CBs, with 24.55 ± 1.51 wt %, and
CP, with 2.58 ± 0.22 wt %. The losses (5.93 ± 3.15 wt %) correspond to missing CH pieces
and spoiled fruits and beans. These percentages are similar to those reported for cacao
fruit from Bundibugyo District in Uganda (clone not specified) [8], for cacao fruit samples
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from Ghana (clone not specified) [36], and for cacao fruit from plantations located in Perak,
Malaysia (clone not specified) [37]. The percentage by weight of the fresh by-products did
not change significantly for cacao fruit loads gathered over the course of one year, as seen
in Figure 2.

Figure 2. Seasonal variations in the percentage weight of fresh cacao fruit biomass outputs, cacao
husk (CH), cacao placenta (CP), and cacao beans (CBs), derived from the traditional approach of
cacao fruit processing (first stage, Figure 1).

For the cacao fruit compositional and mass balance analyses, we used a two-stage
procedure shown in Figure 3. The first stage involved opening the cacao fruit and separating
the fresh cacao beans (CBs) and the placenta (CP) from the husk (CH), as discussed above.
This first process represents the traditional approach to cacao fruit usage (Also shown
in Figure 1). In the second stage, the CP and the CH were ground, dried, and stored for
further compositional analysis (Figure 3). Once the cacao fruit components were separated
and their fresh percentage by weight measured, we subjected the materials to different
procedures, as shown in Figure 3 (stage 2). Fresh CBs were fermented for seven days,
then the cacao mucilage exudate (CME) lixiviated from the process was collected. Fresh
CP and CH were ground and dried. Figure 4 shows the seasonal variation in percentage
by weight of dried cacao husk (CH), dried cacao placenta (CP), liquid cacao mucilage
exudate (CME), and fermented and dried cacao beans (CBs). Table S2 of the Supplementary
Information contains detailed wt % data for dried CH, CP, CBs, and liquid CME in every
cacao fruit load processed. Dried CB and CH exhibit similar average percentages by weight
of 8.92 ± 0.90 wt % and 8.87 ± 0.52 wt %, respectively (see Table S2). Dried CP amounts
to a small contribution of 0.57 ± 0.05 wt %, as well as CME, with 4.13 ± 0.80 wt %. These
results show that four different biomass outputs (dried CH, dried CP, dried CBs, and CME)
can be derived from the cacao fruit. Each type of biomass has a particular composition and
potential use, as discussed in the following sections.
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Figure 3. General scheme of cacao-fruit processing for this work.

Figure 4. Seasonal variations in the percentage weight of cacao fruit biomass outputs, dried cacao
husk (CH), dried cacao placenta (CP), dried cacao beans (CBs), and liquid cacao mucilage exudate
(CME) derived from the second stage of cacao fruit processing (Figure 3). Note: the remaining
percentage corresponds to moisture.

The mass balance for the first and second stages of cacao fruit processing is shown in
Figure 5. The values reported correspond to the actual weights measured while processing
the load collected in November (Nov.), the main cacao fruit harvest season in Colombia.
Figure S1 of the Supplementary Information also contains mass balance information for the
first and second stages of cacao fruit processing, with averaged wt % data for all biomass
outputs. Starting with one tonne of the fresh cacao fruit, we collected 66.3 kg of fresh CH
(66.33 wt %), 26.4 kg of fresh CP (2.64 wt %), and 256.9 kg of fresh CBs (25.69 wt %). These
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materials are high in moisture; after the second stage, which involves grinding (CH, CP),
drying (CH, CP), and fermenting (CBs), their mass is reduced dramatically. At this point,
89.4 kg of dried CH, 87.7 kg of dry/fermented CBs, and 5.7 kg of dried CP are the solid
materials resulting from the second stage. In addition, a liquid by-product, cacao mucilage
exudate CME, can be recovered during the second stage. The CME (43.1 kg) is produced
as a lixiviate during the first hours of CB fermentation. Overall, the moisture content
in the solid materials (CH, CBs, and CP) present in one tonne of fresh cacao fruit (Nov.)
was 720.7 kg. It is worth noting that the traditional way of cacao fruit processing (first
stage, Figure 4) results in only 8.77 wt % of useful product, in the form of fermented/dry
cacao beans. Ideally, other byproducts of cacao fruit processing, such as CH, CP, and
CME, corresponding to an additional 13.82 wt % of the fruit, could be potentially used
as raw materials for value-added products. However, the use of these residues depends
on availability and the compositional data, which are relatively scarce in the scientific
literature. We provide average compositional data for the main biomass outputs, along
with compositional changes over one year, in the following sections.

Figure 5. Mass balance for 1 tonne of fresh cacao fruit during the first and second stages of processing
(load: Nov.).

2.2. Compositional Analysis
2.2.1. Cacao Fruit Husk (CH)

The cacao fruit husk (CH) functions as a protective pod for the seeds. Thus, CH exhibits
a complex chemical structure involving supportive tissue of high mechanical resistance and
high water-holding capability. Table 1 shows the average proximate analysis of fresh cacao
husk (CH) clone CCN 51, corresponding to twelve loads (one tonne each) of cacao fruit
collected over one year. Table S3 of the Supplementary Information also contains detailed
wt % CH proximate analysis data for each cacao fruit load processed. The proximate
analysis provides a broad classification of components in biomass, which is information
of fundamental importance, mainly for animal feed evaluation and biomass energy use.
CH is mainly composed of water (84.62 ± 1.97 wt %) and solids (15.38 ± 1.97 wt %). In
the literature, the values reported for ash (9.1 wt %) and crude fiber (30.93) [38] are slightly
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lower than those found in this work (Table 1). Additionally, the reported protein contents
of 5.9 wt % [38] are comparable to the 5.44 wt % found in this work. Another study in
the literature [39] shows lower values for protein content of 2.42 ± 0.37 wt %, along with
0.93 ± 0.34 for crude fat and 87.06 ± 0.58 moisture, with a comparable value of 10.65 wt %
for the ash.

Table 1. Average proximate analysis of fresh cacao husk (CH) from clone CCN51 cacao fruit.

Component. Percentage by Weight (wt %)

Moisture 84.62 ± 1.97
Total solids 15.38 ± 1.97

Crude fat * 0.29 ± 0.08
Crude protein * 5.44 ± 0.80

Crude fiber * 30.93 ± 2.03
Ash * 10.65 ± 1.62

Total nitrogen * 0.88 ± 0.13
Nitrogen-free extract (NFE) * 52.69 ± 2.50

* As a percentage of the total solids.

The protein, fat, and crude fiber content in CH makes it attractive as animal feed.
For example, ruminants fed with CH from West Java, Indonesia (clone not specified)
gained more weight than control ruminants [40]. CH-fed rabbits (20% of their food intake)
from Ghana exhibited increased weight compared to corn-fed control animals [9]. In
addition, replacing maize with CH (variety not specified) in the diet of Oreochromis niloticus
(tilapia) reduces its culture costs without significantly affecting the fish’s survival rates and
weight [41].

Nowadays, non-edible lignocellulosic materials, readily available as residues from
agro-industrial processes, are being considered as alternatives to renewable chemicals
and fuels to replace oil-based products. Table 2 compares previous works on cacao husk
composition in terms of structural carbohydrates (cellulose and hemicellulose) and lignin,
with the average values for twelve cacao loads, as measured in this work. Structural
carbohydrates and lignin, collectively, account for up to 78 wt % of the total solids in cacao
husk (CH). The average cellulose content for all loads in terms of CH (25.64 ± 3.49 wt %) is
lower than that found in various agricultural biomass outputs, such as rice husk (37.1 wt %),
sugarcane bagasse (32–44 wt %), cassava peels (37.9 wt %), corn cob (38.27 wt %) and sweet
sorghum bagasse (45 wt %). Likewise, the hemicellulose content in CH (19.96± 2.42 wt %) is
lower than the values found in nutshells and cassava peels, which are 25–30 and 23.9 wt %,
respectively. Lignin content, on the other hand, is higher in CH (32.73± 5.15 wt %) than that
in spent coffee grounds (23.5 wt %), rice husk (24.1 wt %), sugarcane bagasse (19–24 wt %),
cassava peels (7.5 wt %), corn cob (7.16 wt %), and sweet sorghum bagasse (21 wt %) [42–47].
Table S4 of the Supplementary Information contains detailed compositional information on
various agricultural biomasses for comparison purposes.
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Table 2. Structural carbohydrates and lignin in cacao husk (CH) from cacao fruit samples of various
origins and this work.

Cellulose Hemicellulose Lignin
References

(wt %)

31.7 ± 0.1 27.0 ± 0.1 21.7 ± 0.1 [10]
30.79 21.09 25.55 [48]
18.42 10.04 12.06 [49]

35 10 14.6 [50]
30.41 ± 0.20 11.97 ± 3.17 33.96 ± 1.9 [47]
35.4 ± 0.33 37 ± 0.5 14.7 ± 0.35 [42]

41.92 ± 0.09 35.26 ± 0.05 0.95 ± 0.04 [51]
26.15 ± 3 12.7 ± 56 21.16 ± 2.6 [52]

25.64 ± 3.49 19.96 ± 2.42 32.73 ± 5.15 This work *
* As a percentage of the average total solids value from Table 3.

Table 3. Average proximate analysis for sun-dried CH from cacao fruit samples of various origins.

Moisture Ash Crude Fat Crude Protein Crude Fiber
Reference

wt %

12.5 12.3 VNR VNR VNR [12]
VNR 11.44 ± 0.41 0.93 ± 0.34 2.42 ± 0.37 VNR [39]
10.5 9 1.5 2.1 VNR [54]
VNR VNR 2.5 8.4 32.3 [40]

13 13 0.6 8 50 [23]
VNR 9.1–10.1 VNR 5.9–7.6 22.6–32.5 [50]
VNR VNR 1.2–10 5.9–9.1 22.6–35.7 [36]

10.04 ± 0.3 12.67 ± 0.14 VNR VNR 33.6 ± 0.15 [55]
6.72 ± 0.17 8.32 ± 0.7 2.24 ± 0.1 4.22 ± 0.07 VNR [11]

8.5 ± 0.6 6.7 ± 0.2 1.5 ± 0.13 8.6 ± 0.9 36.6 ± 0.01 [53]
16.1 13.5 VNR VNR VNR [56]
VNR 9.07 ± 0.04 VNR 9.1 ± 1.7 35.7 ± 0.9 [52]

9.86 ± 0.75 10.61 ± 1.39 1.61 ± 0.86 5.90 ± 0.91 31.91 ± 2.98 This work
VNR: Value not reported.

The average cellulose content in Colombian CH from the CCN 51 clone (25.64± 3.49 wt %)
is lower than the values reported for CH from Nigeria, in the Ile-Ife region [10]; Brazil, in
the Bahia area [48]; Indonesia, in Sumatra province (clone not specified) [50]; and Malaysia,
in Jabatan (clone not specified) [42]. The cellulose contents in CH of 41.92 wt % for Peruvian
cacao samples (clone not specified) are the highest values found in the literature so far [51].
We found average hemicellulose values of 19.96 ± 2.42 wt % for CCN 51 CH, higher than
the values of 10.0, 10.4, and 12 wt % reported for two Colombian and one Ghanaian CH
samples [49,50,52]. In contrast, the average hemicellulose values in this work are lower
than the 37 ± 0.5 and 35.26 ± 0.05 wt % reported for the Malaysian and Nigerian CH
samples [44,51]. On the other hand, the average lignin content of 32.73 ± 5.15 wt % in
the CH of clone CCN51 measured in this study is at the high end of the range of values
reported by other authors (Table 2). The high lignin content in CCN51 CH could be a
characteristic of the clone. However, the literature reporting cacao fruit composition, cited
in this work and used to compare our findings, does not include information on the type of
material examined. Additionally, to the best of our knowledge, the information currently
reported in the literature is derived from grab-sampling of the biomass, understood as
samples reflecting the composition at that point in time when the sample was collected. In
contrast, in this contribution, we follow changes in cacao fruit composition over time.

The structural biopolymers in CH showed variations over the one-year period con-
sidered in this work, as seen in Figure 6. The cellulose contents in CH ranged from 22 to
35 wt % and hemicellulose ranged from 14 to 24 wt %. Lignin content, on the other hand,
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exhibited significant variability, with values ranging from 25 to 39 wt %. Table S3 of the
Supplementary Information contains detailed wt % compositional data for the structural
biopolymers and lignin in fresh CH, as fractions of the total solids, for each cacao fruit
load. The cellulose, hemicellulose, and lignin contents in cacao fruit can be influenced
by factors such as location, tree age, and growth conditions. In Colombia, the cacao crop
generally has two harvest seasons per year [2]. The highest productivity season ranges from
October to January, while an additional, lower-productivity season runs from April to June.
We observed increased cellulose and lignin contents in CH during the October–January
harvest season.

Figure 6. Seasonal variations in structural carbohydrates (cellulose and hemicellulose) and lignin
content in CH as fractions of the total solids in fresh CH, from Colombian CCN51 cacao fruit.

Following the second-stage processing methodology (Figures 3 and 5) and as reported
in Section 3, fresh CH was ground and sun-dried. Table 3 compares the composition of
sun-dried CH, an important biomass output readily generated in cacao farms and used as
an energy source in cacao-producing countries. Moisture content in sun-dried CH affects
the combustion efficiency of the material. For sun-dried CH moisture contents in the
literature, reports range from 6 to 16 wt %, depending on drying time, ambient temperature,
relative humidity conditions, and perhaps the cacao plant variety. However, the literature
reports normally do not include information regarding the cacao clone or the compositional
changes over time. We found average moisture contents of 9.87 ± 1.40 wt % in sun-dried
CH (CCN51). Likewise, ash content is an important parameter to estimate biomass behavior
when burned, and as an input in models to describe ash transport and deposition during
combustion. High ash contents also affect the production of granulated fuel. The average
ash content in sun-dried CH (CCN 51) corresponds to 10.61 ± 1.39 wt %, a value within
the ranges of 6 and 13 wt % reported for CH in the literature (Table 3). The lowest ash
content in Table 3 (6.7 ± 0.2 wt %) was reported for CH samples from Bahia, Brazil (clone
not specified) [53]. The average crude fat content in sun-dried CH (1.61 ± 0.86 wt %) lies
within the values of 0.6 and 2.24 wt % reported by various authors, as shown in Table 3. The
amount of protein of 5.90 ± 0.91 wt % in CH (Colombian CCN 51) is also within the range
of published values but is lower than the 8.6 ± 0.9 wt % and 9.1 ± 1.7 wt % reported in
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other studies [52,53]. Regarding the average crude fiber, the results of this work lie within
the values reported by other researchers, as seen in Table 3.

The proximal analysis for sun-dried CH belonging to individual cacao loads shows no
significant seasonal variations, as seen in Figure 6 (Table S5). Only in some exceptional cases
is there a significant change. For instance, in load 12 (January), the moisture percentage
was low (6.62 wt %) and the protein content was high (8.08 wt %) compared to the average
of the values. Likewise, load 2 (March) showed a low fat content (0.57 wt %) and a high
percentage of crude fiber (37.92 wt %). Sun-dried CH calorific values ranged from 13.22
(Mar) to 14.62 (Oct), with an average of 13.69 ± 0.43 MJ kg −1 (Table S5, Figure 7). The
direct combustion of sun-dried CH is common for energy generation in cacao-producing
countries. Compared to other residual biomass sources, such as soybean cake, rapeseed,
cotton cake, potato peel, apricot bagasse, and peach bagasse, with values from 15.41 to
19.52 MJ kg −1 [57], the calorific value of sun-dried CH is slightly lower, with an average
value of 13.69 ± 0.43 MJ kg −1.

Figure 7. Seasonal variations in the proximate analysis of sun-dried cacao husk (CH) from Colombian
CCN51 cacao fruit.

According to the data in Tables 1 and 2 and Figure 5, CH can be cataloged as a
lignocellulosic output and, as such, can be processed via physical, chemical, or biological
methods to produce added-value byproducts. For instance, the enzymatic or chemical
hydrolysis of cellulose in CH can produce sugars, which, in turn, could be used to obtain
biofuels such as ethanol, hydrogen, and biobutanol, as well as organic acids through
fermentation [58]. Likewise, cellulose could be used for advanced materials production,
nanocrystals, and nanofibers. The hemicellulose in CH could be used as a source of
probiotics since the main components of this fraction include heteropolymers like xylan,
glucuronoxylan, arabinoxylan, xyloglucans, and galactomannans [53,59]. A recent review
discussed low- and high-value applications for CH. Among the former, the authors included
fertilizer, soil amendments, animal feed, activated carbon, and soap, while the latter involve
paper-making, biofuel, dietary fiber, and antioxidant isolation [60].

2.2.2. Cacao Beans (CBs)

CBs are the seeds of the Theobroma cacao tree and are the main product of the cacao
crop. Table 4 shows the average proximate analysis for dried and fermented cacao beans
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(CB) from cacao fruit samples of various origins. Colombian CCN51 dried and fermented
CBs contain mainly fat (54.41 ± 0.92 wt %), carbohydrates (27.02 ± 0.98 wt %), and
protein (12.10 ± 0.44 wt %); these values are within the ranges reported for Ghanaian
and Ecuadorian CBs (Table 4). The protein content in Colombian CCN-51 CBs is within
the ranges of 10–15 wt % reported for CBs from Venezuela (Trinitarian variety), Ecuador,
Ghana (hybrid clones), Peru, Madagascar, Dominican Republic, and the Ivory Coast [61–64].
The fat content (54.41 ± 0.49) in Colombian CBs is similar to reports of 56–58 wt % for
fermented and dried CBs (Forastero variety) in West Africa [63] and is higher than the
values of 43.46 ± 0.25 and 41.93 ± 0.13 wt % found in the Ecuadorian and Ghanaian CB
samples [61,62]. The carbohydrate content in Colombian CBs (27.02 ± 0.98 wt %) is similar
to the reports of 23.1 ± 0.54 wt % in Ghanaian Forastero [63] and lower than the values of
33.79 ± 0.24 and 36.58 ± 0.15 wt % reported for the Ecuadorian and Ghanaian CB samples
(clone not specified) [62], as seen in Table 4.

Table 4. Average proximate analysis for dried and fermented cacao beans (CB) from cacao fruit
samples of various origins.

Moisture Ash Crude Fiber Crude Protein Crude Fat Carbohydrates Total
Polyphenols (mg

Gallic Acid/g)
Reference

wt %

4.3 ± 0.09 2.3 ± 0.04 VNR 18.2 ± 0.13 52.2 ± 0.1 23.1 ± 0.54 VNR [63]
6.22 ± 0.2 2.84 ± 0.04 VNR 12.25 ± 0.16 42.7 ± 0.6 VNR VNR [61]
5.95 ± 0.04 4.03 ± 0.01 VNR 12.79 ± 0.03 VNR 33.78 ± 0.02 VNR [62] *
5.11 ± 0.01 3.56 ± 0.02 VNR 12.82 ± 0.01 VNR 36.58 ± 0.01 VNR [62] +
3.96 ± 0.50 2.51 ± 0.17 3.20 ± 0.90 12.10 ± 0.44 54.41 ± 0.92 24.00 ± 2.24 47.31 ± 8.03 This work

VNR: Value not reported. * Ecuador, + Ghana.

Cacao beans are rich in antioxidants and are, thus, considered a functional food.
Many scientific studies demonstrate the link between improved cardiovascular health and
the consumption of antioxidant-rich chocolate [65]. Antioxidants in CBs exist mainly as
polyphenols (flavonoids), which are responsible for the characteristic bitter taste of raw
cacao seeds. The total polyphenols in Colombian CBs (47.31 ± 8.03 mg GAE/g) are in the
low end of the range, according to a review of antioxidant content in CBs from various
origins. For instance, the polyphenols content in Ecuadorian CCN51 CBs ranged from 84
mg GAE/g to 91 mg/g (catechin equivalents), while the Criollo clones from the Dominican
Republic and Peru exhibited lower polyphenol contents of 40 and 50 mg GAE/g [66].
However, the polyphenol content in Colombian CBs was within the reported values of 34
to 60 mg/g, for a series of CB samples from the Ivory Coast (Forastero variety), Colombia
(Amazon variety), Equatorial Guinea (Amazon Forastero variety), Ecuador (Amazon-
Trinitario-Canelo, Amazon hybrid), Venezuela (Trinitario variety), Peru (Criollo variety),
and the Dominican Republic (Criollo variety) [67].

Figure 8 and Table S6 show the seasonal variations in CB composition. There
are no significant differences in moisture (2.94 % wt–4.74 % wt), ash content
(2.40 wt %–2.93 wt %), fat (52.77 wt %–55.36 wt %), protein (11.34 wt %–12.67 wt %), total
carbohydrates (22.39 wt %–26.93 wt %), and calorific value (26.51 MJ kg−1–27.42 MJ kg−1)
for the various CB loads studied. However, parameters such as crude fiber and total
polyphenols (Table S6) in CBs exhibited significant changes over time. For instance, the
total polyphenol content reached maxima values during the harvest seasons, with contents
ranging from 49.97 to 61.68 mg GAE/g from January to April, and 52.12 to 57.58 mg GAE/g
in November and December. The total polyphenols in CCN51 CBs reached minima values
from May to September (36.21 to 42.52 mg GAE/g).
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Figure 8. Seasonal variations in the proximate analysis of fermented and dried cacao beans (CB) from
Colombian CCN51 cacao fruit.

We believe that compositional information is fundamental to making informed decisions
in cacao crop management. For CBs, for instance, knowing when the beans reach maximum
antioxidant values could determine the fate of the product, such as antioxidant extraction vs.
roasting, allowing producers to increase their profitability and product portfolio.

2.2.3. Cacao Placenta (CP)

The CP is a fibrous supportive tissue that holds the CBs together inside the pod.
According to Tables S1 and S2 (Supplementary Information), fresh CP corresponds to
2.58 ± 0.22% of the total fruit weight. The material mainly contains water; after drying, the
total solid content in CP is 0.57 ± 0.05 wt %. Perhaps, due to its scarceness, CP has received
little attention in the scientific literature. Table 5 shows an average CP moisture content
of 78.36 wt % for CCN51 fruit, as in reports of 80.55 ± 0.42 wt % and 80.925 ± 1.06 wt %
for Côte d’Ivoire cacao fruit (Forastero variety) [68] and Ecuadorian cacao fruit (CCN51
clone) [69]. We found low ash percentages in CP (0.54 wt %), in contrast with the 9.34 wt %
reported for Côte d’Ivoire cacao fruit [68]. The protein content (1.69 wt %) is within the
values reported by other authors. The total nitrogen in CP (0.27 wt %) is lower than
1.005 ± 0.134 wt %, as reported by the authors of [69].

Table 5. Average proximate analysis for fresh CP from cacao fruit samples of various origins.

Moisture Ash Protein Total Nitrogen
Reference

wt %

80.55 ± 0.42 9.34 ± 0.89 5.12 ± 0.02 VNR [68]
80.925 ± 1.067 5.560 ± 0.424 VNR 1.005 ± 0.134 [69]

VNR 1.28 ± 0.051 1.38 ± 0.028 VNR [30]
78.36 0.54 1.69 0.27 This work

VNR: Value not reported.

Lately, CP has attracted some attention as a source of nutrients, antioxidants, and
bioactive compounds. For instance, one study has found that fermentation increased the
antioxidant activity of CP, while the levels of sugars, tannins, and flavonoids decreased [69];
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likewise, the nutritional value of dehydrated CP makes it an ingredient in nutritional
bars [31] or for the production of an alcoholic drink and nectar made from CP from Ecuado-
rian cacao fruit samples (CCN51 clone) [30]. In the field of animal nutrition, previous studies
reported the use of dried CP from Ecuadorian cacao in chicken feed formulations [70] and
quantities of CP flour (CPF) for pig feeding [71].

2.2.4. Cacao Mucilage Exudate (CME)

Cacao mucilage exudate or sweatings (CME), a sweet liquid that seeps from the white
pulp surrounding the cacao bean, is typically lost during the cacao bean fermentation
process. CME comprises up to 4.13 ± 0.80 wt % of the cacao fruit’s biomass (see Table S2)
and is mainly composed of water and carbohydrates. Table 6 compares the average
proximate analysis for CME from cacao fruit samples of various origins and from this
work. The average moisture content of Colombian CCN51 CME (82.68 ± 6.09 wt %)
is similar to the values of 85.86 ± 0.09 wt % reported for samples from Bahia, Brazil
(clone not specified) [72], and 82.5 % and 80.5 % for the Ecuadorian samples (Nacional
and CCN-51 clones) [73]. The protein content in the Colombian CCN51 CME samples
(0.31 ± 0.09 wt %) is lower than (1.2 ± 0.49 wt %) [69], (5.41 wt %) from the Ecuador
cacao fruit (CCN-51 clone) [74], and (5.56 ± 0.1 wt % and 5.47 ± 0.12 wt %) from the
Taura and Cone Ecuadorian samples [11]. The carbohydrate content in CCN51 CME
has an average value of 17.18 ± 6.44 wt %, lower than the values of 68.35 ± 0.16 and
67.99 ± 0.14 for Cone and Taura Ecuadorian samples [11]. CME contains small amounts of
polyphenols (0.55 ± 0.45 mg gallic acid/g), a characteristic that has not previously been
reported. Table S7 of the Supplementary Information includes the detailed proximate
analysis of Colombian CCN51 CME samples collected over one year.

Table 6. Average proximate analysis for CME from cacao fruit samples of various origins and
this work.

Moisture Ash Protein Total Carbo-
hydrates

Total
Polyphenols (mg

Gallic Acid/g)
Reference

wt %

85.86 ± 0.09 0.59 ± 0.15 1.20 ± 0.49 11.80 ± 0.09 VNR [72]
77.34 a 2.91 5.41 VNR VNR [73]
82.5 b VNR 0.87 VNR VNR [73]
80.5 VNR 0.38 VNR VNR [74]

VNR c 7.51 ± 0.14 5.47 ± 0.12 68.35 ± 0.16 VNR [11]
VNR d 7.68 ± 0.18 5.56 ± 0.10 67.99 ± 0.14 VNR [11]

82.67 ± 6.09 0.45 ± 0.01 0.31 ± 0.09 17.18 ± 6.44 0.55 ± 0.45 This work

VNR: Value not reported. a Nacional, b CCN-51, c Cone, d Taura.

Figure 9 and Tables S7 and S8 show the seasonal variations in CME composition. There
are significant differences in moisture, with higher values observed toward the end of the
year from August to January (88.6 wt %) and lower values during February and March
(71.5 wt %). The ash (0.27 wt % to 0.61 wt %) and protein contents (0.17 wt % to 0.46 wt %)
in CME are low. In contrast, the total carbohydrate content in CME changes dramatically
during the year, with a minimum of 10 wt % during August and January and a maximum
of 29 wt % in March. Interestingly, the first three loads of the year showed the highest total
carbohydrate content and calorific values, and the lowest moisture content of all samples.
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Figure 9. Seasonal variations in the proximate analysis of CME from Colombian CCN51 cacao fruit.

CME’s high sugar content hints at a valuable biomass output, with potential uses as
human food or as a carbon source in industrial processes. The average sugar values in CME
from CCN51 cacao fruit correspond to 75.54 ± 9.54 g L−1 for fructose, 67.15 ± 8.36 g L−1

for glucose, and 14.08 ± 8.89 g L−1 for saccharose. The glucose and fructose contents are
higher than the values of 45.8 ± 1.2 g L−1 and 32.5 ± 0.3 g L−1 [72]; however, the glucose
content is much lower than the 214.2 ± 6.2 g L−1 reported for South Cote D’Ivoire samples
(clone not specified) [25].

There are significant differences between individual sugars in CME from different
cacao fruit loads, as seen in Figure 10. The saccharose content ranged from 6.84 g L−1 to
33.7 g L−1, while the glucose and fructose contents stretched from 54.3 g L−1 to 80.89 g L−1

and from 59.3 g L−1 to 84.43 g L−1, respectively. The content of the most complex sugar in
CME (saccharose) increases, at the expense of a decreased content of glucose and fructose
during the main harvest (October–December), which is also the dry season in the region.
However, from October to December, we also registered the lowest total carbohydrate
content in CME. Sugar concentration in CME depends on many factors, such as fruit
ripeness, rainfall, crop conditions, the time of year, and cacao variety, among others. Sugar
accumulation can be enhanced by more prolonged exposure of the fruit to the sun [75].
A Pearson’s correlation coefficient (r) of 0.63 suggests a direct correlation between the
sugar content in CME and rainfall in the area. The CME extracted from cacao fruit loads
processed during November, December, and January exhibit the lowest sugar content,
matching up with the dry season (low rainfall). On the other hand, during the rainy
season (March to October—an abnormally long rainy season), we observed the highest
total sugar content. Table S8 of the Supplementary Information contains detailed seasonal
compositional information for CME.
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Figure 10. Seasonal variations in CME sugar content from Colombian CCN51 cacao fruit.

CME also contains trace minerals in the form of calcium, sodium, potassium, and
aluminum. These micronutrients are relevant nowadays because of their proven benefits to
the human body. Sodium, for instance, an essential mineral that allows maintaining the
water balance in the body and adequate blood pressure, has an average concentration of
1.71 ± 0.078 ppm in CME. In contrast, cacao beans exhibit higher Na contents, ranging
from 3 to 32 ppm for samples from various origins [76]. Potassium, which is also funda-
mental for water balance and cardiovascular health [77], has an average concentration
of 2413.77 ± 194.89 ppm in CME. The high potassium content in CME makes it a natural
source of the mineral, rivaling traditional high-potassium foods such as potatoes, bananas,
apricots, tomatoes, carrots, passion fruit, and many others. In contrast, reports dealing with
the multi-elemental analysis of cacao beans from worldwide samples show K contents of
around 10–13 ppm, suggesting a selective accumulation of this nutrient in the mucilage
surrounding the beans [76]. Interestingly, Na and K contents increased in processed cacao
bean byproducts, such as cacao mass and cocoa [78].

The literature reports several uses for CME. For instance, the use of CME for making
marmalade, ending up with a product with similar organoleptic properties as apricot
marmalade and a nutritional value comparable with some tropical fruits [25], following
jelly formulations from CME, extracted from national varieties and CCN-51 [73]. Likewise,
jam was made with 67.14◦ Brix using CME, cacao placenta, and added cane sugar [25]. A
cacao beverage containing CME and a liqueur was extracted from Trinidad and Tobago
cacao beans (hybrid clone) [26]. CME’s uses are also reported in patents. For instance, one
application suggested a method for obtaining a syrup from CME and cacao mucilage from
CBs that was suitable for food preparations as a flavoring or texturizing agent [27].

The high sugar content in CME makes it an ideal carbon source for biotechnological
applications. For instance, one study used CME and Saccharomyces cerevisiae to produce a
fermented drink with 22.4% of ethanol [32]. In the same way, the production of ethanol from
CME fermentation with Saccharomyces cerevisiae, with a maximum yield of 0.073 g g−1 and
volumetric productivity of 0.168 g L−1 h−1 was achieved [72]. In another work, the authors
reached a maximum concentration of 13.8 g L−1 of ethanol, the production of 0.5 g of ethanol
g glucose −1, and a productivity of 0.25 g L −1 h−1 of ethanol from CME fermented with
Pichia kudriavzevii [33]. Elsewhere, CME from cacao fruit was sourced from the Selemadeg
Barat District, Bali Province (clone not specified) to produce vinegar [79]. The authors

83



Molecules 2022, 27, 3717

found that a single-phase fermentation, plus additional alcohol, resulted in a high acetic
and propionic acid product. Finally, more recently, our group demonstrated the feasibility
of using CME for bacterial cellulose (BC) production [34]. We measured maximum bacterial
cellulose yields and achieved production rates of 15.57 g L−1 and 0.041 g L−1 h−1, which
were replicated at laboratory and pilot-plant scales. This observation suggests an industrial
scenario, wherein BC production from CME is a real possibility.

3. Materials and Experimental Methods
3.1. Area of Study

Ripe cacao fruits were harvested from trees of the CCN51 clone ranging from 6 to
10 years of age. The cacao plantation was situated in the rural area of San Vicente de Chucurí
(latitude: 6◦52′59′′ N, longitude: 73◦25′1′′ W) at the heart of the main cacao-producing
region in the country (Santander—Colombia). In 2018, San Vicente de Chucurí contributed
28 wt % to Santander’s cacao production [80].

3.2. Cacao Fruit Collection and Treatment

Ripe cacao fruit loads, of approximately one tonne each (1000 kg), were brought to the
lab monthly (February–January of 2018–2019) for a total number of twelve loads (12,000 kg).
For the cacao fruit compositional and mass balance analyses, we devised a two-stage
procedure. The first stage involved opening the cacao fruit and separating the fresh cacao
beans (CBs) and the placenta (CP) from the husk (CH), as seen in Figure 3. This first process
represents the traditional approach to cacao fruit usage. In the second stage, the CP and the
CH were ground, dried, and stored for further compositional analysis (Figure 3). After CB
extraction, the CH and CP were ground down to a particle size of 0.1–2 cm, using a TRAPP
TRF 300 mill (Trapp, Brazil), and were then sun-dried for 5–6 days. The CH was turned
over every 4 h to facilitate water evaporation.

Fresh CBs were placed in a double-wall stainless-steel container fitted with an inner
mesh that allowed the collection of the cacao mucilage exudate (CME) designed and built
by our research group. The same container was used to perform the fermentation process
for seven days. The CME and CBs were stored for further analysis. All materials (wet and
dry) were weighed to determine the mass balances. Table 7 shows the equations used to
determine the percentages in terms of wet and dry weight for the cacao fruit byproducts,
as reported throughout the manuscript.

Table 7. Equations used to determine the percentages by weight of cacao fruit outputs.

Percentages Equation Definitions

Wet weight

CH wt % = MFCH
MFCF

MFCH mass of fresh CH
MFCF mass of fresh cacao fruit

CP wt % = MFCP
MFCF

MFCP mass of fresh CP
CB wt % = MFCBs

MFCF
MFCBs mass of fresh CBs

Fermented CBs wt % = CBs wt %−CME wt %

Dry weight
Dried CH wt % = MDCH

MFCF
MDCH mass of dried CH

Dried CP wt % = MDCP
MFCF

MDCP mass of dried CP
Dried fermented CBs wt % = MDFCBs

MFCF
MDFCBs mass of dried fermented CBs

Moisture content (MC)
CHMC % = (MFCH−MDCH)

MFCH

MFCH mass of fresh CH
MDCH mass of dried CH

CPMC % = (MFCP−MDCP)
MFCP

MFCP mass of fresh CP
MDCP mass of dried CP

CBMC % = (MFCBs−MDCB)
MFCB

CMEMC % = (MFCME−MDCME)
MFCME

MFCBs mass of fresh CBs
MDCP mass of dried CP

MFCME mass of fresh CME
MDCME mass of dried CME
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The percentage weight and compositional information reported throughout the
manuscript correspond to the average values and standard deviations from twelve mea-
surements. Statistics analysis was performed, using the average and standard deviation
functions, in an Excel spreadsheet. The Pearson coefficient was also calculated, using the
correlation function, in an Excel spreadsheet.

Table 7 illustrates the equations used to determine the percentages in wet and dry
weight for the cacao fruit byproducts.

3.3. Compositional Analyses

Table 8 shows the analysis and reference methods used to characterize the components
isolated from the cacao fruit: cacao husk (CH), cacao placenta (CP), cacao mucilage exudate
(CME), and cacao beans (CBs).

Table 8. Chemical characterization of the various cacao fruit components.

Analysis Reference Method CH CP CME CBs

Moisture
AOAC 931.04 [81] X X X
AOAC 925.10 [82] X

Ash
AOAC 972.15 [83] X X X

AOAC7,009/84-94205/90 X

Protein
AOAC 970.22 [84] X X X

AOAC 2001.11 [85] X
Crude fiber AOAC 930.20a [86] X X X

Fat AOAC 920.75a [87] X X X

Total carbohydrates
By difference: 100—(% Ash)—(%

Total Fat)—(% Moisture)—(%
Protein)—(% Fiber)

X X X

Calorific value
By equation: (% T Carbohydrate ×
4 Kcal/g) + (% Protein × 4 Kcal/g)

+ (% Total Fat × 9 Kcal/g)
X X X

Total polyphenols Standard Methods 5530 B, D [88] X X
Glucose AOAC 925.36 [89] X
Fructose AOAC 925.36 X
Sucrose AOAC 925.36 X

Total soluble solids
◦Brix AOAC 931.12 [90] X

pH 24.2 (◦C) AOAC 960.19 [91] X
Calcium AOAC 985.35 [92] X

Potassium AOAC 985.35 X
Sodium AOAC 985.35 X

Aluminum Emission mode X
Total nitrogen Standard Methods 4500 N [93] X X X

Total solids Standard Methods 2540B [94] X
Holocellulose Jayme-Wise Method [95] X

Cellulose Kurschner and Hoffer Method [96] X

Hemicellulose By difference: % Holocellulose—%
Cellulose X

Lignin Klason Method [97] X

4. Conclusions

1. We identified five distinctive biomass outputs from cacao fruit: cacao husk (CH),
cacao beans (CBs), cacao placenta (CP), and cacao mucilage exudate (CME). CH,
CBs, and CP are solid lignocellulosic outputs that comprise, in terms of dry weight,
8.92 ± 0.90 wt %, 8.87 ± 0.52 wt %, and 0.57 ± 0.05 wt % of the cacao fruit weight,
respectively. Moisture, on the other hand, constitutes most of the biomass weight
(71.6 ± 2.29 wt %). Cellulose and lignin contents in CH are time-dependent, reaching
maximum values during the crop’s primary harvest season (October–January).
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2. Dried CH is mostly used as an energy source in the cacao-producing regions of the
world. We found no significant changes in CH calorific values during the crops’ yearly
cycle, with an average of 13.69 ± 0.43 MJ kg−1. This value is similar to the calorific
value content in other residual biomass outputs, such as rice straw/husk, soybean
cake, potato peels, rapeseed, sugarcane bagasse, and cotton cake.

3. As a lignocellulosic output, CH can potentially be processed via physical, chemical,
or biological methods to produce added-value byproducts, such as simple sugars,
ethanol, hydrogen, biobutanol, and volatile organic acids, among others. Likewise,
the structural biopolymers in CH, such as cellulose, can be the precursors of high-
performance materials, such as nanocrystals and nanofibers. The hemicelluloses
in CH, which are rich in heteropolymers like xylan, glucuronoxylan, arabinoxylan,
xyloglucans, and galactomannans, could become a potential source of probiotics such
as xylo-oligosaccharides.

4. CB contains carbohydrates, fats, protein, ash, and phenolic compounds. The contents
of these materials in Colombian CCN51 CBs do not change significantly during
the yearly crop cycle and are within the range of CBs from different geographical
sources. Interestingly, the total polyphenol content in CBs is time-dependent, reaching
maxima values during the harvest seasons. For instance, from January to April,
CBs exhibit 49.97 to 61.68 mg GAE/g, and, from November to December, 52.12 to
57.58 mg GAE/g. The total polyphenols in CCN51 CBs reach minimum values of
36.21 to 42.52 mg GAE/g from May to September.

5. Cacao mucilage exudate (CME) is a liquid biomass output that is equivalent to
4.13 ± 0.80 wt % of the cacao fruit. CME is rich in simple sugars (glucose, fructose,
and saccharose) and minerals (K), with an average of 20 wt % of total carbohydrates.
Interestingly, the total carbohydrate content in CME changes dramatically during the
year, with a minimum of 10 wt % from August to January and a maximum of 29 wt %
in March. Likewise, we observed a positive correlation between sugar content in CME
and rainfall, with the highest sugar content in CME being measured during April
when rainfall was at its highest.

6. CME uses include fermentation to produce alcohol and concentration to produce
syrups and jams. However, the high nutrient content of CME makes it an ideal
culture media for biotechnological applications, particularly biopolymer production,
as demonstrated recently by our group.
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Abstract: Starch is an inexpensive, easily accessible, and widespread natural polymer. Due to its
properties and availability, this polysaccharide is an attractive precursor for sustainable products.
Considering its exploitation in adhesives and coatings, the major drawback of starch is its high
affinity towards water. This study aims to explain the influence of the silane-starch coating on
the hydrophobic properties of paper. The analysis of the organosilicon modified starch properties
showed an enhanced hydrophobic behavior, suggesting higher durability for the coatings. Molecules
of silanes with short aliphatic carbon chains were easily embedded in the starch structure. Longer
side chains of silanes were primarily localized on the surface of the starch structure. The best
hydrophobic properties were obtained for the paper coated with the composition based on starch
and methyltrimethoxysilane. This coating also improved the bursting resistance and compressive
strength of the tested paper. A static contact angle higher than 115◦ was achieved. PDA analysis
confirmed the examined material exhibited high barrier properties towards water. The results extend
the knowledge of the interaction of silane compositions in the presence of starch.

Keywords: silylated starch; hydrophobic agent; starch hydrophobization; paper coating; cellulose

1. Introduction

Starch, along with cellulose and lignin, is perceived as one of the most attractive
biopolymers due to its properties, availability, and low price. Starch is a polysaccharide of
plant origin. Sources include roots (e.g., sweet potatoes, tapioca), tubers (e.g., potatoes),
stems (e.g., sago palms), cereal grains (e.g., corn, rice, wheat, barley, oat, sorghum), and
legumes (e.g., peas and beans), among others [1]. Starch has thermoplastic properties, is
biodegradable, is soluble in hot water, and does not create technological obstacles in the
recycling process [2]. However, poor mechanical properties, high moisture sorption, and
brittleness are disadvantages that limit its industrial use as a stand-alone material [3,4]. Nev-
ertheless, starch, subjected to an appropriate chemical treatment, possesses film-forming
properties [2,5] that are used, for example, to control the absorbency of the paper surface.
As a result, it improves the printing properties [6].

However, available methods of starch usage in the industry do not guarantee sufficient
hydrophobization of paper products used in high moisture conditions, especially transport
packaging [7]. Spiridon et al. [8] modified starch microparticles (TA-SM) with tartaric
acid. They used the dry preparation technique in which the TA-SM microparticles were
introduced as fillers within glycerol plasticized-corn starch. The modified starch was used
as a coating agent. The water resistance and thermal stability were slightly improved
through the addition of a large amount of cellulose due to the inter-component H-bonding
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between components. The evaluation of the mechanical properties revealed a significant
increase in the tensile strength of the composites with increasing cellulose content [6].

The use of the starch properties to create colloidal solutions in hot water and its film-
forming properties to evenly distribute compounds with hydrophobic characteristics, such
as organosilicon compounds on the surface of biodegradable materials, appears to be a
sustainable method of hydrophobization [9–11]. The search for synergy and compensation
of the flaws between biopolymers and organic compounds seems to be the right direction for
developing new industrial technologies [12]. Organosilicon compounds are used with great
success in the hydrophobization of wood [13,14]. In hydrolysis, alcoholysis, condensation
reactions, radical reactions, and sol-gel type reactions, bonds between hydroxyl groups in
cellulose and organic substituents of alkoxysilanes are created [15–18]. These bonds are
permanent and make the material significantly resistant to water activity. In terms of the
chemical structure, starch is a polymer similar to cellulose. It is built out of repeating glucose
units, combined with α-1,4-glycosidic (amylose) bonds and fractions of amylopectins that
have branches, due to the presence of α-1,6-glycosidic bonds [19]. Its main difference from
cellulose is the orientation of the glucose rings in the chain of amylose, and this seemingly
minor difference is why starch, unlike cellulose, dissolves in hot water, creating a colloidal
solution. The viscosity of the solution can be controlled by changing the concentration,
which makes it easier to distribute it on a carrier in the form of a thin film [13,20].

Surface sizing and creating a film on a cellulose carrier is one of the most common
operations used in the paper industry [19,21]. In terms of internal sizing to increase starch
retention in paper, it is advisable to use cationic starch, which is characterized by a higher
affinity to cellulose fibers [22]. Starch solutions can also be modified by adding various
substances for papermaking purposes [19,21,22]. Furthermore, the binding and film-
forming properties of starch create, for example, the possibility of applying alkoxysilanes
on the surface of paper products. The hydroxyl groups of the glucose repeating units give
the possibility of creating starch-silane bonds first, and subsequently, after applying on
the paper substrate, starch–silane–cellulose bonds are created. That way, a consolidated
hydrophobic layer is created.

There are known methods of paper hydrophobization using alkoxysilanes with sub-
stituents (e.g., isocyanate [23,24] or chlorine [25]), which guarantee the creation of silane-
cellulose bonds. Several solutions in the literature present organosilicon compounds as a
hydrophobizing agent for starch. The solution is known from the Glittenberg reports [22],
in which a powdery starch was mixed with alkali silanes in the presence of alkali metal salts.
In its description, granular starch was first treated with an aqueous solution of alkali metal
salts of alkali silicates, such as sodium methyl-silicate, and subsequently air-dried at room
temperature. The effect of the starch modification was the increase in the hydrophobicity of
the dried granules. In addition, the new granulated silicone starch had a neutral pH, and
in the form of a dry powder, it had mobility and flow properties similar to fluids. Another
beneficial feature of the product was that it was resistant to water activity at a temperature
up to 50 ◦C. Adding modified starch to water at the temperature of its gelling (or close to it)
resulted in the ability to create smooth pastes and dispersions. According to the invention,
modified starch had increased durability properties.

The invention described by Satterly [26] presented the method of obtaining starch
in a powdery form that has increased hydrophobic properties. Hydrophobization was
reached as a result of adding water-soluble silicones. The hydrophobic mixture was
prepared at a temperature lower than the temperature of starch gelatinization (<60 ◦C).
Amort et al. [27] described the modification of starch by using silanes, which was conducted
in the presence of alkali metal hydroxides or alkali metal aluminates to silane hydrolyzates.
According to the authors, the modified starch was characterized by better processing
properties than a corresponding unmodified starch. Chen et al. [28] examined starch-silane
(γ-methacryloxypropyl trimethoxysilane) systems to describe their adhesive properties.
The glue samples prepared using trimethoxies γ-methacryloxypropyl silane as a cross-
linking agent had increased stability during storage and increased shear resistance of the
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weld. Furthermore, the addition of silanes improved the plastic properties of the weld.
Wei et al. [29] described a nanocrystalline starch that was subjected to modification through
organosilicon compounds to increase the hydrophobic properties of the final product. The
measured contact angle of the modified nanocrystalline starch was three times higher
than the contact angle measured for the unmodified starch. Two-stage modification of
starch using vinyltrimethoxysilane and a copolymer of methyl methacrylate (MMA), butyl
acrylate (BA), and 2,2,2-trifluoroethyl methacrylate (3FMA) significantly changed the
properties of the material. The latex foils obtained showed an increased hydrophobicity,
lower free surface energy, and higher thermal stability than the unmodified starch [30].

Jariyasakoolroj and Chirachanchai [31] modified starch with silanes and polylactic
acid. Their study demonstrated the creation of permanent bonds between components
of the reaction mixture, and the created products had an increased level of crystallinity,
lower glass transition temperature, and a slight increase in the tensile strength. In the
study by Sandrine et al. [32], they described the influence of chemical modification on
the properties of hemp-starch composites subjected to an alkaline treatment using silanes.
Those actions increased the mechanical properties of the produced composites, especially
their rigidity. Ganicz et al. [33,34] showed a method of paper hydrophilization through
water emulsion of triethoxymethylsilane as a paper coating. The authors examined the
effects of the applied coatings on the paper’s tensile strength, tear index, roughness, air
permeance, and brightness.

The methods described above demonstrate the great potential of starch as a natural
polymer, providing excellent opportunities within the scope of its chemical modification,
especially in the range of conferring hydrophobic properties. However, the mentioned
solutions do not apply to phenomena and interactions occurring between silanes and
starch. In the literature, there is still a lack of complex studies regarding the influence of
modified starch on the properties of cellulose material. For this reason, our study aims
to examine the physicochemical interactions using Scanning Electron Microscopy (SEM)
with Energy Dispersive X-Ray (EDX) analysis and hydrophobic properties (contact angle,
Penetration Dynamics Analysis—PDA) between starch and organosilicon compounds in
their application on a paper as a cellulose matrix. This study aims to explain the influence
of the structure of the silane-starch coating on the hydrophobic properties of paper.

2. Results and Discussion
2.1. Water Penetration Dynamics of Modified Starch Applied on a Paper

The liquid–paper interaction is a very complex phenomenon. This process can be
divided into two main stages: wetting and penetration. During the wetting stage, the
water contact with the paper surface is hampered due to an air film adhering to the
surface and air presence inside the surface pores. After the wetting stage, water finally
begins to enter the paper structure and displaces air from the pores. The internal specific
surface area of paper and its thickness increase, and micro-bubbles of air are observed
within the adsorbed water. These air micro-bubbles are scattering centers for ultrasonic
radiation; thus, a lower intensity signal is transmitted through the sample. The ultrasonic
signal decreases faster as the liquid penetrates faster into the paper. The results of the
measurements of the dynamics of water penetration into the structure of the paper samples
with the coatings applied and the reference paper (without the coating) are presented in
Table 1 and Figure 1a,b. The process of wetting and penetrating liquids is described by
several parameters. Parameter “t95” correlates to the wetting rate of the surface and it
corresponds to the size and structure of the pores at the paper surface. Parameter “Max” is
the information about the surface resistance against the water. The wetting stage lasts until
time “Max”. The water penetration begins after time “Max” [35,36]. This is the indicator
of hydrophobicity and the sizing degree of the paper surface. Moreover, the slope of
the curve beyond the Max value can be considered the penetration speed (∆I/∆t) [35,36].
In the presented research, the calculations were performed for two times: 0.2 s and 3 s.
This was because the reference paper and the starch coated paper had such a high water
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absorbency that after 3 s, the water absorption process was finished. Therefore, in order to
show the dynamics of water absorption, it was necessary to also use a time shorter than
0.5 s. On the other hand, papers coated with a hydrophobization agent absorbed water
much slower. In their case, performing a calculation for a time base of 3 s allowed for better
presentation of the water absorption rate. The results in Table 1 show that the reference
paper and the paper with only a starch based coating showed no wettability resistance. The
wetting period described by the Max parameter was 0 s, and the values of ∆I/∆t (water
absorption speed) during 0.2 s were very high. For the samples with coatings based on
various starch-silane compositions, the lowest absorption rate in 0.2 s was recorded for
the paper with the methyltrimethoxysilane (MTMS) coating. In this case, the value was
−9.6, which means that the wetting barrier has not yet been overcome for this paper. This
is confirmed by the value of the Max parameter, which was 0.4 s. The values of ∆I/∆t
calculated for a time of 3 s confirmed that for the reference paper and paper with only a
starch coating, the absorption process has already been completed. On the other hand,
paper with a starch and MTMS coating was characterized by the lowest water absorption
rate (i.e., the highest hydrophobicity).
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Table 1. Results of the measurements of water penetration into the structure of the tested paper
samples. The coefficient of variation for all cases ranged from 6.4 to 11.7%.

Reference
Paper (Uncoated)

Paper Coated with
Starch

Paper Coated with
Starch + AATMS

Paper Coated with
Starch + NTES

Paper Coated with
Starch + TES

Paper Coated with
Starch + MTMS

MAX 0.0 0.0800 0.0780 0.0777 0.0777 0.4003
t95 0.0 0.0817 0.1837 0.2583 0.1537 1.3593

∆I/∆t (0.2 s) 253.7 303.1 13.7 18.6 11.2 −9.6
∆I/∆t (3 s) 1.6 3.9 36.3 9.8 30.4 5.6

Water uptake
(Cobb60), g/m2 154.5 135.8 133.5 119.1 128.2 21.5

The results presented in the table are confirmed by the curves presented in Figure 1a,b.
The curve shape for the reference paper (uncoated) is typical for highly hydrophilic materi-
als. The increase in the signal after 10 s of the measurement means that water penetrated
the material structure quickly and evenly and the structure of the material began to swell
(Figure 1a). Different materials suppress ultrasonic waves to varying degrees depending on
their sorption properties. Water sorption occurs the fastest for starch applied on paper and
the slowest for the samples coated with the addition of tetraethoxysilane tetraethoxysilane
(TES), n-octyltriethoxysilane (NTES), and MTMS. This observation indicates that MTMS
provided the best hydrophobization effect against water for paper samples with a cellulose
surface. As was stated for the results from Table 1, the results from the PDA analysis indi-
cate that in the initial phase of contact with water (i.e., between 0 up to 1 s), the examined
variants of paper samples exhibited various wetting properties (Figure 1b). The rapid
decrease in the signal for the uncoated paper in the initial wetting phase indicates the lack
of a hydrophobic barrier on the surface and its rapid wetting (Figure 1b). The paper coated
with starch modified through MTMS displayed a decreased wettability and permeability
towards water, which was reflected in the increase in the intensity of the ultrasonic waves
in the initial phase of the experiment (before the Max time) and the slower decrease after
the time Max. The water uptake test (Cobb60 method) confirms the high effectiveness of the
starch + MTMS composition. Compared to paper without any coating (Reference paper),
the absorbency of starch + MTMS coated paper was more than seven times lower. The
high absorbency of the other tested samples indicates that coating compositions containing
AATMS, NTES or TES are not suitable as hydrophobic agents in papermaking applications.

2.2. Water Repellency Effect of Modified Starch Applied on a Paper

The study of the water-barrier properties of the investigated paper samples was
supported by the measurement of the contact angle (Figure 2). For the reference paper,
the contact angle was not measurable due to the immediate penetration of water into the
material structure. The four organosilicone modified starch (OMS) act as hydrophobizing
agents but to a different extent, and in particular, MTMS and NTES enhance the contact
angle over 100◦, while N-(2-Aminoethyl)-3-aminopropyltrimethoxy silane (AATMS) is
much less effective (63◦). These results (Figure 2) suggest that the chemistry of MTMS
and NTES comes from the hydrophobic alkyl chain. A chain that includes an amine
structure, which is hydrophilic, does not protect a paper against water. The hydrophilic and
hydrophobic nature of the alkyl part of silane probably influences the final results of the
hydrophobic properties. Despite the low barrier properties demonstrated in the PDA study,
starch applied on the paper slightly increased the static contact angle parameter (51◦).
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Figure 2. The static contact angle for modified starch applied on a paper.

2.3. Effect of the Starch-MTMS Coating on the Selected Strength Properties of Paper Sheets

Among all the starch and silane-based coating compositions tested, the best barrier
effects were obtained for the coating containing MTMS. To investigate the effect of this
coating on the mechanical properties of paper, proper tests were carried out. Typical
strength properties that are typically determined for paper packaging materials were
selected for this purpose: bursting strength and compressive strength. Figure 3 shows
the comparison of the bursting resistance of a reference paper (uncoated), a paper with
only a starch-based coating, and a paper with a coating containing starch and MTMS.
The obtained results indicate that the application of the starch on the surface of the paper
increased its bursting resistance. The coating based on the starch and MTMS mixture
resulted in a reduction in the value of the bursting pressure by about 10 kPa in relation
to the paper with the coating based on only starch. Despite the presence of MTMS, the
bursting resistance was higher by approx. 60 kPa compared to the reference paper (without
any coating). This means that the coating consisting of starch and MTMS still exhibits the
properties that improve the bursting strength of paper.
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Figure 3. Comparison of the bursting strength for a reference paper, paper coated only with starch,
and paper coated with a starch + MTMS composition.
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The results presented in Figure 4 show the compressive strength of the tested paper samples.
In this case, the measurements were conducted for both directions of the paper (MD—Machine
Direction and CD—Cross Direction). The obtained results confirm that the coating based on
starch and MTMS does not adversely affect the strength properties of the tested paper.
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Figure 4. Comparison of the compression strength for a reference paper, paper coated with only
starch, and paper coated with a starch + MTMS composition.

2.4. Morphology Modification of OMS

The size of the starch granules subjected to gelatinization and modification varied
and ranged between 4–30 µm (Figure 5). Starch subjected to thermal treatment in an
aqueous solution (gelatinization process) and subsequently frozen out has a strongly
porous structure (Figure 6a,b). It is worth noting that the examined material subjected to
the physical treatment mentioned above presents a very different appearance of the surface
structure and inside structure (i.e., cross-sectional area) of the sample. Those differences
(Figure 7) are most likely the result of changes taking place in the starch gruel structure.
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Figure 8a–d summarizes the images of starch modified through MTMS. Similar to the
case of unmodified starch gruel, a pronounced difference can be observed on the surface
and inside the structure of the silane-modified material (Figure 8a). The microscopic
image of starch modified by MTMS (Figure 8b) is similar to that of unmodified starch
(Figures 6 and 7). The examined material had a significantly higher stability than the
structure of unmodified starch because the 10 kV energy used during the analysis allowed
for the microscopic images with a magnification of 20,000 and 50,000 to be acquired without
destroying the sample (Figure 8c,d). In comparison, the unmodified starch gruel degraded
at 10 kV, i.e., during the analyses performed at a magnification of 5000. In Figure 6b, a
cross-linking of the starch chains can be observed, at the end of which spherical structures
are visible that contain a very high silicon content (according to EDX analysis), i.e., 2.35%
by weight (1.27 atomic %). Organosilicon compounds were also embedded in the starch
chain structure, which could be observed as distinct brighter spherical areas of the SEM
micrographs of OMS through MTMS (Figure 8c,d). The silicon concentration in those areas
was two times higher than in the remaining fragments of the cross-linked starch gruel.
Following the EDX analysis, the mean content of MTMS in the gruel structure was 1.8%
by weight (silicon is 1% of the weight in the structure of MTMS-modified starches). The
most crucial information of the analysis of the structure of starch modified through MTMS
was the confirmation that the added organosilicon compound had been distributed across
all the cross-linked structures of starch. In Figure 9, the map of the silicon distribution in
starch modified through MTMS is shown. The presence of silicon atoms precisely matches
the structure of the starch gruel.
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The modification of starch through NTES did not influence the change in the dura-
bility of the structure of the starch gruel. Similarly, in the case of unmodified starch, the
structure of the examined material was degraded (Figure 10a) during the analysis (10 kV;
magnification of 5000). In Figure 10b, an interesting structure was observed on the surface
of the examined material. The EDX analysis (Figure 10c) confirmed that the sample surface
is covered by silane. The silicon concentration on the surface of the examined material
was 9.11% by weight (4.53 atomic %). There were no organosilicon compounds localized
in the cross-section of the examined material. Therefore, NTES was not embedded in the
starch structure, but only accumulated on its surface. Figure 10b shows the difference
between the surface and cross-sectional structure of the examined material. The micro-
scopic images allowed for the observation of characteristic, bright, spherical structures
of silane embedded into the starch structure. EDX analysis allowed us to observe that
AATMS in the starch structure accumulated mainly on the surface of the examined material.
The mean concentration of silicon on the surface of the material was 5.03% by weight
(2.69 atomic %), which was two times higher than the concentration of silicon measured
in the inside layer of the sample (2.26% by weight; 1.23 atomic %). A significant fact is
that more areas are visible with embedded organosilicon compounds in the surface layer
than in the areas localized deeper, indicating limited penetration of the silane deep into the
modifying polymer (Figure 10b–f).

The distribution of the organosilicon compound in the starch coating seems to be
the limiting factor for the water-repellent properties of the paper. Therefore, the impact
of the structure of the organosilicon compounds on their location in the starch–silane
network should be considered first. From the chemical point of view, the properties of
the components used in the research were diverse. MTMS, which hydrolyzes in the water
environment, contributed to the uniform distribution of silicon in the structure of the
aqueous solution of starch. It resulted in a highly hydrophobic surface formed on the
cellulosic materials. The probable cause of the even distribution of silicon was also the
small size of the silane molecule itself, the aliphatic chain of which contains only one
carbon atom. The use of organosilicon compounds with longer aliphatic chains (NTES)
or containing amino groups (AATMS), regardless of their solubility in water, formed a
compact structure on the surface of the aqueous solution of starch. Notably, the production
of a similar coating on the starch surface was not tantamount to giving the hydrophobic
properties of cellulose‘ materials. The accumulation of starch-containing NTES sparingly
soluble in water on the surface of the paper created a water barrier, which was confirmed
by the results of the high contact angle and PDA analysis. The use of AATMS, which is
soluble in water under the same conditions, did not increase the hydrophobic properties of
the material.
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Figure 10. Cryo-SEM micrographs of starch modified through silanes: (a) internal bonding in an
NTES modi-fied starch structure ×5000; (b) differences of the inside and surface structures with starch
modified with NTES ×500; (c) EDX mapping of the (NTES) silicon distribution; (d) internal bonding
in an AATMS modified starch structure ×5000; (e) differences of the inside and surface structures
with starch modified with AATMS ×500; and (f) EDX mapping of the (AATMS) silicon distribution.

3. Materials and Methods
3.1. Preparation of the Starch-Silane Hydrophobic Agent

Commercial wheat starch was used in the presented research (C*Flex 20002, Cargill, In-
corporated, Minneapolis, MN, USA). The amylose content in the starch was 31.2 ± 0.16 wt%.
The lipid content was 0.25 ± 0.02 wt% and the protein content was 0.30 ± 0.01 wt%. An
aqueous solution of wheat starch (5% concentration) was stirred at 70 ± 5 ◦C in the presence
of sodium hydroxide (0.25% w/w) to reduce the temperature of starch gelatinization. It
also allowed the starch structure to loosen, as reported by other authors [37–39], to ease
the penetration of silanes between the amylose and amylopectin chains. The suspension
obtained was cooled to 40 ± 5 ◦C, and while mixing, organosilicon compounds were added
(2.5% w/w). Organosilicons used in the current study are shown in Table 2.

Organosilicons used in the presented research have carbon chains of different lengths:
methyltrimethoxysilane (MTMS), n-octyltriethoxysilane (NTES), N-(2-Aminoethyl)-3-amino-
propyltrimethoxy silane (AATMS), and tetraethoxysilane (TES).

These four formulations were applied as a coating, using 100 g/m2 for cellulose paper
(Whatman cellulose no. 3), by dipping it in the organosilicon solution (5 s) and letting it dry
at room temperature for 48 h. Morphological and chemical characterization was performed
to understand the hydrophobization mechanism.
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Table 2. Organosilicons applied to modify starch.

Acronym Name CAS Number Chemical Structure

MTMS methyltrimethoxysilane 1185-55-3
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3.2. Evaluation of Hydrophobic Properties
3.2.1. Water Penetration Dynamics Analysis

Water penetration dynamics for paper samples coated with the starch-silane coated
cellulose was measured using the PDA apparatus, Module S 05 (Emtec Electronic GmbH).
The hand sheets were cut into three samples, each with a size of 3 cm × 7 cm. Measurements
were performed separately for each sample in demineralized water at 20 ◦C, following
the standard procedure described by the manufacturer [40]. The following parameters
were used: ultrasound frequency of 2 MHz, measuring diameter of 35 mm, measurement
duration of 60 s. The result was an arithmetic average value calculated from the series of
three measurements.

3.2.2. Contact Angle Analysis

A PGX+ Goniometer from Testing Machines Inc. (New Castle, DE, USA) was used for
the contact angle measurements. The tests were carried out according to the TAPPI T 458
standard method. The water drop volume was 4 µL.

3.2.3. Water Uptake

Water uptake test was conducted according to ISO 535:2014 (Cobb method, Cobb
tester, Lorentzen & Wettre, Kista, Sweden). Time of the test was 60 s.

3.3. Mechanical Properties of the Paper Samples

Compressive strength (SCT test) was conducted according to ISO 9895:2008 standard
(Instron 5564 machine, High Wycombe, UK). Bursting strength was conducted according
to ISO 2758:2001 (Mullen Burst Machine, Lorentzen & Wettre, Kista, Sweden).

3.4. SEM-EDX Analysis of the Modified Starch Coating

The surface morphology of the samples was examined by the SEM method with
cryogenic preparation system (Cryo-SEM), which enables direct investigation of the sample
in the vitrified state. Cryo-scanning electron microscopy effectively observes wet samples
without causing drying artifacts. It preserves the “natural” internal structure of the sample.
This is particularly true for samples in the life sciences, where structures will retain their
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original conformation only in their fully hydrated state. Images were taken using the
JEOL JSM-7001F TTLS (JEOL Ltd., Tokyo, Japan) scanning electron microscope equipped
with the PP3000T cryo-SEM preparation system, which allows the cryo specimen to be
prepared, processed, and transferred into the SEM chamber. The samples were cryo-fixed by
plunging them into sub-cooled nitrogen (nitrogen slush, temperature of about −210 ◦C) and
transferred by the vacuum cryo-transfer shuttle to the preparation chamber mounted onto
the SEM. Inside the preparation chamber, at −185 ◦C, the specimen was fractured to expose
a fresh surface. Then, it was sublimated and coated with a thin platinum layer. Finally, the
sample was loaded under vacuum into the SEM chamber, where it remained frozen during
imaging on the cold-stage, cooled by a nitrogen carrier (−190 ◦C). The images of all samples
were taken by applying an accelerating voltage of 10 kV and using a secondary electron
(SEI) detector. Elemental analysis and cryo-SEM elemental mapping were performed using
the energy dispersive microanalysis (EDX) mode of an X-ray-equipped SEM that also
applied a voltage of 10 kV.

4. Conclusions

The interaction of water and cellulose coated with starch modified with organosilicon
compounds depends primarily on the physical properties and structure of the organosilicon
compound itself. Based on the research, it can be concluded that the distribution of silicon
in the gelatinized starch network depends primarily on the length of the organic chain in
the organosilane molecule. MTMS molecules, which have very short side chains (methyl
group), were easily embedded in the starch structure. Silanes containing longer side chains
(e.g., AATMS, NTES) were localized mainly on the surface of the starch structure. The
distribution of silanes resulting from their size does not translate unequivocally into making
the coated materials hydrophobic. The physical properties of the organosilicon compounds
primarily determine these properties. Poorly soluble substances such as NTES increase the
hydrophobic properties, and water-soluble substances such as AATMS do not improve
these properties. An even distribution of silane in starch and the developed permanent
MTMS-starch bond indicate that this composition may be considered as a new type of
hydrophobic agent for papermaking purposes. Static contact angle analysis and PDA
analysis confirmed the high barrier properties of the examined material towards water.
NTES containing an octa-carbon side chain in its structure produced a thin film on the
starch surface, which also increased the barrier property of the coated paper. Despite
producing a thin film on the starch surface, silane containing hydrophilic amine groups in
its side chain did not provide barrier properties to the paper.
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Abstract: The current practices regarding the procurement chain of forest industry sidestreams,
such as conifer bark, do not always lead to optimal conditions for preserving individual chemical
compounds. This study investigates the standard way of storing bark in large piles in an open area.
We mainly focus on the degradation of the most essential hydrophilic and hydrophobic extractives
and carbohydrates. First, two large 450 m3 piles of bark from Norway spruce (Picea abies) were
formed, one of which was covered with snow. The degradation of the bark extractives was monitored
for 24 weeks. Samples were taken from the middle, side and top of the pile. Each sample was
extracted at 120 ◦C with both n-hexane and water, and the extracts produced were then analysed
chromatographically using gas chromatography with flame ionisation or mass selective detection
and high-performance liquid chromatography. The carbohydrates were next analysed using acidic
hydrolysis and acidic methanolysis, followed by chromatographic separation of the monosaccharides
formed and their derivatives. The results showed that the most intensive degradation occurred
during the first 4 weeks of storage. The levels of hydrophilic extractives were also found to decrease
drastically (69% in normal pile and 73% in snow-covered pile) during storage, whereas the decrease in
hydrophobic extractives was relatively stable (15% in normal pile and 8% in snow-covered pile). The
top of the piles exhibited the most significant decrease in the total level of extractives (73% in normal
and snow-covered pile), whereas the bark in the middle of the pile retained the highest amount of
extractives (decreased by 51% in normal pile and 47% in snow-covered pile) after 24-week storage.

Keywords: pile storage; wood extractives; condensed tannins; stilbenes; gas chromatography with
mass selective detection (GC-MS); high-performance liquid chromatography (HPLC)

1. Introduction

Bark contains the great majority of the hydrophilic extractives present in conifers, and
it is produced as various forestry sidestreams annually on a massive scale. In 2016, the
Finnish forest industry was estimated to produce 7.9 million tons of solid wood-based
sidestreams [1]. Despite the high saturation of bark with potentially useful extractable
chemicals for valorisation, conifer bark is still mainly used for purposes not directly related
to extractives. Bark is primarily used (i) for the production of heat and energy (sometimes in
a pelletised form), (ii) for non-energy purposes (e.g., roof material and mould manufacture)
and (iii) for landscaping [1].

Among the various groups of bark extractives, tannins and stilbenes, which are cate-
gorised as polyphenolic and anti-oxidative compounds, are considered to be of particular
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interest. Generally, stilbenes (especially resveratrol) and tannins have multiple commercial
applications highlighting their protective and health benefits [2,3]. Therefore, extracting
these crucial compounds with suitable solvents followed by purification is considered an
industrially attractive approach. However, a possible bottleneck of industrial valorisation
is its logistics since high-value applications also set equally high requirements for raw
materials. Therefore, it stands to reason that practices that best preserve extractives must
be applied before the raw material is extracted.

In general, the storage of wood, especially pile storage, can have a considerable impact
on its chemical composition [4–9]. Although pile storage of bark is a standard procedure, it
may result in significant material losses, leading even to fires. However, it seems practically
inevitable that some forms of raw material storage must be used, and finding a solution
that does not compromise the quality of the raw material ought to be considered to be of
great importance. Storing bark in an intact form on saw logs has already been discussed in
previous studies [10,11]. It seems evident that such a form of storage has many advantages,
as compared to pile storage, in preserving extractives in bark. This is understandable, as
a smaller particle size (as in pile storage) generally exposes the chemical compounds to
more degrading factors. Nevertheless, the storage of whole sawlogs may not always be
feasible, and for practical reasons, some form of pile storage bark needs to be used instead.
Therefore, it is necessary to understand how the pile’s internal thermokinetics affect the
behaviour and degradation of extractives.

Bark extractives stored in piles are usually attacked both externally and internally [8].
Among the external factors that contribute to degradation are rain, wind and ultraviolet
(UV) radiation, as well as heat, which causes evaporation [12–14]. On the other hand, the
internal factors include bark-colonising fungi and bacteria and their enzymatic activity,
as well as the self-heating of piles as a result of cellular respiration [15–17]. The main
changes in extractives are polymerisation/depolymerisation reactions, oxidation reactions,
hydrolysis reactions and phenoxy radical photo-degradation reactions [13,18]. In addition,
extractives are also lost as a result of leaching (hydrophilic compounds, e.g., tannins and
stilbene glycosides) and evaporation (e.g., monoterpenoids) [19,20].

While there are previous studies which aim at providing the overall picture of spruce
bark, such as, the study by Krogell et al., to understand how that picture changes over time
is also of key importance [21]. In this study, we evaluated the degradation behaviour of
the lipophilic and hydrophilic extractives of Norway spruce (Picea abies) bark during pile
storage over a period of 24 weeks. The main goal was to understand the speed, extent and
nature of degradation and whether there is a significant difference between the sampling
locations inside each pile (i.e., middle, side and top). We tested the following hypotheses:
(i) the extractive content of bark stored in a pile depends on the physical location inside the
pile, (ii) covering the bark pile with snow at the beginning of storage can better preserve
the bark extractives and (iii) the degradation rate of extractives during pile storage is
faster than that of intact bark on saw logs. Overall, the information gathered in this study
facilitates the decision-making process regarding the optimisation of storage conditions for
the preservation of extractives needed in the manufacture of value-added products.

2. Results and Discussion
2.1. Overview of the Change in the Chemical Composition of Bark during Storage

An overview of the changes in the chemical composition of the bark during storage
is presented in Figure 1. In this figure, the gravimetrically determined amounts of total
dissolved solids (TDSs) from hot-water and n-hexane extracts, the amount of lignin (both
acid-soluble and acid-insoluble) and holocellulose as determined by acid hydrolysis and the
amount of hemicelluloses and cellulose as determined by acidic methanolysis are presented.
Here, the overall changes in the chemical composition are discussed with regard to the
storage time, sampling location and pile covering. A more in-depth analysis of the changes
within each extractive group is presented in Section 2.3. The exact values of the various
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compound groups, individual compounds as well as their standard deviations presented in
the subsequent figures are available as Supplementary Files (link at the end of the article).
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2.1.1. Change in Total Dissolved Solids
The Effect of Storage Time

The approximate impact of storage on the relative amounts of chemical compounds
in bark was as follows: over 24 weeks of storage, the amount of hydrophilic extractives
decreased from 31–34% to 5–14%, the amount of lipophilic extractives changed from 4%
to 3–5%, the amount of cellulose decreased slightly from 17% to 15–17%, the amount
of hemicelluloses increased slightly from 19% to 20–23%, the amount of acid-insoluble
lignin increased from 17% to 34–44%, the amount of acid-soluble lignin (determined
by ultraviolet-visible [UV–Vis] spectrometry) increased from 0.7% to 0.7–1.0% and the
amount of unidentified compounds changed from 9–12% to 8–16%. The major decrease in
hydrophilic extractives agrees with previous storage studies of conifer bark. It has been
previously reported that the extractives content in Pinus sylvestris chain flailing residue
roughly halves during the first 4 weeks of storage, with the most significant changes
showing in the hydrophilic fractions [22]. Similarly, Routa et al. studied Pinus sylvestris
and Picea abies bark in pile storage and found that only 56% and 66% of the acetone-soluble
extractives remained after eight weeks of storage, respectively [23,24]. Čabalova et al. also
reported a significant decrease in Picea abies bark extractives extracted by ethanol-toluene
mixture (2:1) and a relative increase in lignin and cellulose during 8 months of storage [25].
Compared to our previous study regarding Picea abies sawlog bark storage in winter and
summer, the difference was noticeable. Although the initial chemical composition in the
winter zero samples was very similar, the chemical composition of the 4-week stored piled
bark was roughly comparable to that of 24-week stored sawlog bark [10].

Statistical tests revealed that, at the 10% level of significance, the storage time sig-
nificantly affects the amounts of diterpenoids, unidentified lipophilic compounds, steryl
esters, triglycerides, stilbenes, flavonoids, other phenolics, sesquistilbenes, distilbenes,
unidentified hydrophilic compounds, proanthocyanidins and the TDSs of the hot-water
extracts (Table 1).
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Table 1. Results (p-values) obtained from testing the statistical differences among the storage duration
(0, 4, 12 or 24 weeks), sampling location (middle, side or top) and snow cover (covered or not covered
with snow) in terms of the amounts of lipophilic extractives, hydrophilic extractives, condensed
tannins (CTs) and total dissolved solids (TDSs). The bold text indicates a statistically significant
difference with a p-value less than 0.10.

Storage Time Sampling Location Snow Cover

Lipophilic Extractive Groups

Resin acids 0.280 0.148 0.018

Fatty acids 0.313 0.115 0.285

Diterpenoids 0.058 0.651 0.157

Sterols 0.236 0.431 0.464

Other lipophilic extractives 0.379 0.166 0.157

Unidentified 0.022 0.142 0.005

Steryl esters 0.066 0.446 0.255

Triglycerides <0.001 0.764 0.200

Hydrophilic Extractive Groups

Sugars 0.355 0.078 0.344

Organic acids 0.527 0.010 0.400

Sugar alcohols 0.219 0.192 0.432

Stilbenes 0.039 0.670 0.170

Flavonoids 0.023 0.430 0.176

Other phenolics 0.031 0.404 0.458

Alcohols 0.076 0.233 0.319

Lignans 0.124 0.133 0.234

Other hydrophilic extractives 0.795 0.068 0.472

Sesquistilbenes 0.002 0.862 n/a

Distilbenes <0.001 0.805 n/a

Unidentified 0.005 0.719 0.499

Condensed Tannins

Total concentration 0.039 0.733 0.827

Procyanidins 0.039 0.733 0.827

Prodelphinidins 0.025 0.424 0.436

DP 0.039 1.000 0.005

TDSs

n-Hexane extract 0.288 0.201 0.324

Hot-water extract 0.006 0.161 0.364

Biofuel Properties of Stored Bark

Ash content 0.117 0.233 0.103

Effective heating value 0.280 0.153 0.024

Multiple different factors affect the loss of extractives during pile storage. For example,
hydrophilic compounds are readily leached by moisture and rainwater, microorganisms
rapidly consume some compounds (e.g., sugars), and many extractives are oxidised (e.g.,
resin acids) or evaporated (e.g., monoterpenoids) [5,26–28]. However, some extractives
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may be converted via heat and UV-light-induced radical chain reactions to non-extractable
polymers (e.g., self-isomerisation and condensation of tannins into phlobaphenes) [20].

The Effect of Sampling Location

The sampling location in the pile (whether from the middle, side or top) appeared
to have a systematic and predictable effect on the concentrations of bark components
among all storage weeks. Statistical analysis showed that, at the 10% level of significance,
the sampling location does not significantly affect the lipophilic extractives. However, a
significant statistical result was obtained for the amounts of sugars and organic acids and
for the ‘other hydrophilic extractives’ group (Table 1).

The degradation on the top of the pile was the most pronounced, with less degrada-
tion on the side and the most conservative degradation in the middle of the pile. These
differences may largely be explained by the complex mechanics of pile storage, which differ
in terms of temperature, moisture, ventilation and exposure to external forces depending
on the pile formation, pile material (e.g., particle size) and the location in the pile [5,29]. The
top of the pile is the part most exposed to both outside influences (e.g., wind, rain and UV
light) and the pile’s internal activities (steam rising from the pile as a result of self-heating,
microbial degradation). Thus, it was not surprising that the top of the pile contained a low
concentration of compounds that are easily affected by these factors. Interestingly, after the
initial decrease in concentration at weeks 4 and 12, certain extractive groups (e.g., sugars,
sugar alcohols and organic acids) experienced an increase only in the middle point of the
pile. This observation suggests that the non-volatile hydrophilic extractives from the top of
the pile gradually leached downwards, creating a concentrated spot in the middle. A gen-
eral trend, where the lower one goes in the pile, the higher the concentration of extractives
is, could not, however, be confirmed in this study. Routa et al. also looked at the effect of
location in bark pile on extractives content in Pinus sylvestris and Picea abies, but they could
not find similar general trends by TDS as were found in this study [23,24]. This difference
may be explained by a variety of factors, such as their choice of solvent (pure acetone),
difference in extraction method, pile formation and the raw material characteristics.

The Effect of Snow Cover

Minor differences were found between the results of non-covered and snow-covered
bark piles. Statistical tests indicated that, at the 10% significance level, snow cover sig-
nificantly affects the amounts of resin acids and unidentified lipophilic extractives, the
degree of polymerisation (DP) of proanthocyanidins and the effective heating value of
bark (Table 1).

Notably, the concentrations of hydrophilic TDSs in the snow-covered pile were only
slightly low at the beginning and end of storage compared to those in the non-covered
pile. The data shown in Figure 2a,b indicate that the snow-covered pile was frozen for
10 days since the beginning of storage, unlike the non-covered pile. This means that the
snow cover must have reduced the initial degradation caused by UV light and microbes.
However, once the snow melted, additional slow water extraction and consequent leaching
of hydrophilic extractives towards the bottom of the pile occurred. The increased moisture
also enhanced the conditions for microbial invasion. Overall, although there seemed to
be some initial value in covering bark piles with snow, the material losses may have been
more significant in the end. Thus, it can be concluded that the hypothesis that covering
bark piles with snow can help preserve the bark extractives is invalid (at least when the
storage period reaches week 24). Therefore, to study the effect of snow cover on preserving
extractives, sampling should be performed before the snow melts. There is evidence that
semi-permeable covering of piles can reduce moisture content, temperatures and dry matter
losses in forest fuel storage piles [7,9]. However, the impact of such covering during storage
on extractives still needs further investigation. Recent study found that thermal drying of
Picea abies sawmill bark in moderate temperatures will still yield major extractive losses [30].
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2.1.2. Changes in Carbohydrates and Lignin

Of the two studied bark piles, holocellulose was only determined from the zero
samples and 24-week samples. In both piles, the holocellulose content of bark was equal at
the beginning of storage (ca. 35%), and its relative proportion increased slightly towards
the end of storage (because of the quicker loss of extractives). In addition, the relative
total amount of lignin in bark more than doubled during storage, and the highest lignin
concentrations (ca. 45%) were found at these sampling points, at which the extractive
fractions were the lowest.

If no degradation occurs for hemicelluloses and cellulose, their relative proportion will
increase (as in lignin). Nevertheless, the relative amounts of hemicelluloses and cellulose
remained nearly the same throughout storage, indicating their slight degradation. Only on
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the side and top of the pile did the relative proportion between hemicelluloses and cellulose
change, resulting in an overall 4% decrease in cellulose and an increase in hemicelluloses.

Similar findings of increased lignin and carbohydrate content during storage have
been reported by Čabalova et al. recently [25]. However, contrary to the results presented
here, the relative amount of hemicellulose was reported to have decreased while the amount
of cellulose increased. This difference may be explained by the used solvent and extraction
method. Compared to the unpressurised Soxhlet extraction used by Čabalova et al. [25],
our hot-water extraction at 120 ◦C is quite harsh and may have resulted in carbohydrates
that would otherwise have been included in hemicellulose and cellulose fractions to be
included in the extractives fraction.

2.2. Biofuel Properties of Stored Bark
2.2.1. Temperature Development Inside Bark Piles

The data logged from the thermocouples together with the climate conditions from a
transportable weather station (air temperature, humidity and amount of rain) are displayed
in Figure 2a,b. The thermocouple data revealed that the thermal activity inside the pile
started almost immediately after piling the material. In general, both the centre and top of
the piles experienced the highest temperatures (with a maximum at around 60 ◦C), whereas
the side and bottom of the piles were cooler. It is also noticeable that the insides of the pile
(centre and bottom) experienced a constant increase in temperature, whereas the outermost
layers (top and side) experienced heavy fluctuations and correlation with rain and ambient
temperature, especially on the side of the pile. Similar dependence of temperature on
sampling location was also observed by Routa et al. and Krigstin et al. [23,31]. The
occurrence and amount of rain was clearly most significant in June and July, towards the
end of the storage period. The top of the pile was also affected by the rising steam from
inside the pile. Comparing the two piles (Figure 2a,b) revealed that the snow-covered pile
was initially frozen for 10 days and that the overall temperature of the pile during storage
was slightly lower.

2.2.2. Heating Values of Stored Bark

The heating values of the studied bark samples, their moisture and their ash, carbon,
hydrogen and nitrogen contents are presented in Table 2. The results show that the average
moisture content of all bark samples was approximately 57%. The sampling location also
affected the moisture content of the bark. For example, in the non-covered bark pile, the
moisture content was elevated to 61% at the top of the pile, remained at its original value in
the middle and decreased to 41% on the side of the pile. This increased moisture on the top
samples may be explained by the steam rising from inside the pile, as microbiological and
chemical reactions lead to self-heating of the pile. In the snow-covered pile, presumably
because of the melting of the snow cover, the 24-week samples had a high moisture content
(62–70%) at all sampling locations, especially on the side and top.

The ash content of the samples underwent a gradual increase from the zero-sample
level of 3.2%, especially on the side and top of the bark piles, after storage for 24 weeks,
reaching peaks of 4.2% and 8.5% on the top of the non-covered and covered piles, re-
spectively. Similar initial ash content of Picea abies industrial bark has been reported
previously [32]. The unusually high ash content on the top of the snow-covered pile after
24 weeks of storage is most probably explained by the inorganic impurities (e.g., sand)
that were mixed in with the snow that was used for covering. After the snow melted,
the inorganic material accumulated on top. Moreover, the carbon content of the dry bark
samples increased slightly from an initial level of 51.4% at all sampling locations, except
on the top of the snow-covered pile, reaching a maximum of 52.8% at the top of the non-
covered pile. The hydrogen content of the dry bark samples decreased from an initial
level of 5.8% to an average of 5.6% at all sampling points, especially on the side and top of
the piles and particularly in the snow-covered pile. The nitrogen content of the dry bark
samples increased from an initial level of 0.47% to an average of 0.55% at all sampling
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points. This increase was most pronounced, especially on the side and top of the piles.
However, the effective heating value remained very stable at approximately 19.3 MJ/kg
at all sampling points. These heating values are slightly higher than those reported by
Routa et al. for Picea abies bark at around 18.9 MJ/kg [24]. After storage for 24 weeks, the
heating values decreased to 18.1 MJ/kg only on the top of the snow-covered pile due to
increased ash content.

Table 2. Moisture, ash, carbon, hydrogen and nitrogen content of the studied bark samples and their
effective heating values.

Storage Time,
Weeks

Sampling
Location

Moisture
Content, %

Ash
Content, %

Carbon
Content 1, %

Hydrogen
Content 2, %

Nitrogen
Content 3, %

Effective Heating
Value, MJ/kg

Normal Pile

0 57.38 ± 0.68 3.21 ± 0.02 51.4 5.82 0.47 19.14 ± 0.02

4 Middle 59.89 ± 1.05 3.30 ± 0.01 51.3 5.80 0.53 19.10 ± 0.01

4 Side 52.20 ± 1.22 3.53 ± 0.01 52.2 5.74 0.52 19.40 ± 0.01

4 Top 56.92 ± 0.64 3.46 ± 0.02 52.1 5.78 0.53 19.56 ± 0.03

12 Middle 61.40 ± 0.86 3.45 ± 0.01 51.1 5.73 0.53 18.78 ± 0.00

12 Side 53.09 ± 0.81 3.75 ± 0.02 51.7 5.63 0.55 19.37 ± 0.01

12 Top 51.65 ± 0.32 3.74 ± 0.01 52.2 5.59 0.54 19.40 ± 0.02

24 Middle 57.83 ± 0.40 3.53 ± 0.05 52.5 5.71 0.52 19.48 ± 0.01

24 Side 40.79 ± 0.82 3.85 ± 0.00 52.5 5.50 0.56 19.47 ± 0.02

24 Top 61.01 ± 0.71 4.17 ± 0.04 52.8 5.45 0.60 19.52 ± 0.01

Snow-Covered Pile

0 56.01 ± 0.89 3.12 ± 0.01 51.3 5.77 0.47 19.11 ± 0.01

24 Middle 62.05 ± 0.73 3.77 ± 0.12 51.8 5.65 0.50 19.36 ± 0.01

24 Side 64.33 ± 0.44 4.92 ± 0.08 51.5 5.34 0.61 19.09 ± 0.02

24 Top 69.50 ± 0.45 8.47 ± 0.35 49.9 5.27 0.56 18.13 ± 0.02

1 Measurement uncertainty ±2%. 2 Measurement uncertainty ±4%. 3 Measurement uncertainty for values <0.3 is
±30%, and for values >0.3 is ± 15%.

2.3. Qualitative and Quantitative Results for Bark Extracts Obtained by Gas Chromatography with
a Flame Ionisation Detector/Mass Selective Detector (GC-FID/MS)
2.3.1. Lipophilic and Hydrophilic Extractive Groups

The quantified lipophilic and hydrophilic extractive groups determined using GC-
FID/MS methods are presented in Figures 3 and 4, respectively. The lipophilic extractives
totalled 11% of all bark extractives, and their main extractive groups were resin, fatty acids,
diterpenoids, sterols, steryl esters and triglycerides. In contrast, the hydrophilic extractives
totalled 89% of the extractives. Their main groups were sugars, sugar alcohols, organic
acids, stilbenes, sesquistilbenes and distilbenes, with the minor groups being flavonoids
and other alcohols. The group defined as ‘others’ contained extractives that, despite being
visible on the GC chromatograms, could not be identified or whose concentrations were
very small. The ‘unidentified’ group referred to extractives that could not be detected by GC
because of their low volatility or high molar weight. The relative amount of unidentified
compounds increased during storage, suggesting an increase in polymerisation reactions.

As shown in Figure 3, overall, there was only a slight decrease in the total amount of
lipophilic extractives over a storage period of 24 weeks. The most notable changes in the
chemical composition of the lipophilic extract were as follows: a decrease in resin acids from
33% to 23%, a decrease in fatty acids from 22% to 12%, a decrease in triglycerides from 14%
to 2% and an increase in unidentified compounds from 6% to 44%. Thus, the results suggest
that the storage of bark increases the polymerisation reactions of lipophilic compounds.
The results indicate that the rate of degradation gradually slowed as the storage progressed.
The overall increase in new unidentified compounds was 2.5 mg/g/storage week after
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4 weeks of storage and slowed down to 0.2 mg/g/storage week after 12 and 24 weeks
of storage. The concentration of lipophilic extractives decreased on the top and side of
the bark pile and increased in the middle of the pile. This finding was confirmed by
comparing the results obtained on week 12 and week 24 for the zero sample of the non-
covered pile and the 24-week sample of the covered pile. For a more detailed analysis of the
degradation pattern of individual lipophilic compounds, see Figures 5–8. The results from
our previous sawlog bark study indicate that there is much variation between individual
sawlog barks, particularly in the amount of lipophilic extractives, sometimes reaching even
above 70 mg/g of dry matter [10].
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Figure 3. Lipophilic extractive groups in bark samples during pile storage.

The results outlined in Figure 4 show a clear and gradual change in the total amount of
hydrophilic extractives and a dramatic decrease in the concentration of many hydrophilic
extractive groups in bark resulting from pile storage. The unidentified bark extractives com-
posed of polymeric compounds, such as condensed tannins (CTs) and oligo- and polymeric
sugars, represented almost half of all hydrophilic extractives. Mono- and disaccharides
represented the second-largest extractive group. The most significant changes in the relative
proportion of extractives in the hydrophilic water extracts (zero sample vs. 24-week sample)
were as follows: a decrease in sugars from 28% to 17% and an increase in unidentified
compounds from 42% to 61%. Stilbenes, sesquistilbenes, distilbenes, flavonoids and other
phenolics also experienced a major decrease in concentration, but this did not affect the
total extract amount as much. Unlike with the lipophilic extractives, the relative increase
in unidentified compounds seemed to result from the decrease in other compounds and
not from the increase in polymerisation. For a more in-depth analysis of the hydrophilic
extractive groups, see Figures 9–13. A major difference is seen here to sawlog bark, where
the concentration of hydrophilics remained at the level of 300 mg/g of dry bark for up to
12 weeks of winter storage [10]. This amounted to approximately 59% less hydrophilic
extractives in pile-stored bark at week 12, most likely due to microbial degradation.
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2.3.2. Resin Acids

The quantified amount of resin acids in the lipophilic bark extracts determined using
GC-FID/MS is presented in Figure 5. The results demonstrate a considerable overall
decrease in the amount of resin acids during pile storage over the first 4 weeks of storage.
After this initial decrease, the total amount of resin acids did not change much, and there
was no apparent trend with sampling location. The general stability of resin acids has also
been reported previously [10,33]. The most remarkable changes in the relative proportion
of resin acids (zero sample vs. 24-week sample) were the increase in dehydroabietic acid
from 18% to 28% and in isopimaric acid from 15% to 23% and the decrease in levopimaric
acid from 11% to 2% and in neoabietic acid from 11% to 3%. The absolute values of the
most prominent resin acids, namely dehydroabietic and isopimaric acid, remained more or
less constant throughout storage. Although some reports indicate that certain fungi can
reduce the amount of resin acids markedly, the way in which the degradation of resin acids
halted after 4 weeks suggests that the initial drop correlated instead with the increased
pile temperature [34]. This is also supported by the decrease in neoabietic and levopimaric
acids, which are the most prone to thermal oxidation, Diels–Alder reaction, isomerisation
and radical reactions because of their conjugated double-bond structure.
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2.3.3. Fatty Acids

The quantified amount of fatty acids in the lipophilic bark extracts determined using
GC-FID/MS is presented in Figure 6. The changes in triglycerides and fatty acids during

117



Molecules 2022, 27, 1186

storage in many raw materials have been known for a long time. Fatty acids can react
either by their conjugated double bonds or carboxylic acid group, leading to various
different derivatives [35]. The hydrolysis of triglycerides and consequent polymerisation
of the released fatty acids was reported by Ekman among the major chemical changes
in wood material during storage [36]. Similarly, Nielsen et al. attributed the decrease
in fatty acids during the storage of softwood chips and sawdust to polymerisation and
oxidation reactions [37]. It is noteworthy that the total amount of fatty acids dropped
considerably during storage, especially on the top and side of the pile, whereas the fatty
acids in the middle of the pile on the other hand appeared to be remarkably well-shielded
from degradation (although a change in chemical composition was observed). This clearly
indicates that the degradation is connected with hydrolysation and oxidation reactions
caused by external influences. Esterified fatty acids constituted the vast majority (83%) of
total fatty acids at the beginning of storage. The most significant changes (zero sample vs.
24-week sample) in the relative amount of fatty acids were a decrease in fatty acid esters
18:1, 18:2 and 18:3 from 21% to 11%, from 28% to 16% and from 17% to 9%, respectively,
and an increase in acids 18:1 and 18:2 and esters of acid 24:0 from 3% to 9%, from 1% to
8% and from 1% to 6%, respectively. From this, the conversion of esterified fatty acids into
non-esterified fatty acids seems evident. It should be considered that the degradation of
triglycerides during storage (shown in Figure 3) also releases free fatty acids. Routa et al.
reported fast degradation of triglycerides during the storage of Scots pine bark, which
seemingly led to an increase in the total amount of fatty acids during storage [23].
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2.3.4. Diterpenoids

The quantified amount of diterpenoids in the lipophilic bark extracts determined using
GC-FID/MS is presented in Figure 7. The amount of diterpenoids at the beginning of stor-
age was slightly above the levels reported by Krogell et al. (0.7 mg/g and 3.2 mg/g
in inner and outer bark, respectively) [21]. A considerable overall decrease in diter-
penoids was observed during the 24-week storage. Thunbergol, which is associated with
anti-fungal, anti-oxidative and anti-tumour activities, was the primary diterpenoid with
∆13-(trans)neoabienol [38,39]. The most prominent changes (zero sample vs. 24-week sam-
ple) in the relative amount of diterpenoids were an increase in methyl 8,15-isopimaradien-
18-oate from 1% to 16% and a decrease in thunbergol and ∆13-(trans)neoabienol from 32%
to 10% and from 31% to 24%, respectively. That methyl 8,15-isopimaradien-18-oate was
formed primarily on the side and at the top of the piles indicates a formation through
oxidation reaction. Nielsen et al. also reported that diterpenoid degradation is affected by
oxidation and polymerisation reactions [37]. Thunbergol loss was expected because it is
also entirely lost during tall oil distillation [40]. Our previous study regarding sawlog bark
also indicated a loss of thunbergol with the increase in ambient temperature [10].
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2.3.5. Sterols

The quantified amount of sterols and steryl esters in the lipophilic bark extracts
determined using GC-FID/MS is presented in Figure 8. The major sterol in Picea abies
is β-sitosterol, a prominent antibacterial and antioxidant agent [41]. The total amount of
sterols ranged between 3.2–4.8 mg/g of dry matter and only a slight overall decrease was
observed. Routa et al. reported similar sterol levels and only slight degradation during
8 weeks of Scots pine storage [23]. Assarson had reported similar resistance to degradation
in unsaponifiable compounds (including sterols) in Picea abies chip pile storage [42]. The
most prominent changes in the relative amount of sterols (zero sample vs. 24-week sample)
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were a decrease in the esters of sitosterol and campesterol from 53% to 17% and from 12%
to 4%, respectively, and an increase in sitosterol, chondrillasterol and 7-hydroxysitosterol
from 10% to 24%, from 0% to 8% and from 1% to 8%, respectively. Given these results, it
seems that esterified sterols underwent gradual conversion into free sterols during storage.
In addition, ergosterol, chondrillasterol and 7-hydroxysterol were formed as a result of
storage, especially on the side and at the top of the pile, again indicating a formation
through oxidation reactions [43].
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2.3.6. Sugars

The quantified amount of simple sugars in the hydrophilic bark extracts determined
using GC-FID/MS is presented in Figure 9. Mono- and disaccharides underwent major
degradation during pile storage, with only approximately 20% of the sugars remaining
after storage for 24 weeks. The sampling location resulted in an increasingly greater
difference in the concentration of sugars. At the end of storage, the concentration of
sugars at the top of the pile decreased to vanishingly low levels, with the concentration
at the side of the pile being only slightly higher. The middle of the pile, on the other
hand, exhibited an increased concentration after the initial decrease at week 4. The most
significant changes in the relative proportion of sugars were an increase in galactose from
2% to 41% and a decrease in sucrose and glucose from 30% to 2% and from 55% to 45%,
respectively. It is generally understood that the rapid loss of saccharides happens due
to them being among the first to be consumed by micro-organisms [44,45]. Leaching
should, however, be considered as a possibility, especially as a consequence of the steam
released during pile storage [5,28,46]. Concentrations of galactose and mannose in the
middle of the pile by leaching might have been observed here. In his dissertation, Sauro
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Bianchi noted the prevalence of hemicellulose-derived saccharides in water extracts above
80 ◦C [46]. Noting that the extraction temperature that was used in this study was 120 ◦C,
the presence of saccharides from hemicellulose should be expected. The presence of
mannose after storage for 4 weeks and the increased amount of galactose may be, at
least partly, explained by the degradation of galactoglucomannan, the main water-soluble
hemicellulose in Norway spruce [47]. As a polymeric carbohydrate, galactoglucomannan
would be included in the ‘unidentified’ hydrophilic extractive group (Figure 4). It is also
worth noting that the degradation of lactose (4-O-β-D-galactopyranosyl-D-glucopyranose)
released galactose units.
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2.3.7. Sugar Alcohols

The quantified amount of sugar alcohols in the hydrophilic bark extracts determined
using GC-FID/MS is presented in Figure 10. A significant overall variation was observed
in the amount of sugar alcohols during storage. After storage for 4 weeks, a sharp increase
was detected in the sugar alcohol concentration in the middle of the pile, whereas on
the side and at the top of the pile, the total amount remained the same. After 4 weeks,
maltotriitol and isomaltitol almost disappeared, whereas inositol and maltitol dramatically
increased. Moreover, L-ribulose and erythritol were produced. At the end of the 24-week
storage, the amount of sugar alcohols significantly decreased, with only the middle of
the pile having a slightly elevated amount of total sugar alcohols. The most significant
changes in the relative amount of individual sugar alcohols in the samples (zero sample
vs. 24-week storage) were an increase in arabitol, mannitol and L-ribulose from 5% to 23%,
from 4% to 16% and from 1% to 11%, respectively, and a decrease in pinitol and maltotriitol
from 62% to 29% and from 12% to 0%, respectively. The literature regarding the storage
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of wood and forestry sidestreams does not discuss the fate of sugar alcohols much. Our
previous study regarding the storage of sawlog bark found the sugar alcohol levels to
remain constant (c.a. 10 mg/g level) during winter storage until week 12 and then drop to
3 mg/g at 24 weeks of storage [10]. The increase in sugar alcohols observed here, at week 4,
should probably be attributed to the hydrogenation reactions of sugars—a process that has
also been utilised in the production of value-added chemicals and food ingredients [48]. It
is possible that the initial conversion of some sugars to sugar alcohols happened followed
by their rapid leaching towards the middle of the pile. This would include the conversion
of maltose to maltitol. Production of L-ribulose would, however, suggest a microbial and
enzymatic conversion [49]. Similarly the formation of inositol happens through enzymatic
phosphorylation of glucose to glucose phosphate (see the residues in Figure 9) followed by
isomerisation of glucose phosphate to inositol-phosphate and finally dephosphorylation to
inositol [50].
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2.3.8. Organic Acids

The quantified amount of organic acids in the hydrophilic bark extracts determined
using GC-FID/MS is presented in Figure 11. A considerable overall decrease was observed
in the amount of organic acids during storage. At the beginning of storage, gluconic
acid, citric acid and quinic acid constituted the vast majority of all organic acids. The
presence and leaching of organic acids during wood storage has been noted several times
before [28,51]. According to Fuller, the presence of even mild acetic acid in pile storage can
lead to the shortening of the cellulose fragments in wood [5]. The most significant changes
in the relative proportion of organic acids in the samples (zero sample vs. 24-week sample)
were an increase in L-glutamic acid from 1% to 43% and a decrease in citric acid and quinic
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acid from 28% to 4% and from 30% to 10%, respectively. Notably, the concentration of
organic acids on the side and at the top of the pile decreased rapidly, whereas in the middle
of the pile, an increase was observed from week 12 to week 24. Contrary to these results,
the production of new organic acids was not observed in our previous study regarding
sawlog storage of bark [10]. Generally, L-glutamic acid is an amino acid by-product of
microbiological fermentation of plant proteins (e.g., gluten) with, for instance, glucose
as the carbon source [52]. Thus, the significant increase observed in L-glutamic acid also
indicated an increase in microbial degradation during storage. Among other degradation
products, 2,3-dihydroxysuccinic acid (tartaric acid) was also formed as a fermentation
product—a common degradation product in aged fruits and wines [53].
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2.3.9. Stilbenes

Stilbenes are among the most attractive organic compounds and potential platform
chemicals obtained from spruce bark. However, stilbenes are usually lost at a particularly
fast rate, not only because they are hydrophilic and may be leached by rainwater but
also because of their high anti-oxidative capacity and reactivity under UV light to form
phenanthrene derivatives via photo-oxidative cyclisation [18].

The quantified amount of stilbenoids in the hydrophilic bark extracts determined
using GC-FID/MS is presented in Figure 12. During storage, a radical overall loss of
stilbenes was observed in the study samples, especially during the first few weeks of
storage. After storage for 4 weeks, only 23% of the original stilbenes remained, and the
stilbene monoglucosides isorhapontin, astringin and piceid, totalling 90% of the original
monoglucosides, were almost completely removed. However, the concentrations of the
aglycones resveratrol, piceatannol and rhapontigenin increased by 23% at week 4 as a result
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of the hydrolysis reactions of the glucosides. Moreover, distilbenes and sesquistilbenes
constituted 63% of the total stilbenes at the beginning of storage, but only 13% and 6% of
the original distilbenes and sesquistilbenes, respectively, remained at the end of storage.
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The average concentrations of stilbene monoglucosides, sesquistilbenes and distilbenes
in piled bark (from both covered and non-covered piles) were found to be 21.2, 18.7 and
15.8 mg/g of dry matter, respectively. On the other hand, as reported in a previous study,
the average amounts of stilbene monoglucosides, sesquistilbenes and distilbenes in the
bark of freshly felled (winter-stored) saw logs were found to be 23.5, 10.8 and 10.1 mg/g
of dry matter, respectively [10]. Thus, it seems that while the initial amount of stilbene
monoglucosides in bark pile and sawlog bark is closely paralleled, the amount of sesqui-
and distilbenoids is greater in chipped and piled bark. This may be coincidental, given
that the stilbene levels of individual saw logs may considerably vary. However, while
the initial amount of stilbenoids was slightly greater in the piled bark, after just 4 weeks
of storage, the winter-stored saw logs retained 79% more stilbenoids than those retained
by the piled bark. This finding highlights the impact that the storage method can have
on individual extractives. To effectively utilise piled bark for its stilbene content, either
protective measures need to be taken to ensure their preservation, or the bark needs to be
further processed rapidly (within days of the initial piling).

Stilbene concentrations presented here were markedly higher than those reported by
Krogell et al. [21]; however, Jyske et al. have reported at least twice as high concentrations
of stilbene glucosides in the bark of 18–37 year old Picea abies trees [54]. It should, however,
be noted that while Jyske et al. [54] looked at stilbene concentration at different bark zones
and heights (inner bark having highest stilbene concentrations), our results reflect more the
average stilbene concentration in sidestream Picea abies bark from sawmills without further
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distinctions. Stilbene levels similar to those presented by Jyske et al. [54] have also been
reported in the root bark of Norway spruce [55].

2.3.10. Flavonoids

The quantified amount of simple flavonoids in the hydrophilic bark extracts deter-
mined using GC-FID/MS is presented in Figure 13. The initial amount of flavonoids was
approximately twice as high as that reported by Krogell et al. [21].The loss of flavonoids
seemed to follow a path similar to that of stilbenes, with a dramatic concentration decrease
after just 4 weeks of storage. Slower flavonoid degradation was observed in our previous
study regarding Picea abies sawlog bark [10]. The most prominent flavonoids were taxifolin
glycoside, naringin, catechin, taxifolin and neohesperidin. Notably, dihydromyricetin,
which has potent anti-oxidative properties, was found to be the most resilient among
flavonoids [56]. Its amount was even found to be somewhat increased during storage
(e.g., through the bio-conversion of other flavonoids). The most significant changes in the
relative proportion of extractives in the samples (zero sample vs. 24-week sample) were an
increase in dihydromyricetin and naringenin chalcone from 5% to 59% and from 5% to 23%,
respectively, and a decrease in taxifolin glycoside, naringin, catechin and neohesperidin
from 23%, 23%, 17% and 11% to 0%, respectively. Flavonoids (similarly to stilbenes) are lost
particularly rapidly to photo-degradation because of their tendency as phenolic compounds
to form unstable phenoxy radicals [12,13,18].

2.4. High-Performance Liquid Chromatography (HPLC) Analysis of Proanthocyanidins

Overall, the thiolytic degradation of spruce bark CTs (procyanidins) produced
(epi)catechins and (epi)catechin thioethers as major reaction products and (epi)gallocatechins
and (epi)gallocatechin thioethers as minor products, indicating that spruce bark CTs are a
mixture of procyanidins and prodelphinidins, as observed in previous studies [11,57–59].
As shown in Figure 14, the initial CT content was 3.0–3.2 g/100 g, but it decreased rapidly
during storage. After 4 weeks, the total content of CTs was found to exhibit a great variation
(0.556–1.451 g/100 g) between the different samples, but this variation always remained
below 50% of the original amount. After 12 weeks, the concentration reached 0.384–0.472 g/
100 g, and only minor changes were observed for the rest of the storage duration. The
final CT content in the normally stored bark pile was found to be 0.251–0.365 g/100 g after
24 weeks, which is equal to approximately 10% of the original content. A recent study on
Scots pine reported a similar drastic and rapid loss in the CT content during pile storage of
bark [23].

The average CT content in the snow-covered piles was somewhat higher after storage
for 24 weeks, and notable differences were observed between the samples. These samples
were obtained from different pile locations, which might partly explain the variations
observed in the CT content. In this study, the highest CT content was determined twice
in the samples taken from the middle of the pile (after storage for 4 weeks and 24 weeks
for normally stored and snow-covered piles, respectively). It is possible that the bark in
the middle of the pile was better protected from environmental stress than that on the side
or at the top of the pile. This also means that the CTs were less exposed to detrimental
reactions. Similarly, a recent study has shown that the outer bark is expected to protect the
inner bark, with the CTs in the outer bark degrading much faster than in the inner bark
during the summertime fresh-air storage of spruce logs [11]. However, further research
is still needed to confirm the significance of location in a pile for the recovery of CTs and
other constituents in spruce bark.

The average DP in spruce bark CTs was found to be the highest at the beginning of
the experiment, but it decreased during storage, indicating that the polymerisation of CTs
is the first step in the degradation process. However, the oxidation of CTs during storage
might result in degradation and the formation of new covalent bonds between CTs and
other macromolecules, producing new polymers partially resistant to thiolysis [59,60]. As a
result, both the content and the DP of CTs are somewhat under-estimated with the current
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determination method. Furthermore, the relative proportion of prodelphinidins in CTs was
found to slightly increase during storage. The same finding was observed in the CTs of
spruce logs stored in the open air [11]. This may indicate that prodelphinidins in spruce
bark CTs are more resistant to environmental stress than procyanidins.
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merisation (DP) in freeze-dried bark samples under pile storage.

2.5. Carbohydrate Analysis
2.5.1. Acid Hydrolysis and High-Performance Anion-Exchange Chromatography (HPAEC)
Analysis of Monosaccharides

The results obtained from the HPAEC analysis of extractive-free bark monosaccha-
rides (i.e., holocellulose) are presented in Figure 15. The initial amount of holocellulosic
monosaccharides in the bark samples was found to be 58% in extractives-free bark in the
normal bark pile and 54% in the snow-covered pile. After a storage period of 24 weeks, the
amount in both piles decreased to approximately 42% of extractives-free bark. These values,
however, correlate to approximately 35.8% of the initial amount of holocellulose in dry
bark (according to Figure 1) and 37.5% in dry bark after 24 weeks of storage. Thus, the total
holocellulose content (as % of dry bark) increased 1.7%. In our previous study regarding
Picea abies sawlog bark storage, the amount of holocellulose was initially 33.9% of dry bark
and increased to 37.7% in 24 weeks (a 3.8% increase) [10]. Čabalova et al. also reported
relatively increased cellulose content during storage for 8 months [25]. Generally, glucose
was by far the most prominent monosaccharide. The notable changes in the relative pro-
portion of monosaccharides (zero sample vs. 24-week sample) were an increase in glucose
from 66% to 74% of dry matter and a decrease in arabinose from 13% to 5% of dry matter.
Moreover, mannose decreased slightly more in the samples from the snow-covered pile.
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Figure 15. Quantified amounts of holocellulosic monosaccharides in bark samples at the beginning
and end of normal and snow-covered pile storage.

2.5.2. Acidic Methanolysis

The results obtained from the acidic methanolysis of extractive-free bark monosac-
charides (i.e., hemicelluloses) are presented in Figure 16. These results indicate that the
overall amount of hemicelluloses decreased by 21%. Such a decrease occurred during the
first 4 weeks of storage, and the total amount of hemicellulosic monosaccharides remained
constant throughout the storage period, although changes in the composition occurred.
The most notable changes in the relative proportion of hemicellulosic groups in the samples
(zero sample vs. 24-week sample) were an increase in glucose and xylose from 10% to 22%
and from 13% to 21%, respectively, and a decrease in galacturonic acid and arabinose from
31% to 18% and from 23% to 12%, respectively. Conversion of galacturonic acid to galactose
was probably also observed. A similar trend was observed with regard to the sampling
location in each pile, and the concentration of extractives was probably also observed at
weeks 4 and 12. The highest concentration was found in the middle of the piles, whereas the
top and side of the piles showed greater signs of degradation. Notably, the hemicellulosic
monosaccharides presented here are basically a subset of the results presented in Figure 15.
By comparing the results for holocellulosic and hemicellulosic monosaccharides (in the nor-
mal bark pile), we were able to observe that the cellulosic monosaccharides were primarily
composed of glucose and mannose. The apparent increase in some hemicelluloses, such
as glucose and xylose, could be explained (similarly to the increase in lignin in bark (see
Section 2.1.2)) as a relative increase caused by the faster degradation of extractives and other
carbohydrates. Relative increases in hemicelluloses were also observed in our previous
study regarding single stem Picea abies bark storage [10]. It should also be noted that while
the total amount of carbohydrates as mg/g of extractives-free bark (in Figure 15) decreased,
the relative amount of carbohydrates as % of dry bark (i.e., bark containing extractives;
see Figure 1) slightly increased during storage. A similar relative increase in cellulose
and lignin due to short term storage of Picea abies bark has also been recently reported by
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Čabalova et al. [25]. This effect could be likened to the concentration of carbohydrates by
weight observed in dried fruits.
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operating sawmill, no exact measurements of individual trees from which the bark was 
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Figure 16. Quantified amounts of hemicellulosic carbohydrates in the extractive-free bark samples
under normal pile storage.

3. Materials and Methods
3.1. Experimental Setup of Storage Studies and Sampling

All the bark used in this study was provided by the UPM-Kymmene Oyj sawmill
in Ostrobothnia, and all the bark pile setups were located outside in the factory yard in
Pietarsaari. The two 450 m3 bark piles used in this storage study were constructed on 20
and 21 February 2017. The piles consisted of Picea abies bark that was debarked a maximum
of 48 h before the construction of the pile. However, most of the material was even fresher.
It should be noted that since the bark originated as a sidestream from a standard operating
sawmill, no exact measurements of individual trees from which the bark was obtained
(their height, width, age, etc.) were available. It is known that the used trees were gathered
within a 200 km range from Pietarsaari, mostly from private forest owners in Ostrobothnia.
The sampling points and dimensions of the bark in the non-covered pile are outlined
in Figure 17. The sampling locations were chosen from areas of piles expected to have
significant variations in temperature and moisture content, according to earlier storage
studies [29]. The length of the constructed pile was 17.6 m, and it was divided into three
sectors. Sector one was opened for sampling after 4 weeks, sector two after 12 weeks and
finally sector three at the end of the storage study, after 24 weeks. Thermocouples were
placed inside the pile in the locations indicated in Figure 17a, and the temperature was
measured in each sector until the sector was opened for sampling. At each sampling time,
bark samples were taken from the exact locations of the thermocouples, except for the
bottom of the pile.
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Figure 17. Schematic representations of the measures of the bark pile and (a) the thermocouple
locations inside the bark pile and (b) the sampling points and sectors.

3.2. Sample Pre-Treatment and Basic Characterisation

First, the bark was ground to a finer particle size with a Jens Algol System woodchipper
(Jenz GmbH, Petershagen, Germany). Then, a standard method (CEN/TS 14774-2:2004)
was used to determine the fresh bark samples’ moisture content [61]. Next, the samples
were dried at 105 ◦C until a constant mass was achieved. All measurements were performed
in duplicate.

The bark was then lyophilised (for at least 3 days) and ground with a Retsch SM 100
cutting laboratory mill (Retsch GmbH, Haan, Germany) equipped with a bottom sieve
with trapezoidal holes (perforation size < 1.0 mm) for chemical analysis. Samples were
stored in a frozen state (below −20 ◦C). Then, the dry matter content of the lyophilised
bark samples was determined by drying 1 g of bark powder at 105 ◦C in an oven overnight
in tared crucibles.

3.3. Calorific Values and Carbon, Hydrogen and Nitrogen (CHN) Measurements of Bark Samples

First, the moisture content (on a wet basis) of the bark samples was analysed according
to the same method as referred to in Section 3.2, and the ash content was determined
according to the standard method SFS-EN 14775 [62]. A bomb calorimeter (IKA C 5000;
IKA-Werke GmbH & Co., Staufen, Germany) was used to determine the calorific heating
value (qpgross) of the bark dry matter. Samples were dried, milled (Retsch SM-1 mill; Retsch
GmbH, Haan, Germany) and pelletised before analysis with the bomb calorimeter. Next, the
calorimetric heating values were determined and the gross calorific values were calculated
using the standard method CEN/TS 14918:2005 [63]. Then, the carbon, hydrogen and
nitrogen concentrations were analysed using the standard method SFS-EN ISO 16948:2015
at the laboratory of Ahma Environment Ltd. [64]. The following equation was used to
calculate the effective heating value (qpnet):

qpnet = qpgross − 2.45 × 0.09H2 (1)

where qpnet is the effective heating value (kJ·kg−1), qpgross is the calorific heating value
(kJ·kg−1), 2.45 MJ kg−1 is the latent heat of vaporisation of water at 20 ◦C, 0.09 is a factor
expressing that one part of hydrogen and eight parts of oxygen form nine parts of water,
and H2 is the hydrogen content of the oven-dried biomass.

3.4. Chemicals

The solvents used in the sample preparation of extractives were analytical-grade ace-
tone (BDH), HPLC-grade n-hexane (VWR), methyl tert-butyl ether (Lab-Scan), pyridine
(BDH), 95% ethanol (EtOH, >94%, ETAX A; Altia Corporation) and n-butanol (Merck).
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Bis(trimethylsilyl)trifluoroacetamide (BSTFA) and trimethylchlorosilane (TMCS) were ob-
tained from Regis Technologies (Morton Grove, IL, USA) for silylation.

The compounds used as internal standards in the GC analysis of extractives were
heneicosanoic acid (99%; Sigma-Aldrich Finland, Espoo, Finland) and betulinol (≥98%;
Sigma-Aldrich Finland, Espoo, Finland), cholesteryl margarate (≥97%; TCI, Portland, OR,
USA) and 1,3-dipalmitoyl-2-oleoylglycerol (≥99%; Sigma). NaOH (>98%; VWR), HCl (37%;
VWR), Na2CO3 (≥99.8; Sigma-Aldrich Finland, Espoo, Finland), sulphuric acid (95–97%;
Sigma-Aldrich Finland, Espoo, Finland), and bromocresol green (>95%; Sigma-Aldrich
Finland, Espoo, Finland) were also used in the analysis.

Cysteamine (≥98%; Sigma-Aldrich Finland, Espoo, Finland), 37% aqueous hydrochlo-
ride (Thermo Fisher Scientific, Waltham, MA, USA) and HPLC-grade methanol (≥99.8%;
VWR International, Helsinki, Finland) were used for the thiolysis of CTs. Then, CT degra-
dation products, that is, free flavan-3-ols (terminal units) and their cysteaminyl derivatives
(extension units), were quantified using external standards of catechin, epicatechin, gal-
locatechin and epigallocatechin (Sigma-Aldrich Finland) and thiolysed procyanidin B2
(Extrasynthese, Lyon, France). HPLC-grade acetonitrile (VWR International) and formic
acid (≥98%; Sigma-Aldrich, Espoo, Finland) were used for HPLC determination of thiol-
ysed CTs.

3.5. ASE Extraction

Bark samples were extracted with a Dionex Accelerated Solvent Extractor (Dionex,
ASE 100, Sunnyvale, CA, USA) using n-hexane and water as solvents to extract lipophilic
and hydrophilic extractives, respectively. The extraction temperature was set to 120 ◦C,
with a static extraction time of 10 min, flush of extraction cell of 60%, nitrogen purge for
70 s and extraction pressure of 1500 psi. For each extraction procedure, 2 g of bark powder
was loaded to a 34 mL extraction cell plugged with a cellulose filter. Each sample was first
extracted with n-hexane and then with water, and the extractive-free bark was consequently
lyophilised and stored for carbohydrate analysis. All extraction procedures were performed
in duplicate for each sample.

3.6. Gravimetric Analysis of Total Dissolved Solids and Preparation of Stock Solutions

Overall, the TDSs of bark extracts were determined gravimetrically. The n-hexane ex-
tracts were evaporated to near dryness in a rotary evaporator and subsequently transferred
to tared Kimax test tubes in acetone and finally evaporated to dryness under nitrogen flow.
The weight of the dried extract was the TDS of the n-hexane extracts. A stock solution
(100 mL) was then prepared by dissolving the extract in acetone.

Stock solutions of hydrophilic extracts were prepared by diluting the raw extract to
100 mL with ultra-high-quality (UHQ) water. Some of the stock solutions (10 mL) were
lyophilised, and the TDS of the hydrophilic extracts was determined according to the
weight of the lyophilised sample.

3.7. Analysis of Bark Extractives with Chromatographic Methods
3.7.1. Qualitative Analysis of Bark Extracts by Gas Chromatography with Mass Selective
Detection (GC-MS)

To perform a qualitative analysis, 3 mg of extracts (based on dry weight) was dried
(either by nitrogen flow or lyophilisation) and dissolved in 500µL of pyridine and 300µL of
a silylation reagent (TMCS). The silylation process was accelerated by keeping the sample
in a 70 ◦C oven for 1 h. The samples were then analysed using a Hewlett Packard 5973
GC-MS instrument equipped with an HP-5 column (30 m × 0.32 mm, with a 0.25µm film).
Next, the samples were injected at 290 ◦C and detected with a mass selective detector
at 300 ◦C. Notably, the method used for the analysis was the same as in our previous
study [10].
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3.7.2. Quantitative Analysis of Bark Extracts by GC-FID

To perform a quantitative analysis, approximately 3 mg samples of bark extracts were
dried with internal standards. The mixtures were then dissolved in 500µL of pyridine and
300µL of a silylation reagent and kept in an oven for 1 h.

To analyse the extractive groups, 100µg of four internal standards was used: hene-
icosanoic acid, betulin, cholesteryl margarate and 1,3-dipalmitoyl-2-oleoylglycerol. An
Agilent 6850 GC-FID instrument equipped with a short HP-1/simulated distillation column
(7.5 m × 0.53 mm, with a 0.15µm film) was used for the analysis. The samples were injected
on-column at 90 ◦C and detected using FID at 320 ◦C. The temperature program used was
the same as in our previous study [10].

To perform an individual extractive analysis, 100µg of heneicosanoic acid and the
same amount of betulin were added as internal standards. An Agilent 6850 GC-FID
instrument equipped with a long HP-5 column (30 m × 0.32 mm, with a 0.25µm film) was
used for the analysis. The samples were then injected at 290 ◦C and detected at 300 ◦C. The
temperature program used was the same as in our previous study [10].

To analyse the esterified lipophilic extractives, the samples were hydrolysed and
derivatised for analysis as described by Halmemies et al. (2021) [10].

3.7.3. Analysis of Proanthocyanidins by High-Performance Liquid
Chromatography (HPLC)

A thiolytic degradation method as described by Korkalo et al. was applied to de-
termine CTs (proanthocyanidins) in the lyophilised bark samples [65]. First, a ground
sample (10–20 mg) was mixed with 1 mL of a depolymerisation reagent (3 g of cysteamine
dissolved in 56 mL of methanol acidified with 4 mL of 13 M HCl) and incubated for 60 min
at 65 ◦C. During incubation, the samples were vortexed for a few seconds every 15 min.
Thiolysis was stopped by transferring the samples into an ice bath. The cooled samples
were then filtrated into HPLC vials and analysed on an Agilent 1290 Infinity UHPLC in-
strument equipped with a Zorbax Eclipse Plus C18 column (50 × 2.1 mm i.d., 1.8 m; Agilent
Technologies, Santa Clara, CA, USA). The binary mobile phase consisted of 0.5% formic
acid (aq.) and acetonitrile. Elution was started with 2% acetonitrile isocratically for 2 min,
followed by a linear gradient to 5% in 3 min, to 15% in 7 min, to 20% in 3 min, to 35% in
5 min, to 90% in 1 min and back to the initial condition in 2 min. The post-time was 2 min
before the next injection. The flow rate was 0.5 mL/min, and the injection volume was 2µL.
Elution was monitored using diode array detection (DAD; λ1 = 270 nm, λ2 = 280 nm) and
fluorescence detection (FLD; λex = 275 nm, λem = 324 nm).

3.8. Carbohydrate Analyses

Acid hydrolysis and acidic methanolysis were used to analyse the carbohydrate
(holocellulose, cellulose and hemicelluloses) and acid-soluble and acid-insoluble lignin (see
below) content of extractive-free bark. Holocellulose is defined as the sum of cellulosic and
hemicellulosic carbohydrates. The holocellulose and lignin content was first determined
using acid hydrolysis, and then the hemicellulose content was determined using acidic
methanolysis. Then, the cellulose content of the samples was determined as the difference
between holocellulose and hemicelluloses.

3.8.1. Acid Hydrolysis

Separation of holocellulose, acid-insoluble lignin and acid-soluble lignin from the
extractive-free bark samples was performed according to the TAPPI standard T 222 [66].
For the acid hydrolysis samples, 200 mg of lyophilised extractive-free bark was weighed
in a test tube. Then, around 4 mL of 72% cold sulphuric acid was added, and the test
tubes were kept in a water bath at 30 ◦C for 1 h. Every 5 min, the mixtures were stirred
with a glass rod. Next, the samples were transferred to 250 mL autoclave bottles, washed
with 112 mL of UHQ water and then placed in an autoclave (MELAG Autoklav 23, Berlin,
Germany) at a pressure of 1 bar (~121 ◦C) for 1 h.
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Solid acid-insoluble lignin was then separated from the mixtures by filtration with a
tared borosilicate glass filter (Munktell MGA 413004, Falun, Sweden) in a vacuum funnel.
Insoluble lignin was gravimetrically determined by drying the residues together with the
used filter papers (of known weight) in an oven at 105 ◦C to a constant weight. The filtrates
were then diluted to 500 mL with UHQ water and consequently analysed with HPAEC
for their holocellulose-derived monosaccharide content and with UV–Vis spectroscopy for
their soluble lignin content.

3.8.2. High-Performance Anion-Exchange Chromatography (HPAEC) Analysis of
Holocellulose-Derived Monosaccharides

First, HPAEC was used to analyse the monosaccharides formed during the acid
hydrolysis from the 500 mL dilutions. Standard solutions for HPAEC were prepared
using a sulphuric acid concentration corresponding to the samples’ background: cold 72%
sulphuric acid (3 mL) was diluted to 500 mL with UHQ water. Fucose (500 ppm) was used
as an internal standard. The preparation of the standard solutions is described in detail in
our previous study [10].

Bark samples (500 mL UHQ water dilution) from acid hydrolysis were analysed with
HPAEC (Dionex) using 1 M sodium acetate, 0.5 M sodium acetate plus 0.1 M NaOH and
0.3 M NaOH solutions as eluents. The analytes were then separated in CarboPac PA1 +
Quard PA1 columns and detected with an ED50 detector using carbohydrate pulsing. The
post-column elute was pumped by an IC25 isocratic pump.

Samples for HPAEC analysis were prepared by pipetting 2 mL of an internal standard
solution to a 20 mL volumetric flask and filling the flask with the diluted sample (500 mL)
from the acid hydrolysis. This solution (1.0–1.5 mL) was then transferred into an HPLC vial
by filtrating it through a syringe filter (Phenex-RC, 0.2µm).

3.8.3. UV–Vis Measurement of Acid-Soluble Lignin

The amount of acid-soluble lignin was determined from the 500 mL dilution following
acid hydrolysis via UV–Vis spectroscopy at 205 nm according to the TAPPI standard UM
250 using an extinction coefficient of 120 L/(g·cm) (for softwood) [67].

3.8.4. Acidic Methanolysis

The amount of hemicellulose in spruce bark samples was analysed from extractive-free
lyophilised bark using acidic methanolysis. An internal standard solution was prepared
by dissolving 10 mg of sorbitol into 100 mL of methanol. To prepare an external standard
solution, a 10 mg mixture of arabinose, galactose, glucose, xylose, mannose, galacturonic
acid and glucuronic acid was dissolved into 100 mL of UHQ water. Then, a methanolysis
reagent was prepared by cooling 100 mL of methanol in an ice bath and carefully adding
and mixing 16 mL of acetyl chloride into the cold methanol. Next, the reagent was stored at
−20 ◦C.

For methanolysis, 2 mL of the methanolysis reagent was added to 2–3 mg of extractive-
free bark samples and to a dried monosaccharide standard sample (1 mL). The samples
were then sonicated in an ultrasound bath and kept at 100 ◦C in an oven for 3 h. Pyridine
(80µL) and an internal standard (1 mL) were next added to the samples, and the solvent
was evaporated. Then, 80µL of pyridine and 250µL of a silylation reagent were added, and
the samples were sonicated in an ultrasound bath and kept in a shaker at room temperature
for 40 min. Next, the samples were filtrated with glass wool for GC analysis with an Agilent
6850 gas chromatograph equipped with an HP-5 column (30 m × 0.32 mm, with a 0.25µm
film). Finally, the samples were injected at 260 ◦C and detected by FID at 290 ◦C. The
method used was the same as in our previous study [10].

3.9. Statistical Analysis

One-way analysis of variance (ANOVA) was used to assess the effect of storage
time (0, 4, 12 or 24 weeks) and sampling location (side, middle or top of the pile) on the
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concentrations of bark components, DP values of CTs, ash content and effective heating
value. Logarithmic transformation was used for the variables that were sufficiently non-
normal to cause concern about the validity of the normality assumption. In addition, the
Kruskal–Wallis test, the non-parametric equivalent of one-way ANOVA, was used for the
variables that were not normally distributed even after logarithmic transformation.

In turn, an independent-samples t-test was used to test the statistical differences in the
concentrations, DP, ash content and net calorific value between the snow-covered and non-
covered bark piles. Again, logarithmic transformation was used for the non-normal variables.

4. Conclusions

According to our study of bark storage in piles (both non-covered and covered with
snow), spruce bark is a valuable raw material that is rich in hydrophilic extractives. How-
ever, it is worth noting that the material losses experienced as a result of pile storage
(even during the winter) are dramatic, even after only a few weeks of storage. The loss of
hydrophilic, phenolic extractive groups, such as stilbenes and tannins, was particularly
notable. Significant proportions of the losses of extractives are to be attributed to the
microbiological degradation and increase in pile temperature, which initiates and facilitates
further degrading chemical reactions. In addition, exposure to UV light and the leaching of
extractives from piles also cause losses of these compounds.

A clear trend was observed with regard to the sampling location in storage piles and
the concentrations of the studied chemical compounds. In particular, both extractives
and carbohydrates were found to have high concentrations in the middle of the pile with
prolonged storage durations, indicating in some instances a leaching of compounds from
elsewhere in the piles. Despite the covering of the other pile, no significant difference was
observed between the degradation results of the non-covered and snow-covered bark piles.
Other covering options and their impact on bark extractives should be further investigated.

From the results, it was evident that if piled bark material is to be valorised for its
extractive content, storage periods should be as short as possible. Even four weeks of piled
bark storage seems too long a time for stilbenes and tannin products. It was demonstrated
that a simple hydrophilic extraction (e.g., with hot water) can effectively remove many
potential platform chemicals for further purification steps. Methods, such as these, ought
to be considered especially by bio-refinery plants that handle sidestream bark material. In
addition, the logistics of bark material delivery to refineries needs to be planned in order to
eliminate unnecessary exposure to weathering and moisture.
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Abstract: Pecan nut (Carya illinoensis) pericarp is usually considered as a waste, with no or low value
applications. Its potential as a densified solid biofuel has been evaluated, searching for alternatives to
generating quality renewable energy and reducing polluting emissions in the atmosphere, based on
particle size, that is an important feedstock property. Therefore, agro-industrial residues from the
pecan nut harvest were collected, milled and sieved to four different granulometry: 1.6 mm (N◦ 12),
0.84 mm (N◦ 20), 0.42 mm (N◦ 40), and 0.25 mm (N◦ 60), used as raw material for biofuel briquette
production. The carbon and oxygen functional groups in the base material were investigated by
Fourier transform infrared spectroscopy (FTIR) and proximate analyses were performed following
international standards, for determining the moisture content, volatile materials, fixed carbon, ash
content, and calorific value. For the biofuel briquettes made from base material of different particle
sizes, the physical characteristics (density, hardness, swelling, and impact resistance index) and
energy potential (calorific value) were determined to define their quality as a biofuel. The physical
transformation of the pecan pericarp wastes into briquettes improved its quality as a solid biofuel,
with calorific values from around 17.00 MJ/kg for the base material to around 18.00 MJ/kg for
briquettes, regardless of particle size. Briquettes from sieve number 40 had the highest density
(1.25 g/cm3). Briquettes from sieve number 60 (finest particles) presented the greater hardness (99.85).
The greatest susceptibility to swelling (0.31) was registered for briquettes with the largest particle
size (sieve number 20). The IRI was 200 for all treatments.

Keywords: solid waste-to-biofuel; biomass densification; granulometric distribution; proximate
analysis; functional groups for energy storage
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1. Introduction

Pecan (Carya illinoensis) nuts are dry fruits native to California in the US, with the
biggest production coming from Mexico (around 124,000 tons/year) [1]. Pecan nut process-
ing generates important amounts of waste in the form of shells and pericarp (40–50%) [2,3]
that are generally dumped into the environment or burned, representing an important loss
of biomass and, at the same time, constituting a cause of some environmental problems.
For these wastes to be better used it is necessary to know their composition and some
characteristics [4,5].

It is well known that agro-industrial wastes, as well as forest residues, municipal
solid wastes, and refused-derived fuels represent different types of biomass energy re-
sources [6]. Nevertheless, their direct combustion has negative aspects owing to their
intrinsic properties, such as low density, low calorific value per unit volume, and high
moisture content. Moreover, the direct burning of agricultural residues is inefficient due to
associated transportation, storage, and handling problems [7,8]. Therefore, it is necessary to
develop strategies for converting biomass to secondary fuels with better characteristics than
the base material [9]. Currently, briquetting is one of the suitable evolving technologies of
waste materials conversion to solid biofuels for energy purposes. Thus, biofuel briquettes
provide a sustainable approach for the improvement and efficient utilization of agricultural
and/or other biomass residues [10].

However, biomass briquetting depends on feed parameters that influence the extrusion
process. The two most important feedstock properties are particle size and moisture
content [11]. For moisture content, the optimal level is defined by the mandatory technical
standard EN 18134-2, while for particle size, which is also considered as great influencer
of final briquette quality [12], there is no mandatory technical standard to define optimal
range of particle size. Furthermore, briquette hardness and quality can be checked by water
test, where a quality briquette should fall to the bottom in a moment due to its higher
specific density than water [13].

According to Jenkins et al. [14], these physical properties are closely linked to molec-
ular structure, affecting the combustion characteristics of a particular fuel or fuel blend.
In this way, the functional groups prevalent in biomass derived molecules may be related
to the fuel properties such as combustion characteristics and emissions, being carbon and
oxygen functional groups the bio-derived molecules with a real application as fuels [14].
The retention of oxygen atoms, abundant in biomass, provides certain advantages, in-
cluding complete fuel combustion and less harmful exhaust emissions [15,16]. For carbon
atoms that are the molecular building blocks of cellulosic biomass, the number is limited to
5- and 6-carbon containing species. The effect of chain extension must also be considered,
especially for more specialized applications [14].

Pecan waste products are rich carbon sources [17], with high concentrations of tannins
and phenols [18,19]. The lignocellulosic composition of these pecan wastes, in terms of
their content in cellulose, hemicellulose, lignin, and ash from the shells, are 5.6, 3.8, 70,
and 5.85%, respectively [17]. In the case of pericarp they are 30, 26, 41, and 1.7% [20],
and from the pecan branches they are 38.7, 30.2, 23.3, and 0.4%, respectively [21].

Although pecan wastes have been studied as a feedstock for bioenergy purposes [22],
and their main components have been determined [23,24], specific information on their
properties for biofuel briquettes elaboration is scarce. Therefore, the present study aimed
to determine the most appropriate particle size from pecan pericarp feedstock materials for
biofuel briquettes production, to optimize the briquetting process, for the prevention of
material lose during production, transportation, and storage; and to investigate how the
energy content and fuel quality of pecan briquettes differ among the functional groups.

2. Results
2.1. Proximate Analysis of the Pecan Pericarp Base Materials

The results of the proximate analyses of the base materials from pecan pericarp
residues are presented in Figure 1. The moisture content of the four analyzed granulometry
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1.6 mm (sieve N◦ 12), 0.84 mm (sieve N◦ 20), 0.42 mm (sieve N◦ 40), and 0.25 mm (sieve
N◦ 60), did not present significant differences, as the probability (p value) were 0.993, with
values ranging between 7.63 and 7.92% (Figure 1a), values that are <12% as indicated by
the EN-14774-1 standard [25]. The highest moisture content was recorded in granulometry
1.6 mm (N◦ 12) and 0.84 mm (N◦ 20), corresponding to the finest materials.

Figure 1. Results of the proximate analyses of pecan pericarp wastes of different particle sizes: 1.6 mm
(N◦ 12), 0.84 mm (N◦ 20), 0.42 mm (N◦ 40) and 0.25 mm (N◦ 60). (a)—Moisture content, (b)—Volatile
matter, (c)—Ash content, (d)—Fixed carbon.

Regarding the volatiles, there were no significant differences (p value = 0.595) among
the granulometric numbers analyzed, with values ranged between 63.01 and 66.68%
(Figure 1b), being below that established by the UNE-EN-15148 standard [26]. The finest
material (particle size N◦ 12) presented the highest content of volatiles.

For the ash content, there were no significant differences between the treatments
(p value = 0.156). The highest ash content was presented with granulometry 0.42 mm
(N◦ 40), and the lowest ash content was presented in granulometry 1.6 mm (N◦ 12), with
values of 11.55% and 8.20%, respectively (Figure 1c). These values are outside the UNE-EN-
14775 standard [27].

The fixed carbon did not show significant differences between the granulometry
(p value = 0.727). The fixed carbon content recorded the range from 16.09 to 18.59%, values
that correspond to particle sizes N◦ 40 (0.42 mm) and N◦ 60 (0.25 mm), respectively
(Figure 1d). The finest materials presented very similar values (17.49% and 17.73 for
materials of particle size 12 and 20, respectively).
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2.2. Energy Content of the Base Materials and the Resulting Briquettes, at Different Particle Sizes,
from Pecan Pericarp Residues

The calorific value analysis shows no significant differences in particle size between
the base material (p value = 0.50) and the briquettes (p value = 0.66). The calorific value
ranged from 17.04 to 17.54 MJ/kg for the base material (Figure 2A), and from 18.19 to
18.45 MJ/kg for the briquettes (Figure 2B), which suggests that the physical transformation
of the pecan pericarp raw material into biofuel briquettes considerably improves its calorific
potential. However, the highest calorific value was registered for the smallest particle sizes
with the raw material (0.42 mm and 0.25 mm, corresponding to sieves number 40 and 60,
respectively). At the same time, the briquettes presented a similar trend of calorific value
for the materials from the different particle sizes analyzed, with greater energy power.
This means that the size of particles is decisive for the energy value of a biofuel, since it
affects the contact among particles, smaller particles has more contact surface and thus heat
transmission is easy.

Figure 2. Calorific values of pecan pericarp residues at the different particle sizes 1.6 mm (N◦ 12),
0.84 mm (N◦ 20), 0.42 mm (N◦ 40) and 0.25 mm (N◦ 60). (A). Raw material; (B). Briquettes.

These calorific values are within the range established by the EN-14918 standard [28],
both for the base material and for the resulting bio-briquettes. This means that the base
material from pecan pericarp residues already constitutes an interesting source of biofuel,
which would be more efficient if transformed into briquettes.

2.3. Morphological Characteristics of the Different Particle Sizes from the Pecan Pericarp Residues

Images from the scanning electron microscopy (SEM) analysis of pecan pericarp
particle sizes are presented in Figure 3, showing that the different particles are ovoid in
shape and of homogeneous size as a result of a correct reduction process. This homogeneity
in the shapes and sizes of the particles is important, since there is greater cohesion at a
homogeneous size.

2.4. Fourier Transform Infrared (FTIR) Analysis of Functional Groups in the Pecan
Pericarp Residues

The main functional groups present in the pecan pericarp residues are shown in
Figure 4, where the highest stretching can be observed in the particles size 0.25 mm (N◦ 60),
and the lowest stretching, in the particle sizes 1.6 mm (N◦ 12). However, the trend of
the signals by the functional groups is the same in the material from all the particle sizes,
being the band between 3000 and 3600 cm−1 attributed to the stretching of hydroxyl (OH)
groups, and the band registered between 2750 and 3000 cm−1, corresponding to methyl
(CH3) groups. The peak at 1600 cm−1 corresponds to the carbonyl group (C=O), with
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the corresponding stretching vibration from 1490–1615 cm−1. The stretching signals at
1200–1490 cm−1 are attributed to the methylene groups (CH2), which show a peak at
1450 cm−1. A higher absorbance characterized the carboxyl group (COOH), reaching its
peak at 1000 cm−1, within the stretching vibration from 700–1200 cm−1. However, as far
as the CH functional group is concerned, the absorbance differs greatly between particles,
there were two well-defined peaks in the particles of N◦ 12. At the same time, in 20 and
40 particle size, that peaks practically disappeared, and in particle size N◦ 60, it reappeared
but one alone, in lower intensity.

Figure 3. Typical morphology of the particle sizes in samples from pecan pericarp residues. (a)—Sieve
number 12 (1.6 mm); (b)—N◦ 20 (0.84 mm); (c)—N◦ 40 (0.42 mm); (d)—N◦ 60 (0.25 mm).

Figure 4. FT-IR spectrograms of different particle sizes from pecan pericarp residues, indicating the
stretching of the signals corresponding to the most representative functional groups.
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The intensity of the infrared spectrogram bands was materialized numerically by
obtaining the highest point through the OriginLab program. As Figure 5 shows, the inten-
sity of the spectrometric stretching was particle size-dependent, being the highest values
obtained with the particles size 60 and the lowest values with the particle size 12, for all the
functional groups (O-H, C=O, CH2, C-OH).

Figure 5. Numerical materialization of the intensity of the most representative signals of the FT-IR
spectrograms as a function of particle size. (A) hydroxyl groups (O-H); (B) carbonyl group (C=O);
(C) methylene group (CH2); (D) carboxyl group (C-OH).

2.5. Physical Properties of the Biofuel briquettes from Different Particle Sizes of Pecan
Pericarp Residues

At the 0.05 level, the density means of biofuel briquettes from pecan pericarp are
significantly different (p value = 0.02), with values from 1.22 to 1.25 g/cm3. Briquettes from
sieve number 40 had the highest density, while sieve numbers 12 and 20 had the lowest
density (Figure 6A), suggesting that thicker materials produce lower-density briquettes
than finer materials. However, the appropriate particle size for briquettes of good density
is 0.42 mm material from the sieve number 40, since with the smallest particle size 0.25 mm
(sieve number 60, the density dropped to 1.23 g/cm3. This trend is the same with hardness,
where the finest particles presented greater resistance to impact, with a hardness of 99.85
for biofuel briquettes from particle size of sieve number 60 (Figure 6B).

Regarding the swelling index, the briquettes with the largest particle size presented the
greatest susceptibility to swelling, with a value of 0.31 for material from sieve number 20.
In contrast, briquettes from sieve number 60 presented a value of 0.15 (Figure 6C).

After dropping briquettes three times from 1.85 m height, they did not lose weight so
there were no broken pieces. Therefore, the IRI was 200 for all treatments, representing the
maximum value that can be presented.
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Figure 6. Physical characteristic of biofuel briquettes from pecan pericarp wastes of different particle
sizes. (A) Density; (B) Hardness; (C) Swelling.

3. Discussion
3.1. Characteristics of the Pecan Pericarp Raw Material at Different Particle Sizes for Energy Use

The characterization of the base material from pecan pericarp residues was done
through proximate analysis, determining the moisture, volatile, ash contents, and fixed
carbon. The moisture was around 7.8%, meeting the requirements of the EN-14774-1 stan-
dard [25], which established the moisture content in the feed biomass as a very critical
factor, and that may be around 10–12%. The moisture present in biomaterials forms steam
under high-pressure conditions, which then hydrolyses the hemicellulose and lignin into
lower molecular carbohydrates, lignin products, sugar polymers, and other derivatives [9],
hence the need to keep the moisture content at a specific value. For five analyzed bioma-
terials (rapeseed oilcake, pine sawdust, Virginia mallow chips, Rape straw, and Willow
chips), Stolarski et al. [29] reported a moisture content range from 9.8 to 18.3%. For palm
oil residues (shell and fiber), Husain et al. [30] pointed out a moisture content of 12%.
Chen et al. [31] suggested that the moisture content should be range between 10 and
15% for biomaterials of energy purposes. According to Kaur et al. [9], more than 15%
moisture content produces poor and weak briquettes. Felfli et al. [32] advocate producing
briquettes from agro-industrial materials (e.g., rice husk, coffee husk, bagasse, soybean
husk, or sawdust) for their moisture content of 15%.

As for the volatile, the values oscillated around 65%, being below that established in
the UNE-EN-15148 standard [26]. The volatile compounds come from both the organic part
of the biomass and the inorganic part; and a high content of these compounds indicates
the presence of an organic load when they are in a range of 74–89%, which provides
a susceptibility to thermal degradation in processes such as combustion and pyrolysis.
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However, a low material volatile content is advantageous since it reduces gases emissions
such as condensable or not condensable containing CO, CO2, CH4 during combustion.
Barroso [33] found a lower percentage of volatile matter that volatilizes during combustion,
concluding that a high percentage does not volatilize. This may justify the percentage
obtained in this study, lower than what is established by the standard.

The percentage of volatiles that were not released during combustion can explain
the high value obtained for the ashes of the pecan pericarp, which were 8–12%, above
the maximum permissible limits of international standards. However, fuels with levels of
more than 20% ash are not enabling for heat generation due to the residuality of chemical
compounds that interfere in the combustion process.

Low fixed carbon content was found in the pecan pericarp (16.09–18.59%). According
to Demirbas [34] and Ngangyo-Heya [35], the low content of fixed carbon increases friability
and brittleness, decreasing compressive strength, cohesion, and energy.

However, the calorific value of the walnut pericarp (around 17.00 MJ/kg) resulted
acceptable for the production of the second-generation solid biofuel, thus constituting an
alternative to protect forests from clearing for the production of charcoal.

Although not all the properties were fully met for the generation of quality biofuels,
the ash content of pecan pericarp was slightly high. On the other side, the fixed carbon
and the volatile matter were little lower than the normal. The values obtained, especially
moisture content and the calorific value, meet the standard ranges established by the
standardized norms, constituting pecan pericarp materials as suitable for their use as
biofuels. However, the improvement of its characteristics by densification may allow the
development of eco-friendly materials, since they are renewable and abundant resources,
according to Shekar and Ramachandra [36] and Spiridon et al. [37].

FTIR is one of the most used techniques for characterization of lignocellulosic materials,
since it is able to identify the main functional groups that are present in its constitution,
to analyze the relationship of some bands through lateral order index and total crystalline
index, which allow understanding the crystalline cellulose structure and the influence
of crystalline and amorphous domains on the properties of those materials. It is worth
mentioning that in the last decade, this method has been widely used for the identification
and quantification of compounds in solid mixtures (e.g., soil, plant extracts, etc.) as well
as liquids. The strong absorption registered in the materials of particle size 60 suggests a
high bioavailability of the functional groups in the finer lignocellulosic materials than in
the thick ones. Biomass produces pure linear hydrocarbons, where hexane and pentane
were reported to be the main components of cellulose [38]. It is reported that an increase in
the number of carbon atoms in a fuel molecule has a profound effect on a range of physical
properties, owing to the increase in intermolecular forces related to the surface area of the
molecule. This could be seen in particle size change of the pecan pericarp which, although
it was a physical modification of the material, presented a greater amount of the functional
groups OH, CH, C=O, C-OH in the smaller particles (sieve N◦ 60), indicating the effect of
the mill (raising the temperature), which could have caused the rupture of certain structural
elements that facilitated the presence of greater bonds as mentioned. The carbon functional
groups are reported to have a profound effect on melting, flash, and boiling points while
keeping the carbon number the same. As intermolecular forces increase with increasing
carbon number, the density, boiling point, melting point, and flash point.

3.2. Physical and Energy Properties of Biofuel Briquettes from Pecan Pericarp Residues at Different
Particle Sizes

The briquettes for energy use correspond to a solid fuel of renewable origin, obtained
by the densification of biomass. They are compressed at high pressure without the presence
of additives, obtaining a homogeneous product with very low humidity [33]. The main
characteristic of briquettes is their high density and homogeneity [33]. Density is an
important parameter to characterize the briquetting process. The standards define the
interval of briquette density values from 1 to 1.4 g/cm3 [39], which means that the materials
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of all particle sizes used in this study are suitable to produce good quality briquettes.
However, it was found that the briquettes made from materials with larger particle sizes
presented the lowest density, compared to briquettes produced with fine materials, due to
the spaces left by larger particles, while in briquettes with smaller particles, the spaces are
reduced. This agrees with the results of Tirado [40], who found that the compaction process,
which consists of the application of pressure and temperature, causes a decrease in the
volume of the walnut shell particles, increasing the density of the briquettes. The suitable
material, as the present study suggests, was particles of size N◦ 40 (0.42 mm) to reach the
highest density. Higher density leads to a higher energy/volume ratio desirable in terms
of transportation, storage, and handling. Briquettes with higher density have a longer
burning time [9]. The density of bio-waste briquettes depends on the density of the original
bio-waste, the briquetting pressure, and, to a certain extent, on the briquetting temperature
and time.

Regarding the homogeneity, Tirado [40] found that the smaller the particle size, the bri-
quettes have greater homogeneity, with which he established an optimal particle size of
2 mm. This further shows that for the densification process, the particle sizes are of great
importance, since it has been shown that as the particle size increases, there is a decrease
in the bonding force between particles, and the speed of heat transmission is reduced
due to the void spaces. Jha and Yadav [41] proposed a mixture of particle sizes. They
found that different sizes of particles improve the packing dynamics and contribute to high
static strength.

The hardness and impact resistance are other characteristics that determine the physi-
cal quality of briquettes, since they simulate the compression force due to the weight of the
other briquettes that can be supported during storage or transport. According to previous
studies, finer grinding of feedstock material results in solid biofuels of higher quality [42,43].
MacBain [44] asserted that larger particles accept less moisture which causes fractures in
solid biofuels in contrast with finer particles. Thus, briquette quality increases with de-
creasing of feedstock particle size, as indicated in the present study, that the finest particles
had greater resistance. However, this trend is limited, according to Kaliyan and Morey [42].
Extremely small particles exhibit a negative influence and decreasing mechanical hardness,
which is the main indicator of mechanical quality of briquettes and disproportionately
large particles.

On the other hand, the moisture content has a remarkable effect on the briquettes
hardness. Previous studies showed that more than 15% moisture content produces poor
and weak briquettes [42]. Mani et al. [45] have demonstrated the neediness to establish
the initial moisture content of the biomass feed to maintain equilibrium and thus avoid
swelling of briquette during storage, transportation, and disintegration when exposed to
humid atmospheric conditions. Brunerová and Brožek [46] proved that the moisture of over
a long period of stored briquettes changes, namely in dependence on the storage conditions.
Feed moisture of 10–12% produces briquettes of 8–10% moisture, and such briquettes are
strong and free of cracks [47]. From the above mentioned information, the majority of
authors have experiences about briquetting of materials of moisture between 9 and 18%.
However, it emerges from the present work that, the moisture content of the base material
can drop to around 7%, and still produce briquettes of good quality, with a high capacity to
resist shock during transport and storage, but, an excessive drop in the moisture content of
the base material can lead to a decrease in the mechanical properties of the briquettes.

The moisture content can vary depending on the particle size of the materials. In this
way, Mani et al. [45] and Gilbert et al. [48] proposed a size reduction of raw biomass
to obtain better properties of the product by drying, mixing, and briquetting. Biomass
material of 6–8 mm size with 10–20% powdery component gives the best results [42].
Mitchual et al. [11] analyzed briquettes produced from tropical hard-wood sawdust,
and found that best particle size ranges between 1–2 mm. However, other authors ex-
hibited that suitable particle size ranges between 10–15 mm for briquettes from municipal
solid waste [49] or ranges between 6–8 mm size for briquettes made from combination of
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three hard-wood species [50]. For their part, Tumuluru et al. [51] studied briquettes pro-
duced from wheat, oat, canola, and barley straw, indicating the best particle size between
25–32 mm. In the present work on the pecan nut pericarp, the appropriate particle size
for the production of good quality briquettes is around 1 mm. Choice of optimal particle
size apparently partially depends on concrete feedstock material, but in general, it is not
disputed that overall optimal particle size is not defined yet.

4. Materials and Methods
4.1. Base Materials from Pecan Pericarp Residues and the Biofuel Briquettes Elaboration

The pecan pericarp residues were collected from orchards in southern Nuevo Leon,
Mexico, immediately after the harvesting, and were left to dry at room temperature for
a minimum time of 10 days. Then, the material was ground through a knife mill and
since particles produced by knife milling are not uniform in their size, the particle size
distribution was determined according to the UNE-EN 17827-2 standard [52], with a
series of metal mesh sieves of standard specifications and sizes, placed in sequential order
(from largest to smallest) and arranged from the top to the bottom, to allow a complete
reduction of the particle size (12, 20, 40 and 60 corresponding to 1.60 mm, 0.84 mm, 0.42 mm,
and 0.25 mm openings, respectively). The representative fraction of each size was collected,
and used as raw material for the production of biofuel briquettes. A vertical orientation
laboratory briquetting machine (LIPPEL®, Agrolândia, Santa Catarina, Brazil) was used,
which presents a solid base with a cylinder of 20 mm in diameter and an integrated
thermostat that allows the temperature to be modified, two pistons that apply pressure
and facilitate the briquette extraction. Each one was made with 200 cm3 of the base
material, and the operating conditions were 15 MPa of pressure, 90 ◦C of temperatures
and five minutes pressure, similar to that developed by Zepeda-Cepeda [53] and Ramírez-
Ramírez [54], for briquettes of 3.3 cm in diameter and 8.0 cm in length. Eight briquettes
were made per treatment (granulometry) for subsequent analyzes.

4.2. Proximate Analysis and Energy Content of the Pecan pericarp Base Materials

The term “proximate analysis” is used to indicate the ASTM standardized test to
define the quality of a fuel [36,55], based on determining the moisture content, volatile
matter, ash content, and fixed carbon. Regarding the energy content, the calorific value was
determined from the content of fixed carbon (FC) and volatile matter (VM), according to
the formula described by Cordero et al. [56]. Although all these properties are somewhat
interrelated, they are measured and valued separately, as indicated in Table 1.

Table 1. Parameters analyzed according to the ASTM standards.

Relation Observation

Moisture content MC = (Wi – Wd)
Wi ∗ 100

Wi = initial weight of the raw material; Wd = dry weight of the
raw material after 3 h in an oven at 105 ◦C.

Volatile matter VM = (Wd – Wv)
Wd ∗ 100

Wv = weight of the materials after placing them in a muffle
furnace at 950 ◦C.

Ash content Ash = Wa
Wv ∗ 100 Wa = ash weight after muffling at 750 ◦C during 6 h.

Fixed carbon content FC = 100 − (MC + VM + Ash)
The fixed carbon content was obtained, subtracting the

moisture, volatiles, and ash content, from 100%.
Calorific value CV = 354.3 FC + 170.8 VM The calorific value is a function of the fixed carbon and volatiles.

4.3. Fourier Transform Infrared (FTIR) Spectroscopy for Analysis of Functional Groups from Pecan
Pericarp Residues

The phytochemical characterization of the particles was carried out by infrared analy-
sis, using a IFS 66 FT-IR spectrophotometer (Perkin-Elmer Frontier, Waltham, USA) with
digitization of spectra that allows to obtain electronic files of the analyzes. All samples
were analyzed under the same conditions, using 64 scans, in a range from 4000–400 cm−1,
at a resolution of 4 cm−1. The analysis was carried out with 1 mg of each particle size
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sample, and the majority functional groups were identified according to the Spectrometric
Identification of Organic Compounds manual, and the absorbance of their bands was
obtained from a local baseline corrected and normalized at 2900 cm−1, between adjacent
valleys [57]. Subsequently, the intensities of the spectrometric signals were materialized
by calculating the highest point using the OriginLab 8.0 software (OriginLab Corporation,
Northampton, MA, USA), with the aim of comparing the availability of possible biofuel
compounds in the particles of interest.

4.4. Morphological Analysis of Different Particle Sizes from the Pecan Pericarp Residues

The different particle sizes of the pecan pericarp residues materials were analyzed
through scanning electron microscopy (SEM). The samples were dehydrated to constant
weight, at a temperature of 100 ± 3 ◦C and to each one, a coating with copper was applied
so as not to decompose organic matter, in a Sputter Coater equipment, during a time of
15 min at 10 mAh, to obtain SEM images in a model JSM6400 scanning electron microscope
(JEOL, JSM-6400 Tokyo, Japan), coupled to an X-ray spectrometer, with an electron beam
acceleration potential of 20 kV at 9.

4.5. Physical Properties Analysis of the Biofuel Briquettes from Different Particle Sizes of Pecan
Pericarp Residues
4.5.1. Density

The density was determined according to the UNE-EN-16127 standard [58]. Equation (1)
was used:

ϕ =
m
V

(1)

where ϕ is the density of the briquettes, m the mass of the sample, and v the volume of
the sample.

The volume of the samples was determined by Equation (2):

V = πr2h (2)

Measurements were made after seven days of conditioning at 20 ◦C and 65% relative
humidity, so that the briquette stabilized and that the dilation effect did not affect the
results [59].

4.5.2. Hardness

The hardness consisted of estimating and analyzing the briquette ability to resist
during the storage, transport and/or compression processes. It is based on weighing each
sample, dropping it three times from a height of 1.85 m, and weighing again the piece that
remained larger, the calculation of this property was made as described by Kaliyan and
Morey [42] with Equation (3):

Hardness = 100 − Ws − Wp

Ws
× 100 (3)

where Ws is the weight of the briquette sample, Wp is the weight of the piece that
remained larger.

4.5.3. Swelling

The swelling index was used to see the ability of agglomeration between the particles
during the briquetting process. It was determined by Equation (4):

Swelling =
Ws − Wp

Ws
× 100 (4)

where Ws is the weight of the briquette sample, Wp is the weight of the piece that
remained larger.
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4.5.4. Impact Resistance Index (IRI)

The impact resistance test simulates the forces encountered during emptying of densi-
fied products from trucks onto ground, or from chutes into bins. The IRI was calculated as
described by Richards [60] with Equation (5):

IRI = (100 ∗ N)/n (5)

where N is the number of drops, and n is the total number of pieces after N drops. Small
pieces weighing less than 5% of the original weight of the logs were not included in the
IRI calculation.

4.6. Statistical Analysis

Since the data resulting from the proximate analysis are percentage values, they were
transformed with the square root function of the p arcsine, where p = the proportion of
the dependent variable [61]. Subsequently, data normality tests were performed for each
variable, using the Kolmogorov–Smirnov test. For all the results, a completely randomized
experimental design was applied, evaluating 4 treatments with 7 repetitions: T1. N◦ 12
(1.60 mm), T2. N◦ 20 (0.841 mm), T3. N◦ 40 (0.420 mm), T4. N◦ 60 (0.250 mm), and the
statistical package used for the analysis of the data obtained was Origin 2021b. An analysis
of variance was performed to verify the significant differences between the variables
evaluated, with a 95% confidence interval.

5. Conclusions

The proximate analyses carried out on the materials of different particle sizes obtained
from pecan (Carya illinoinensis) pericarp allowed us to determine the moisture content,
volatile matter, ash content, and fixed carbon, which turned out to be adequate to define
these materials as good quality biofuels. Its physical transformation through briquet-
ting significantly increased its bioenergetic potential, with calorific values going from
17.00 MJ/kg for the base material to 18.00 MJ/kg for briquettes, due to the high density
reached, its hardness and strong impact resistance, giving a solid biofuel that is easy to
transport, store, and handle. In this way, the particle size was illustrated as a determining
factor in the quality of the briquettes, since the finer materials presented higher density
(1.25 g/cm3 for granulometry 0.42 mm from a number 40 sieve), and higher hardness
(99.85 for biofuel briquettes made from number 60 sieve particle size materials) than larger
materials (obtained using number 12 and 20 sieves). Likewise, a greater bioavailability
of the main functional groups was registered in the finest materials, which increases the
briquettes’ energy characteristics. Based on the results obtained, the studied biomass can
produce suitable densified biofuels.
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Abstract: The enormous environmental problems that arise from organic waste have increased due
to the significant population increase worldwide. Microbial fuel cells provide a novel solution for
the use of waste as fuel for electricity generation. In this investigation, onion waste was used, and
managed to generate maximum peaks of 4.459 ± 0.0608 mA and 0.991 ± 0.02 V of current and voltage,
respectively. The conductivity values increased rapidly to 179,987 ± 2859 mS/cm, while the optimal
pH in which the most significant current was generated was 6968 ± 0.286, and the ◦ Brix values
decreased rapidly due to the degradation of organic matter. The microbial fuel cells showed a low
internal resistance (154,389 ± 5228 Ω), with a power density of 595.69 ± 15.05 mW/cm2 at a current
density of 6.02 A/cm2; these values are higher than those reported by other authors in the literature.
The diffractogram spectra of the onion debris from FTIR show a decrease in the most intense peaks,
compared to the initial ones with the final ones. It was possible to identify the species Pseudomona
eruginosa, Acinetobacter bereziniae, Stenotrophomonas maltophilia, and Yarrowia lipolytica adhered to the
anode electrode at the end of the monitoring using the molecular technique.

Keywords: organic waste; generation; electricity; onion; microbial fuel cells

1. Introduction

In recent decades, the rapid growth of human society has brought with it an increase in
pollution, in which organic waste due to the lack of solid waste collection centers is dumped
around supply centers [1,2]. This situation causes discomfort to homes near these markets
due to bad smells, as well as birds and rodents originating from the extensive duration of
accumulation [3]. According to the World Bank, people will produce 2.2 trillion tons of
solid waste in 2025 [4], of which approximately 33% will be waste that will not be managed
safely [5]. According to Szulc et al. (2021), each person produces an average of 0.74 kg per
day, but it can vary from 0.11 to 4.54 kg due to people’s diet [6]. Considering that some
regions are developing rapidly, this will double or triple their waste production [7]. Due to
the large amounts of waste, many researchers have looked for innovative ways to use it;
for example, waste has been used in fertilizers [8], biopolymers [9], biogas generation [10],
and bioelectricity [11]. In this sense, the use of organic waste to generate electricity through
microbial fuel cells is being intensively investigated, because it can be used as a fuel to
generate electricity and, once depleted, it can further be used for sowing, since the waste
is still rich in minerals [12]. Microbial fuel cells (MFCs) are bioelectrochemical devices
in which the chemical energy of the substrates is converted into electrical energy. There
are many cell types, although in general the cell is connected to an external circuit; the
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composition of the cell consists of an anodic and cathodic chamber separated by a proton
exchange membrane. The anodic chamber is customarily in anaerobiosis, and the cathodic
chamber is in contact with oxygen [13–15]. In this sense, Cecconet et al. (2018) used agro-
industrial waste in their cells, which were made with graphite electrodes, and managed
to generate voltage peaks of 637 mV with an external resistance of 20.4 Ω on day 51. The
excellent production of electricity obtained was attributed to colonization of the species of
electroactive bacteria on the anode electrode [16]. In the same way, Asefi et al. (2019) used
food waste as substrate and carbon felt as electrodes, and managed to generate voltage
peaks of approximately 775 ± 2 mV and 422 mW/m2, with the decline in values being
attributed to the lack of nutrients in the last days of monitoring [17]. Although vegetable
residues are difficult to use for the generation of electrical currents, Fogg et al. (2015) were
one of the first to report the use of plants in MFCs for electricity generation, pointing out
their great potential for use as a substrate in a cell due to their possessing many active
redox mediators [18]. In the same sense, Shrestha et al. (2016) managed to generate peak
voltages of approximately 0.78 V and current densities of 1.504 A/cm2 in their MFCs [19].
These results were attributed to the high concentration of carbohydrates, amino acids, and
species with redox activity [20]. Due to this, vegetable residues with high redox species
and carbohydrate content are potentially excellent candidates for generating electrical
current in MFCs when used as substrates. One of the most important agricultural products
in the world is onion (Allium cepa L.), with 392,536 tons being produced in 2018, and its
production continues to grow [21]. This product is a rich source of polyphenol dietary fibres
and antioxidants, and onion skin is a waste that contains a high concentration of flavonoids
compared to the edible part [22]. Flavanols have a higher concentration (280–400 mg/kg)
in onions than in other vegetables; for example, broccoli has a concentration of 100 mg/kg
and apple 50 mg/kg; thus, the onion contains active antimicrobial agents [23]. Due to the
incredible popularity of this vegetable, large amounts of waste are being generated, which
is used to flavour food products, especially dairy products such as flavoured cheese, sour
cream, or meat products such as processed hams, cold cuts, and meat cans [24,25].

Worldwide, approximately 66 million tons of onions are produced each year. It is
expected that in 2025, an increase of 88.6–92.8% of waste generated by this vegetable will
occur, with the implementation of strategies to minimize contamination due to this product
being of vital importance [26]. The accelerated increase in waste affects the environment,
emphasising the need to design adequate strategies to minimize the social and environ-
mental impacts on future generations [27]. In general, a 70% increase in the generation of
urban solid waste is expected by 2050, which will occur if there are no changes in consumer
habits in the process of disposing waste. The linear economy model follows a step-by-step
purchase, manufacturing, and disposal scheme; this means raw materials are collected
and used until they are finally discarded. This creates a domino effect where it results
in a shortage of raw materials and increases in cost due to the handling and disposal of
waste [28,29]. The circular economy and its acceptance have a direct effect on the fight
against waste, since it uses waste as a product, contributing to the minimization of pollu-
tion [30]. To achieve positive changes with respect to the conservation of the environment,
the use of innovative technologies for solid waste management must be counted on, taking
the circular economy as the main focus, since it is framed around the valorisation of waste
as a resource [31]. Countries and their citizens have the responsibility of producing struc-
tural changes in policies and plans related to the sustainable development of solid waste,
achieving adequate treatment, management, utility, and final disposal through the circular
economic model [32].

The main objective of this research is to generate electricity using onion waste (mon-
itoring the physical-chemical parameters) and to identify the main microorganisms in
anodic electrodes that generate such energy. In order to provide a clear picture, the voltage,
current, pH, brix degrees, and conductivity were monitored for 35 days. The internal
resistance, power density, current density, and the initial and final transmittance spectrum
of the substrates were characterized by Fourier transform infrared spectroscopy (FTIR).

154



Molecules 2022, 27, 625

Molecular techniques identified electrogenic bacteria attached to the anode. This research
provides a solution by which the waste originating from this vegetable can be used as
fuel and the eco-friendly generation of electricity, to the benefit of farmers and export and
import companies.

2. Materials and Methods
2.1. Construction of Single-Chamber Microbial Fuel Cells

Microbial fuel cells (three in total) were created using copper (Cu) at the anode and
zinc (Zn) at the cathode in the absence of a proton exchange membrane, as shown in
the prototype in Figure 1. A 600 mL polymethylmethacrylate tube was used as the MFC
chamber, in which a 5 cm hole was drilled at one end so that the cathode had contact with
the environment (O2). The electrodes were 78.50 cm2 in area; both electrodes were joined
by an external resistance connected with copper wire (0.2 cm in diameter).

Figure 1. Scheme of the MFC prototype.

2.2. Onion Waste Collection and Preparation

An amount of 3 kg of decomposed onion was collected from the La Hermelinda
Trujillo market, Peru, in sealed airtight bags and stored in a cooler. The debris was placed
in plastic trays to remove any plastic, paper, or other foreign material. The samples were
then washed with distilled water three times to remove dust, insects, or other impurities.
Next, the samples were left to dry in an oven (Labtron, LDO-B10) for 24 h 30 ± 1.5 ◦C.
Finally, the onion residues were placed in an extractor (Maqorito-400 rpm) to obtain 800 mL
(150 mL for each MFC) of waste onion juice.

2.3. Characterization of Microbial Fuel Cells

The voltage and current values generated were monitored using a multimeter (Prasek
Premium PR-85-USA) for a period of 35 days with an external resistance of 1000 Ω at
22 ± 2 ◦C. Current density (CD) and power density (PD) were calculated using the equa-
tions of CD = V2

cell/Rext. A and PD = Vcell/Rext. A, where A (area) of the cathode has an
approximate value of 78.50 cm2 [33]. With external resistances (Rext.) of 0.3 (±0.1), 0.6
(±0.18), 1 (±0.3), 1.5 (±0.31), 3 (±0.6), 10 (±1.3), 20 (±6.5), 50 (±8.7), 60 (±8.2), 100 (±9.3),
120 (±9.8), 220 (±13), 240 (±15.6), 330 (±20.3), 390 (±24.5), 460 (±23.1), 531 (±26.8), 700
(±40.5) and 1000 (±50.6) Ω [16]. Changes in conductivity (CD-4301 conductivity meter),
pH (110Series Oakton pH meter) and Brix degrees (RHB-32 Brix refractometer) were also
measured. Transmittance values were measured by FTIR (Thermo Scientific IS50) and MFC
resistance values were measured using an energy sensor (Vernier- ±30 V and ±1000 mA).
The data points of the voltage, current, pH, conductivity, ◦ Brix, Current density (CD) and
power density (PD) figures represent the average values from three replicates and the error
bars represent the corresponding standard deviations.
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2.4. Isolation of Electrogenic Microorganisms in Anodic Chamber

For isolation, a swab of the anode plate was made; then, it was seeded by the stria
technique in culture media such as Brain Heart Infusion Agar, Nutritive Agar, Mac Con-
key Agar, and Sabouraud Agar. They were incubated at 36 ◦C to isolate Gram-negative
bacteria and 30 ◦C for fungi and yeasts. The isolation of microorganisms was carried out
in duplicate.

2.5. Molecular Identification of Bacteria and Fungi

The Laboratory’s Analysis and Research Center of “Biodes Laboratorios” carried out
the molecular identification. From axenic cultures, they carried out DNA extraction using
the CTAB technique. The MACROGEN Laboratory sequenced the PCR products, then
analysed them by the MEGA X bioinformatics software (Molecular Evolutionary Genetics
Analysis); finally, they were aligned and compared with the BLAST bioinformatics program
(Basic Local Alignment Search Tool) to obtain the percentage of identity in identifying fungi
and bacteria.

3. Results and Analysis

In Figure 2a, the voltage values observed during the 35 days of monitoring of the
MFCs are shown, in which the successive increase of the values can be seen from the first
(0.9033 ± 0.016 V) to the sixth day (0.991 ± 0.02), and then slowly decay until the last day
(0.5463 ± 0.0345 V). The rapid generation of voltage in the first days is mainly due to the
metallic electrode used. According to Hindatu et al. (2017), the use of an anodic electrode
of this type has lower resistance and higher conductivity of the electrons generated to the
cathode electrode [34]. The use of Zn and Cu as electrodes has already been studied; rapid
generation of voltage on the first day was observed due to the current chemical present in
the substrate, and because there was not enough time to adhere the microorganisms on
the electrode [35,36]. However, as the days go by, the microorganisms exhibit increasing
anodic behaviour due to the decomposition of the substrate [37]. At the same time, the
voltage variations are generated by the substrate used, which contains components that
affect the growth of microorganisms at the time of degradation [38]. Figure 2b shows the
generated values of electric current during the 35 days of monitoring. It can be seen that,
after the first day (3.006 ± 0.0837 mA), the current values increase to their maximum peak
on the seventh day (4459 ± 0.0608 mA), following which a decrease is observed until the
last day (10806 ± 0.0540 mA). The work carried out by Din et al. (2020), in which they used
potato waste, mentions that the decrease in current values is due to the rapid hydrolysis of
organic matter (substrate) due to the variation of the appropriate pH values [39].

On the other hand, glucose consumption by microorganisms under anaerobic con-
ditions produces carbon dioxide, protons, and electrons in the anode chamber, which
contributes to the increase in current values [40]. Likewise, the possible low resistance of
the system (substrate, electrodes, and external circuit) contributes to making the flow of
electrons more feasible, and the high current values during the monitoring period confirms
the presence of an exoelectrogenic biofilm (community bacterially or electrochemically
active) on the anode electrode [41,42]. These preliminary results on the use of onion waste
for the generation of bioelectricity show the way for more research due to the excellent
current and voltage results obtained, although as mentioned by Rahman et al. (2021), one
of the essential points is the study of the availability of glucose by the substrates, which is
what limits the release of electrons and leads to a decrease in electrical current [43].
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Figure 2. Monitoring of the values of (a) voltage and (b) current of the microbial fuel cells.

The maximum value of conductivity is obtained on the fifth day (179,987 ± 2859 mS/cm),
as can be seen in Figure 3a, and conductivity then decreases continuously until the last
day (28,667 ± 6110 mS/cm). The variations in conductivity are due to the creation and
formation of sediments from the waste used during the electricity generation process [44].
While the increase in conductivity is mainly due to the reduction of the resistance of
organic waste used as fuel, these values can be improved by adding inorganic salts to
the substrate of the anode chamber [45,46]. In Figure 3b, it can be observed that the pH
values vary from slightly acidic (3.77 ± 0.036) to neutral (6.968 ± 0.286), with the optimum
pH for the generation of voltage and current being 4.35 ± 0.201. According to Geng et al.
(2020), an MFC operating at neutral pH decreases the electrical parameters due to the
competition between methanogens and electrigens contained in the substrate [47]. However,
the optimal operation for each substrate and cell type varies due to the different operating
parameters in electricity production [48]. For example, Ren et al. (2018) investigated the
performance of their cells by adjusting the pH, managing to obtain the optimal pH for a
value of 9, because the microorganisms present in their substrate obtained the appropriate
conditions for their growth [49]. Figure 3c shows the ◦ Brix values exhibited by the cells
during monitoring, which in the first days have a value of 4 and then drop to zero by
the twelfth day, a value which is maintained until the last day of operation of the cells.
Clark et al. 2018 [50] determined the presence of soluble solids (0.997, 0.1 ◦ Brix), pyruvate
(0.825, 0.8 µmol g-1 FW), fructan (0.98, 1.9 mg g-1 FW), glucose (0.941, 1.1 mg g-1 FW),
fructose (0.967, 1.0 mg g-1 FW) and sucrose (0.919, 1.7 mg g-1 FW) in onion crops by FTIR,
as they are carbon sources for the growth of microorganisms.

Figure 4a shows the internal resistance values (Rint.) The resistance values of the
microbial fuel cells during the 35 days (50,400 min) of monitoring did not show major
fluctuations at 22 ± 2 ◦C, and the average value of Rint. Was 154,389 ± 5228 Ω. Previous
studies show that low internal resistance is mainly due to good biofilm formation on the
anode electrode due to electrogenic microorganisms present in the substrate [51,52]. In
the same way, by containing a low Rint., electron transfer will occur more efficiently from
anode to cathode; thus, microorganisms may prefer more direct ways of electron transfer
due to their genetics [37]. Figure 4b shows the values of power density (PD) and voltage as a
function of current density (CD), managing to generate a PDmax. of 595.69 ± 15.05 mW/cm2

in a CD 6.02 A/cm2 and with a maximum voltage of 871.92 ± 7.9 mV. The PD and CD
values obtained in this investigation were higher compared to those obtained with other
substrates (H. undatus, M. citrifolia and R. ulmifolius) [53], using the same design and
materials, which may be due to greater ease of degradation of the grape substrate [54]. In
the same sense, in the work carried out by Yang et al. (2019), the values of CD and PD
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using sediments as substrate are lower than those obtained by us, thus demonstrating
the great potential of fruit residues for the generation of electricity [55]. Although the CD
and PD values can still be increased using a proton exchange membrane (MIP) between
the anodic and cathode chamber, as demonstrated by Asensio et al. (2018) in his work, in
which he used wastewater and different types of IPM as a substrate (Nafion-117 HRT3.16,
Nafion-117 HRT 6.32d, Neosepta CMX, and Neosepta AMX), achieving a higher current
density (~850 mA/m2) using the NAFION-117 HRT 3.16 as MIP [56].

Figure 3. Values of (a) conductivity, (b) pH, and (c) ◦ Brix of the microbial fuel cells.

Figure 5 shows the values of the transmittance spectrum by FTIR of the onion waste at
the initial and final time of operation in the microbial fuel cells. The 3291 cm−1 peak belongs
to the hydroxyl group (range 3200–3300 cm−1), the stretches close to 2929 cm−1 belong
to the methylene-CH, the 1630 cm−1 peak belongs to the quinone or conjugated ketone
(C=C, stretch), the peaks between 1300–1400 cm−1 belong to OH bonds and the 1027 cm−1

peak to -CC-stretch, ethers [57–59]. The decrease in the intensity of the transmittance peaks
is mainly due to the degradation of the compounds in the electrical energy generation
process [60].
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Figure 4. Characterization of (a) internal resistance and (b) power and voltage density about the
current density of the MFCs.
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Figure 5. FTIR spectrophotometry of the initial and final onion residues.

The Analysis and Research Center of the “Biodes Laboratorios” laboratory carried out
the molecular identification. The genetic material (DNA) was extracted from pure or axenic
cultures of bacteria and fungi, isolated from anode plates with onion substrate, using the
CTAB extraction method [61]. The PCR products for the 16S rDNA gene (bacteria) and the
ITF region (yeast) of each isolate were sequenced in the Macrogen laboratory (USA) [62].
Then the relationship of the sequences was evaluated in the bioinformatics Software MEGA
X (Molecular Evolutionary Genetics Analysis) to be later aligned and compared with other
sequences in the bioinformatics program BLAST (Basic Local Alignment Search Tool),
through which the percentage of identity was obtained for the identification of bacteria
and fungi.

A BLAST characterization of the rDNA sequence of the bacteria and yeast isolated
from the anode plate of the onion microbial fuel cells was performed, where a 100% identity
percentage was obtained corresponding to the Pseudomona eruginosa species, 99.93% to
the Acinetobacter bereziniae species, 100%, to the Stenotrophomonas maltophilia species
(see Table 1), and 100% to the Yarrowia lipolytica species (see Table 2).

The phylogenetic tree was constructed using the Maximum Likelihood method with
Bootstrap phylogeny test with 100 replicates to show differences in general phylogenetic
distances. A BLAST characterization of the rDNA sequence of the bacteria isolated from the
anode plate of the fuel cells was performed (Figure 6). Onion microbial bacteria, identified
as Pseudomonas aeruginosa species, is a Gram-negative, facultative aerobic bacterium [62],
which can use carbon and nitrogen sources, obtaining energy from the oxidation of sugars;
this species is persistent in the environment [63]. Likewise, it is worth mentioning that
this species possesses electron mediators such as phenazine-1-carboxylic acid, pyocyanin,
pyoverdine, among others, which allows it to survive in anaerobic conditions [64,65].
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Table 1. BLAST characterization of the rDNA sequence of bacteria isolated from the MFC anode plate
with onion substrate.

BLAST
Characterization

Consensus
Sequence Length

(nt)

%
Maximum Identity

Accession
Number Phylogeny

Pseudomona
aeruginosa 1442 100.00% MT633047.1

Cellular organisms; Bacteria;
Proteobacteria; Gammaproteobacteria;

Pseudomonadales;
Pseudomonadaceae; Pseudomonas;

Pseudomonas aeruginosa group

Acinetobacter
bereziniae 1468 99.93 % CP018259.1

Cellular organisms; Bacteria;
Proteobacteria; Gammaproteobacteria;

Pseudomonadales; Moraxellaceae;
Acinetobacter

Stenotrophomonas
maltophilia 1477 100.00% NR_041577.1

Cellular organisms; Bacteria;
Proteobacteria; Gammaproteobacteria;

Xanthomonadales;
Xanthomonadaceae;
Stenotrophomonas;

Stenotrophomonas maltophilia group

Table 2. BLAST characterization of the yeast rDNA sequence isolated from the MFC anode plate
with onion substrate.

Caracterización
BLAST

Consensus
Sequence Length

(nt)

% Maximum
Identity

Accession
Number Phylogeny

Yarrowia lipolytica 369 100.00% MN124085.1

Cellular organisms; Eukaryota;
Opisthokonta; Fungi; Dikarya;
Ascomycota; saccharomyceta;

Saccharomycotina; Saccharomycetes;
Saccharomycetales;

Dipodascaceae; Yarrowia

Figure 6. Dendrogram of groups of bacteria isolated from the MFC anode plate with onion substrate.

A study by Ali et al. exposed the efficiency of using the species Pseudomonas erug-
inosa, which generated 136 ± 87 mW/m2 from the use of glucose, followed by fructose
and sucrose. This study observed that the cell fed with glucose presented higher bacterial
adhesion [66]. On the other hand, Acinetobacter bereziniae was identified as a Gram-negative,
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aerobic, non-fermentative, oxidase-negative, and immobile organism [67]. This microorgan-
ism has been detected as a contaminant in human and animal milk and the environment.
This bacterium is characterised by surface hydrophobicity, which contributes to its ad-
herence to surfaces [68]. Likewise, this genus was proposed as a model microorganism
for environmental microbiological studies, pathogenicity tests, and industrial chemical
production [69].

It is worth mentioning that the species Stenotrophomonas maltophilia was also identi-
fied, a cosmopolitan and ubiquitous bacterium found in a series of environmental habitats,
mainly associated with plants [70]. This bacterium can form biofilms on various sur-
faces [71]. These bacteria transfer electrons directly to the anode through outer membrane
carrier proteins, such as cytochrome c, or membrane appendages called nanowires [72].
Romo et al. 2019 investigated the composition of the microbial community of the cathode of
a Microbial Fuel Cell for the reduction of Cr (VI) in tannery effluents, finding four bacterial
phyla (Proteobacteria, Actinobacteria, Fimicutes and Bacteroides) by pyrosequencing 454
of the 16S rRNA gene, with the genus Pseudomonas being the most abundant. On the
other hand, they stressed the importance of the biofilms formed in the electrodes and the
generation of electricity through microbial combustion cells with a salt bridge. In this way,
the system’s potential is demonstrated together with the microbial communities in the
bioremediation processes of contaminated effluents [73]. The phylogenetic tree for yeast
was built with the Maximum Likelihood method without Bootstrap phylogeny test, for
which ribosomal DNA sequences based on the ITS regions of the Yarrowia lipolytica species
were used (Figure 7). It is an ascomycete yeast with a high lipolytic and proteolytic capacity.
This species has been isolated from meat, fermented dairy, sewage, and water contaminated
by hydrocarbons [74]. In Santiago et al. 2020, a Sacharomyces cereviceae culture was used
as fuel, generating a voltage of 0.761 volts and a PDmax and CDmax of 8196 mW/cm2 and
8383 mA/cm2, respectively, in the Zn-Cu cell, while in the Zn-Zn cell, 5684 mW/cm2 and
0.238 mA/cm2 of PDmax and CDmax were generated, respectively.

Figure 7. Dendrogram based on the ITS regions of the rDNA regions of a Yarrowia lipolytica culture
isolated from the anode plate of the MFC with onion substrate.

4. Conclusions and Future Development

Bioelectricity was successfully generated using onion waste using low-cost microbial
fuel cells manufactured with zinc and copper electrodes. The maximum voltage and
current obtained during the monitoring were 0.991 ± 0.02 V and 4.459 ± 0.0608 mA,
respectively, values which, compared to other reports in the literature, are higher and
show suitable electrical parameters that did not decrease in their entirety by the end of the
monitoring. The optimal pH in the cells was 6.968 ± 0.286, and its conductivity values
increased to 179.987 ± 2.859 mS/cm, while the ◦ Brix rapidly dropped to zero on day 12.
The internal resistance of the cells was 154.389 ± 5.228 Ω, which explains why, of its
high electrical values, this low resistance value is mainly due to the compounds of onion
residues, which decrease due to degradation in the bioelectricity generation process, as
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shown by the transmittance spectrum of the FTIR. The maximum power density was
595.69 ± 15.05 mW/cm2 at a current density of 6.02 A/cm2 with a maximum voltage of
871.92 ± 7.9 mV. Finally, a microbial consortium adhered to the anode was identified by
molecular techniques, which obtained a percentage of identity of 100% to the Pseudomona
eruginosa species, 99.93% to the Acinetobacter bereziniae species, 100% to the Stenotrophomonas
maltophilia species, and 100% to the species Yarrowia lipolytica.

In the near future, researchers will face new challenges transitioning from the labo-
ratory to real social environments such as installations of CFMs in houses, industries and
food supply centres, the passivation of electrode materials by electromechanical deposition
to improve the effects of corrosion of the material, and the connection of the electrodes
in the MFCs. Likewise, the effects that can be given by using different nanomaterials for
coating the electrodes should be investigated.
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6. Szulc, W.; Rutkowska, B.; Gawroński, S.; Wszelaczyńska, E. Possibilities of using organic waste after biological and physical

processing—An overview. Processes 2021, 9, 1501. [CrossRef]
7. Moya, D.; Aldás, C.; López, G.; Kaparaju, P. Municipal solid waste as a valuable renewable energy resource: A worldwide

opportunity of energy recovery by using Waste-To-Energy Technologies. Energy Procedia 2017, 134, 286–295. [CrossRef]
8. Pellejero, G.; Miglierina, A.; Aschkar, G.; Turcato, M.; Jiménez-Ballesta, R. Effects of the onion residue compost as an organic

fertilizer in a vegetable culture in the Lower Valley of the Rio Negro. Int. J. Recycl. Org. Waste Agric. 2017, 6, 159–166. [CrossRef]
9. Pagliano, G.; Ventorino, V.; Panico, A.; Pepe, O. Integrated systems for biopolymers and bioenergy production from organic waste

and by-products: A review of microbial processes. Biotechnol. Biofuels 2017, 10, 1–24. [CrossRef]
10. Aravindhan, A.; Lingeshwaran, N.; Goutami, K. Bio-Gas production from different organic wastes. Mater. Today Proc. 2021, 47,

5457–5461.
11. Segundo, R.F.; Renny, N.N.; Moises, G.C.; Daniel, D.N.; Natalia, D.D.; Karen, V.R. Generation of Bioelectricity from Organic Fruit

Waste. Environ. Res. Eng. Manag. 2021, 77, 6–14.
12. Saba, B.; Christy, A.D. Bioelectricity Generation in Algal Microbial Fuel Cells. In Handbook of Algal Science, Technology and Medicine;

Academic Press: Cambridge, MA, USA, 2020; pp. 377–384.
13. Jatoi, A.S.; Akhter, F.; Mazari, S.A.; Sabzoi, N.; Aziz, S.; Soomro, S.A.; Mubarak, N.M.; Baloch, H.; Memon, A.Q.; Ahmed, S.

Advanced microbial fuel cell for wastewater treatment—A review. Environ. Sci. Pollut. Res. 2021, 28, 5005–5019. [CrossRef]

163



Molecules 2022, 27, 625

14. Leung, D.H.L.; Lim, Y.S.; Uma, K.; Pan, G.T.; Lin, J.H.; Chong, S.; Yang, T.C.K. Engineering S. oneidensis for performance
improvement of microbial fuel cell—A mini-review. Appl. Biochem. Biotechnol. 2021, 193, 1170–1186. [CrossRef]

15. Raychaudhuri, A.; Behera, M. Review of the process optimization in microbial fuel cells using design of experiment methodology.
J. Hazard. Toxic Radioact. Waste 2020, 24, 04020013. [CrossRef]

16. Cecconet, D.; Molognoni, D.; Callegari, A.; Capodaglio, A.G. Agro-food industry wastewater treatment with microbial fuel cells:
Energetic recovery issues. Int. J. Hydrogen Energy 2018, 43, 500–511. [CrossRef]

17. de Asefi, B.; Li, S.L.; Moreno, H.A.; Sanchez-Torres, V.; Hu, A.; Li, J.; Yu, C.P. Characterization of electricity production and
microbial community of food waste-fed microbial fuel cells. Process Saf. Environ. Prot. 2019, 125, 83–91. [CrossRef]

18. Fogg, A.; Gadhamshetty, V.; Franco, D.; Wilder, J.; Agapi, S.; Komisar, S. Can a microbial fuel cell resist the oxidation of Tomato
pomace? J. Power Sources 2015, 279, 781–790. [CrossRef]

19. Shrestha, N.; Fogg, A.; Wilder, J.; Franco, D.; Komisar, S.; Gadhamshetty, V. Electricity generation from defective tomatoes.
Bioelectrochemistry 2016, 112, 67–76. [CrossRef]

20. Yaqoob, A.A.; Ibrahim, M.N.M.; Umar, K. Biomass-derived composite anode electrode: Synthesis, characterizations, and
application in microbial fuel cells (MFCs). J. Environ. Chem. Eng. 2021, 9, 106111. [CrossRef]

21. Prokopov, T.; Chonova, V.; Slavov, A.; Dessev, T.; Dimitrov, N.; Petkova, N. Effects on the quality and health-enhancing properties
of industrial onion waste powder on bread. J. Food Sci. Technol. 2018, 55, 5091–5097. [CrossRef]

22. Sagar, N.A.; Pareek, S.; Gonzalez-Aguilar, G.A. Quantification of flavonoids, total phenols and antioxidant properties of onion
skin: A comparative study of fifteen Indian cultivars. J. Food Sci. Technol. 2020, 57, 2423–2432. [CrossRef]

23. Liguori, L.; Califano, R.; Albanese, D.; Raimo, F.; Crescitelli, A.; Di Matteo, M. Chemical composition and antioxidant properties
of five white onion (Allium cepa L.) landraces. J. Food Qual. 2017, 2017, 6873651. [CrossRef]
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Abstract: Liquefaction of biomass delivers a liquid bio-oil with relevant chemical and energetic
applications. In this study we coupled it with short rotation coppice (SRC) intensively managed
poplar cultivations aimed at biomass production while safeguarding environmental principles of
soil quality and biodiversity. We carried out acid-catalyzed liquefaction, at 160 ◦C and atmospheric
pressure, with eight poplar clones from SRC cultivations. The bio-oil yields were high, ranging
between 70.7 and 81.5%. Average gains of bio-oil, by comparison of raw biomasses, in elementary
carbon and hydrogen and high heating, were 25.6, 67, and 74%, respectively. Loss of oxygen and O/C
ratios averaged 38 and 51%, respectively. Amounts of elementary carbon, oxygen, and hydrogen
in bio-oil were 65, 26, and 8.7%, and HHV averaged 30.5 MJkg−1. Correlation analysis showed
the interrelation between elementary carbon with HHV in bio-oil or with oxygen loss. Overall,
from 55 correlations, 21 significant and high correlations among a set of 11 variables were found.
Among the most relevant ones, the percentage of elementary carbon presented five significant
correlations with the percentage of O (−0.980), percentage of C gain (0.902), percentage of O loss
(0.973), HHV gain (0.917), and O/C loss (0.943). The amount of carbon is directly correlated with the
amount of oxygen, conversely, the decrease in oxygen content increases the elementary carbon and
hydrogen concentration, which leads to an improvement in HHV. HHV gain showed a strong positive
dependence on the percentage of C (0.917) and percentage of C gain (0.943), while the elementary
oxygen (−0.885) and its percentage of O loss (0.978) adversely affect the HHV gain. Consequently,
the O/C loss (0.970) increases the HHV positively. van Krevelen’s analysis indicated that bio-oils
are chemically compatible with liquid fossil fuels. FTIR-ATR evidenced the presence of derivatives
of depolymerization of lignin and cellulose in raw biomasses in bio-oil. TGA/DTG confirmed the
bio-oil burning aptitude by the high average 53% mass loss of volatiles associated with lowered
peaking decomposition temperatures by 100 ◦C than raw biomasses. Overall, this research shows the
potential of bio-oil from liquefaction of SRC biomasses for the contribution of renewable energy and
chemical deliverables, and thereby, to a greener global economy.

Keywords: poplar; genotypes; liquefaction; short rotation crops

1. Introduction

As society and scientific knowledge develop, it becomes increasingly important to re-
duce the dependency on petrochemicals due to their dwindling reserves and their negative
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impact on the environment inflicted by their exploration. The European Union (EU) has set
a goal to increase the budget for R&D into eco-innovations due to the importance that the
European Commission has identified in this field [1], with a 294.5 billion € investment in
2020, corresponding to about 2.18% of GDP [2]. With this, the EU wants to take a leading
role in the development of policies that aim to propel industries and practices into a more
sustainable and environmentally friendly future.

Lignocellulosic biomasses are a renewable, continuous, and sustainable feedstock
delivering liquid, gaseous, and solid materials useful for several industries [3,4]. Some
significant hurdles prevail in their competitiveness by comparison with petrochemical
sources. The costs of harvesting, manufacturing lines, the environmental management,
the logistics of transport of light lignocellulosic materials, and their conversion wastes
are examples of their drawbacks which tend to be surpassed as the need to accelerate
a transition to green and circular economy gains relevance. Challenges are also posed [5]
in the domain of socio–cultural–economic impacts of tree harvesting, deforestation, and
the destruction of century-old forests. Given the complexity of these issues, each country
identifies (within its sphere of direct influence) the most attractive lignocellulosic materials
and waste streams to employ as feedstock for valorization [6].

Alternative forms of forest and land management are thus required to control the
risks of excessive deforestation and the uncontrolled use of lignocellulosic materials. Short
rotation coppicing comes as a possibility for biomass production while safeguarding
ecosystem biodiversity and soil quality. These coppices are carbon neutral and intensively
managed industrial crops, with productive cycles between two to five years, a plant density
between 1200 to 10,000 per hectare, and six to seven productive cycles. The lands are
subjected to fallow/rotation after that. In Europe, poplar is the predominant SRC species
due to its high biomass productivity (ranging between 12 and 20 Mgha−1y−1 or higher)
and its great potential for genetic improvement [7–11].

Poplar (Populus sp.) is common in SRC cultivations, with well-known fuel apti-
tudes [12,13] that can be hybridized to improve the bark/wood ratio, resistance to diseases,
or calorific power. Besides ash and water, poplar wood contains major extractive organic
compounds (ranging between 1.5 and 3%) and biopolymers, such as lignin, cellulose, and
hemicellulose (ranging between 17 and 23%, 43 to 46%, and 29 to 36%, respectively) [14].

Recently published work on thermochemical conversion of poplar clones from SRCs in-
cludes studies on torrefaction [15,16], pyrolysis [17–20], and hydrothermal liquefaction [21],
and solvent liquefaction [6,22–25].

Our research work focused on converting eight SRC poplar clones through acid-
catalyzed liquefaction, allowing the conversion of biomass thermochemically through mild
temperatures at ambient pressure [26]. A bio-oil with a high heating value greater than
40 MJkg−1 was previously obtained through this process [27].

Thermochemical liquefaction of different biomass feedstocks has been studied, includ-
ing spruce [28], pinewood [22,29,30], eucalyptus [31–33], potato peels [34], cork powder [35],
spent coffee beans [36], beech [37], or wheat straw [28,38,39]. The results from such studies
demonstrated that different biomasses, with distinct chemical compositions and struc-
tures, can be used for the acid-catalyzed liquefaction to produce bio-oils in high yields.
The previous studies demonstrated, the produced liquid bio-oil can be further used as
an environmentally friendly raw material for the chemical industry or fuels [18,26,40–46].

The acid-catalyzed liquefaction is a thermochemical process that converts the main
biopolymers (cellulose, hemicelluloses, and lignin) into low molecular weight compounds,
a bio-oil. The properties of the obtained bio-oil are close to those of petroleum except for
the oxygen content. For instance, from the soybean’s liquefaction, a bio-oil with a higher
heating value of 44.22 MJkg−1 and a H/C molar ratio of 1.9 was obtained [27].

For this work, we chose eight samples of different SRC poplar genotypes as the feed-
stock for the acid-catalyzed liquefaction process based on our experience with this species.
Poplar proliferates preferably in milder climates, such as those found in southern Europe,
even though some plantations produce satisfactory yields in northern Europe as well [47].
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Given the potential of SRC for biomass production, under environmental sustainability, the
proposed objectives target enlarging the scope of thermochemical conversion for added-
value products, e.g., chemicals and fuels. The acid-catalyzed liquefaction was applied to
an array of commercial poplar clones, to study their potential to produce bio-oil in high
yield. We characterized the bio-oils and solid residues to assess their use as biofuels and
chemicals. To the best of our knowledge, the comparison between liquified biomasses
from different poplar clones was never disclosed. Within this context, our work supports
further development on thermochemical conversion technologies to value this type of
biomass feedstock.

2. Materials and Methods

We employed eight different poplar genotypes as biomass feedstocks. Their genotype,
origin, parentage, and hemicellulose, cellulose, and lignin content are shown in Table 1.
The selected genotypes were AF8, Bakan (Bak), Brandaris (Bra), Ellert (Ell), Grimminge (Gri),
Hees (Hee), Skado (Ska), and Wolterson (Wol). The biomass samples were not pre-treated,
except from shredding on a Retsch© SM 2000 mill equipped with a 4 mm sieve to decrease
the grain size and thus increase the surface area. We purchased the solvent 2-Ethylhexanol
and the catalyst 97% p-Toluenesulfonic acid (PTSA) from Sigma–Aldrich. Technical acetone
for washing purposes was acquired locally.

Table 1. Hemicellulose, cellulose, and lignin estimated the content of the poplar genotypes [48].

Lignocellulosic Content (%)

Genotype Origin Parentage Hemicellulose Cellulose Lignin

AF8 Portugal Hybrid P. generosa 23 48 28
Bakan Belgium Hybrid P. trichocarpa × P. maximowiczii 19 52 28

Brandaris Belgium Species P. nigra 23 47 29
Ellert Belgium Hybrid P. canadensis 24 48 26

Grimminge Belgium Triple hybrid P. deltoides × (P. trichocarpa × P. deltoides) 24 48 27
Hees Belgium Hybrid P. canadensis 23 50 26
Skado Belgium Hybrid P. trichocarpa × P. maximowiczii 20 49 30

Wolterson Belgium Species P. nigra 24 48 27

2.1. Liquefaction Procedure

The liquefaction, an acid-catalyzed process, was performed at 160 ◦C, at ambient
pressure, for the predetermined reaction time. The biomass samples and the solvent were
fed into the LENZ Glass Reactor, in a solvent:biomass ratio of 5:1. 2-Ethylhexanol (2-EH)
was used as a solvent and the weight of biomass was based on its dry state.

The mass of catalyst, PTSA, was set at 3% (w/w) of the mass of solvent and biomass
samples. After 90 min at 160 ◦C, the process was quenched to 80 ◦C. Afterward, the bio-oil
crude was filtered to retrieve the solid residues.

Upon process completion, the reactor cooled to room temperature to be further vacuum
filtrated. The solid residues were washed with acetone and dried in the oven at 110 ± 3 ◦C
for 24 h. The excess solvent of the bio-oil samples was removed under a vacuum. The
process conversion, bio-oil yield, was calculated as per the weight of the solid fraction
obtained after filtration, according to Equation (1):

Bio-oil yield (%) = (1 − ms0/msi) × 100, (1)

where msi is the mass of dry biomass fed to the reactor, in grams, and ms0 is the mass of
solid residues obtained at the end of the process, in grams.
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2.2. Fourier Transformed Infrared (FTIR-ATR) Analysis of Biomass and Bio-Oil

The FTIR-ATR analysis was performed on a Spectrum Two–Perkin Elmer spectrometer.
The spectra were captured from 4000 to 600 cm−1 and treated in Perkin Elmer–Spectrum
IR software.

2.3. Elemental Analysis

The carbon (C), hydrogen (H), and nitrogen (N) content in biomass, solid residues,
and bio-oil were assessed by a LECO TruSpec CHN analyzer, whilst a LECO CNS2000
analyzer determined sulfur (S) content.

2.4. Higher Heating Value (HHV) Calculation

Commonly, biomass and its derivatives, i.e., bio-oil and residues, contain up to 97–99%
of C, H, O. Additional elements, such as sulfur and nitrogen, are present in negligible
amounts, below the detection limit, and thus difficult to measure or quantify [22,49]. We
assessed the oxygen content according to Equation (2):

O (%) = 100 − C (%) − H (%), (2)

According to Rodrigues et al. [15], the elemental analysis of poplar clones vary from
51.5–52.2%, 5.2–5.4%, 42.0–43.3%, and 0.4–0.7% for C, H, O, and N, respectively. The
elemental composition of poplar clones in SRC in the Czech Republic was similar to such
values [13].

The higher heat value (HHV) of the biomass and solid residues was assessed using the
method disclosed by Yin et al. [50] using Equation (3). The HHV of bio-oils was evaluated
by Equation (4), which is specifically established for bio-oils [51].

HHV (MJ/kg) = 0.2949C + 0.8250H, (3)

HHV (MJ/kg) = 0.363302C + 1.087033H − 0.1009920, (4)

2.5. Energy Densification Ratio (EDR) Calculation

The energy densification ratio (EDR), a dimensionless indicator, informs on how the
HHV was improved thanks to the liquefaction process [52]. We used Equation (5) to
calculate the EDR values:

EDR = HHVbio-oil/HHVbiomass, (5)

where HHVbio-oil and HHVbiomass are the higher heating values of bio-oil and biomass
samples, respectively.

2.6. Van Krevelen Diagram

The van Krevelen diagrams are useful to spot variations between different types of
kerogen and fuels. This diagram cross-plots the hydrogen and carbon atomic ratio (10H/C)
as a function of the oxygen to carbon atomic ratios of carbonaceous compounds. The van
Krevelen diagram is suitable for identifying and revealing compositional differences be-
tween organic products [45]. Using the data obtained via elemental analysis, we plotted the
chemical compositions of biomass, bio-oil, and solid residues in the van Krevelen diagram.

2.7. Thermogravimetric Analysis (TGA)

The thermogravimetric analysis of raw biomass, bio-oils, and solid residues was
performed using the Hitachi-STA7200. The evaluation was accomplished between 25 and
600 ◦C in a nitrogen atmosphere, with a 100 mL/min flow and a heating rate of 5 ◦C/min.
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2.8. Pearson’s Correlations

The ultimate analysis and HHV data were used to access correlations between 11 vari-
ables using SPSS Statistics software. The analysis was performed to find a correlation
pattern within the bio-oil variables and quantify the interactions between them. The C, H,
and O content of the bio-oils were correlated with the gain of C, H, H/C, O/C, HHV, and
with the loss of O, ash, and moisture content. The number of correlations was assessed
according to Equation (6):

N Pearson’s r = (n2 − n)/2, (6)

where N is the number of correlations and n is the number of variables.

3. Results and Discussion

Poplars are increasingly used for biofuel production due to their high growth and
biomass productivity. They have a significant holocellulose (ranging between 47 and 52%
for cellulose and 19 and 24% for hemicelluloses) and a moderate lignin content (ranging
between 26 and 30%). This work presents the liquefaction results of eight different poplar
genotypes. The experimental conditions, such as solvent and catalyst, were previously
optimized in studies for other biomasses [29,32,33], as well as for poplar [26]. In particular,
the system 2-ethylhexanol/PTSA has been shown to allow the production of bio-oils in
high yields [22,53].

For comparison, results from Rodrigues et al. [15] regarding poplar genotypes’ tor-
refaction were used. The liquefaction assays were conducted in duplicate at 160 ◦C for
90 min, using 3 wt. % PTSA as the catalyst and 1:5 biomass:solvent ratio. At first glance,
bio-oil yields higher than 70% indicated the SRC poplar clones’ aptitude for liquefaction.
The bio-oil yields are shown in Figure 1. Overall, the process led to a bio-oil yield ranging
from 70.7 to 81.5%. The highest bio-oil yields of around 81% were obtained for the AF8
and Skado genotypes, while the lowest conversion was achieved with the Brandaris sample.
Overall, the conversions are in accordance with the literature concerning similar thermo-
chemical conversion under the same experimental conditions [29,54]. In comparison, the
microwave-assisted pyrolysis of poplar, where the bio-oil achieved a maximum of 30.8%,
and the conducted liquefaction process led to higher yields [17].

Figure 1. Comparison of the yield of bio-oils obtained via acid-catalyzed liquefaction of poplar clones.

It should be noted that the solid residue fraction can be given by the difference for the
complete conversion once the gaseous streams are reduced and can be neglected [29,30].
The solids contain unreacted biomass as well as any decomposition products. In fact,
during the liquefaction, solid residues can be produced from the decomposition of ligno-
cellulosic biomass, and are commonly referred to as humins [29,30,33]. Such occurrence
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is well-explained and is associated with the recondensation of decomposition products of
reactions [55–57].

The chemical characterization of biomass and its bio-oil counterparts, as well as the
solid residues and torrefied samples, is shown in Table 2. It encompasses the ultimate
analysis, moisture, and ash content, calculated HHV, H/C, and O/C ratios. Table 3 presents
the values of % C gain, % H gain, % O gain, % ash loss, % moisture loss, H/C gain, and O/C
loss of the bio-oils from biomass liquefaction, compared to the untreated biomass samples.

Table 2. Chemical characterization of poplar clones, bio-oils, solid residues, and torrefied biomass.

Samples
Chemical Composition 1 (%) Ash

(%)
Moisture

(%)
HHV 2

(MJ/kg) 10H/C O/C
Empirical
FormulaC H N O

Bi
om

as
s

[1
5]

AF8 51.5 5.2 <0.5 43.3 2.18 9.58 17.20 1.01 0.84

CH1.22O0.61

Bakan 51.5 5.4 0.6 42.5 1.56 10.80 17.49 1.04 0.83
Brandaris 52.0 5.2 0.7 42.1 2.87 8.08 17.58 1.00 0.81

Ellert 51.8 5.3 0.6 42.4 2.25 10.10 17.52 1.02 0.82
Grimminge 52.2 5.3 0.5 42.0 1.76 9.42 17.75 1.02 0.81

Hees 51.8 5.2 0.7 42.3 2.39 7.90 17.48 1.01 0.82
Skado 51.6 5.3 0.4 42.7 1.47 9.91 17.45 1.03 0.83

Wolterson 51.9 5.3 0.7 42.1 2.28 9.73 17.64 1.02 0.81

Mean 51.79 5.27 0.59 42.42 2.09 9.44 17.51 1.02 0.82

Bi
o-

oi
l

AF8 64.4 8.4 <0.5 27.2 0.4 1.30 29.85 1.31 0.42

CH1.61O0.30

Bakan 65.6 8.9 <0.5 25.5 0.3 1.13 30.95 1.36 0.39
Brandaris 64.4 8.6 <0.5 27.0 0.3 1.49 30.03 1.33 0.42

Ellert 66.1 8.8 <0.5 25.1 0.4 1.15 31.06 1.33 0.38
Grimminge 64.8 8.9 <0.5 26.3 0.1 0.96 30.62 1.38 0.41

Hees 65.3 8.8 <0.5 25.9 0.2 1.18 30.67 1.34 0.40
Skado 64.5 8.4 <0.5 27.1 0.3 1.37 29.90 1.31 0.42

Wolterson 65.3 8.9 <0.5 25.8 0.2 1.42 30.84 1.37 0.39

Mean 65.05 8.72 – 26.23 0.28 1.25 30.49 1.34 0.40

So
lid

re
si

du
es

AF8 52.3 5.9 <0.5 41.8 0.3 – 18.44 1.13 0.80

CH1.34O0.66

Bakan 50.4 5.8 <0.5 43.8 0.3 – 17.36 1.15 0.87
Brandaris 50.0 5.0 <0.5 45.0 0.2 – 16.25 1.00 0.90

Ellert 49.0 5.7 <0.5 45.3 0.7 – 16.52 1.16 0.93
Grimminge 50.6 5.8 <0.5 43.6 0.3 – 17.48 1.15 0.86

Hees 48.6 5.8 <0.5 45.6 0.8 – 16.48 1.19 0.94
Skado 50.9 5.4 <0.5 43.7 0.1 – 17.14 1.06 0.86

Wolterson 49.7 5.6 0.5 44.2 0.6 – 16.81 1.12 0.89

Mean 50.19 5.62 0.52 44.13 0.41 – 17.06 1.12 0.88

To
rr

efi
ed

bi
om

as
s

[1
5] AF8 66.3 4.9 0.36 28.44 3.46 – 24.2 0.74 0.43

CH0.89O0.32

Bakan 65.9 4.94 0.66 28.5 2.7 – 24.1 0.75 0.43
Brandaris 66.9 4.99 0.88 27.29 4.0 – 24.6 0.75 0.41

Ellert 67.8 5.1 0.73 26.37 3.49 – 25.2 0.75 0.39
Grimminge 68.3 5.06 0.69 25.94 2.97 – 25.4 0.74 0.38

Hees 67.3 4.8 0.84 27.06 3.54 – 24.6 0.71 0.40
Skado 67.4 5.04 0.54 27.02 2.63 – 24.9 0.75 0.40

Wolterson 63.5 4.95 0.7 30.85 2.93 – 22.9 0.74 0.49

Mean 66.7 4.97 0.68 27.68 3.22 – 24.47 0.75 0.42
1 Dry basis; 2 calculated HHV.
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Table 3. Ratios of C, H, HHV H/C gain and of O, Ash, Moisture, and O/C loss of the bio-oils obtained
from the liquefaction of poplar clone samples.

Sample C Gain (%) H Gain (%) O Loss (%) Ash Loss
(%)

HHV Gain
(%)

Moisture
Loss (%)

H/C Gain
(%)

O/C Loss
(%)

AF8 25.05 61.54 37.18 81.65 73.56 95.82 29.70 50.00
Bakan 27.38 64.81 40.00 80.77 76.98 97.22 30.77 53.01
Brandaris 23.85 65.38 35.87 89.55 70.82 96.29 33.00 48.15
Ellert 27.61 66.04 40.80 82.22 77.26 96.04 30.39 53.66
Grimminge 24.14 67.92 37.38 94.32 72.50 98.94 35.29 49.38
Hees 26.06 69.23 38.77 91.63 75.48 97.47 32.67 51.22
Skado 25.00 58.49 36.53 79.59 71.34 96.97 27.18 49.40
Wolterson 25.82 67.92 38.72 91.23 74.83 97.94 34.31 51.85

Mean 25.61 65.17 38.16 86.37 74.10 97.09 31.67 50.83

The bio-oil elemental analysis is in accordance with those obtained for other biomasses,
e.g., pinewood, eucalyptus, and tomato pomace [22,30,32,58]. The results from the chemical
analysis of bio-oil proved that the sets of liquefied biomasses were very distinct from the
chemical composition of the raw biomasses and the solid residue. The carbon content (%,
dry basis) was higher for the bio-oil, ranging from 64.4% (AF8 and Brandaris) to 66.1%
(Ellert). On the other hand, the elementary carbon content of the residues averaged 50.19%,
presenting values between 48.6% (Hees) and 52.3% (AF8). While the solid residues showed
a slightly lower elementary carbon content than the feedstock, the% carbon gain for the
bio-oils was, on average, ~25%. An advantage of bio-oil is that its ash content is much
lower than that of the torrefied biomass. The liquefaction delivered bio-oils with a very
similar average carbon content (~67%) to that from the torrefied biomass (see Figure 2) [15].

Figure 2. Comparison of the average ash, carbon, oxygen contents, and HHV between bio-oils,
biomass, solid residues, and torrefied biomass.

Regarding hydrogen content (%, dry basis), the bio-oils, averaging ~8.7%, presented
values ranging from 8.4% (AF8 and Skado) to 8.9% (Bakan, Grimminge, Wolterson) (Table 1).
Such values demonstrated an average 65% gain in the hydrogen content by comparison
with the raw biomass. The solid residues presented a hydrogen content like that from the
raw biomass. Additionally, the hydrogen content was up to 75% higher than the torrefied
biomass, wherein losses of hydrogen and H/C ratios were detected [15].

As expected, the oxygen content (%, dry basis) was considerably lower for the bio-oils
and torrefied biomass compared to their biomass counterparts, with values averaging ~26%,
~28%, and ~42%, respectively (see Figure 2). The highest oxygen content was obtained for
the genotype AF8 genotype samples (27.2%) and the lowest for genotype Ellert (25.1%).
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The correspondent oxygen amount of the solid residues were in line with those of the
raw biomasses. The average % O loss (~38%) was concomitant with increases in C and H
contents of around 25.61% and 65.17% (Table 2). The loss of oxygen occurs through water
elimination, which is retrieved by distillation during the process [29]. Consequently, the
H/C and O/C ratios showed significant gains of around 32 and 51% (Table 2). The ash and
moisture content ranged from 0.1 to 0.4% and 0.96 to 1.49%, respectively, for the obtained
bio-oils. A significant decrease in ash and moisture content compared with the raw poplar
genotypes was obtained upon biomass liquefaction (see Figure 2).

The average ratios O/C and 10H/C of bio-oils from biomass poplar clones were 0.40
and 1.34, respectively (Table 1). The variations of these ranges between clones were small,
with the O/C ratio ranging between 0.38 and 0.42 and the 10H/C ratio ranging between
1.31 and 1.38. The O/C of bio-oils was lower than that of raw poplar biomass samples
and like the O/C values of torrefied poplar clones. On the other hand, the H/C increased
considerably due to the rise in hydrogen in bio-oil samples.

These variations explain the improvement in the calculated HHV since lower oxygen
content and O/C ratios lead to higher HHV. On average, the bio-oils presented an HHV
of 30.49 MJ/kg. AF8 presented the lowest value (29.85 MJ/kg), while Wolterson presented
the highest (30.84 MJ/kg). The HHV of the biomass was on average 17.51 MJ/kg, and
that of torrefied biomass was 24.5 MJ/kg, demonstrating that the HHV was remarkably
improved with the liquefaction. The presence of residual solvent can also potentiate,
although not to the fullest extent, the observed increase on the HHV. However, the solvent
was removed, and work from Condeço et al., 2021, showed that liquefaction processes with
low conversion led to lower HHV oil, indicating that increases in HHV result from the
conversion of the lignocellulosic materials into bio-oil [59]. The values of Ma et al. [27],
although higher (>40 MJkg−1) than those obtained in this work, were indicative of the
potential of this solvolytic liquefaction for delivering bio-oil with high heating power.

The HHV gain of bio-oil by comparison with raw biomass averaged 74%. Compared
with torrefied biomass [15], wherein the increase in HHV was ~40%, bio-oil still presented
a high energy densification ratio (74%). Figure 2 highlights the significant increase in the
% elemental carbon and the decrease in the % O content, which increases the HHV of the
biomass when compared to the raw and torrefied biomass.

The energy densification ratio (EDR) was employed to calculate the effectiveness of
the process. The increase in the EDR results from solid mass decrease due to dehydration
and decarboxylation reactions [52]. The average bio-oil EDR of 1.74 showed that the
liquefaction of poplar biomass led to higher energy densification. On the other hand, the
solid residues led to a slight loss in the heating values, which accounted for an EDR of 0.97.
The lower average EDR of 1.39 for torrefied biomass reflected the aptitude of liquefaction
for delivering a bio-oil product with high calorific potential.

The van Krevelen diagram identified the fuel quality changed with the chemical
composition variation. Usually, biomasses with lower O/C and H/C ratios are considered
good fuel aptitudes due to lower water vapor, minimum energy loss, and less smoke upon
combustion [60].

Overall, the van Krevelen diagram (Figure 3) showed that the bio-oil locations were
close to those of liquid fossil fuels (such as diesel or gasoline), demonstrating that lique-
faction leads to liquid products similar to fossil fuels. By comparison, torrefaction leads
to products similar and compatible with fossil coals/peat. On the other hand, the solid
residues were closer to the highly oxidized compounds. In comparison with biomass,
the atomic ratios of O/C and H/C of solid residues increased, while for bio-oil, the H/C
increased, and O/C decreased. This suggests that bio-oil is a better fuel than raw biomass
itself. The decrease in O/C atomic ratios leads to an increase in the high energy bonds (C-C)
and a reduction in low energy bonds (O-C) leading to an HHV improvement. González-
Arias et al. postulated that such change might be explained by the occurrence of dehydra-
tion reactions that leads to hydroxyl groups loss and by the decarboxylation reactions that
eliminate the carboxyl and carbonyl groups [52].
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Figure 3. Van Krevelen diagram comparing the H/C and O/C ratios of biomass, solid residues,
torrefied biomass, and bio-oils.

The distribution of Pearson correlations among chemical variables and calorific power
of bio-oils and raw biomass samples reflected the above-described tendencies (Table 4).
From 55 correlations, 21 significant and high correlations (r > 0.7) among a set of 11 variables
were found. Among the most relevant, the % elementary carbon presented five significant
correlations with % O (−0.980), % C gain (0.902), % O loss (0.973), HHV gain (0.917), and
O/C loss (0.943). As expected, the amount of carbon was directly correlated with the
amount of oxygen. The decrease in oxygen content increased the elementary carbon and
hydrogen concentration, which led to an improvement in HHV. The HHV gain showed
a strong positive dependence with the % C (0.917) and % C gain (0.943). Conversely, the
elementary oxygen (−0.885) and its % O loss (0.978) adversely affected the HHV gain.
Consequently, the O/C loss (0.970) increased the HHV positively.

Table 4. Pearson’s correlation (r) from elemental analysis and bio-oil variables.

Variables (%)

C H O C
Gain

H
Gain

O
Loss

Ash
Loss

HHV
Gain

Moisture
Loss

H/C
Gain

O/C
Loss

V
ar

ia
bl

es
(%

)

C 1 0.669 −0.980 2 0.902 2 0.485 0.973 2 0.042 0.917 2 0.049 0.090 0.943
H 0.669 1 −0.803 1 0.389 0.814 1 0.617 0.595 0.561 0.676 0.712 0.537
O −0.980 2 −0.803 1 1 −0.827 1 −0.605 −0.945 2 −0.192 −0.885 2 −0.219 −0.261 −0.899
C Gain 0.902 2 0.389 −0.827 1 1 0.150 0.947 2 −0.311 0.943 2 −0.201 −0.272 0.972
H Gain 0.485 0.8141 −0.605 0.150 1 0.405 0.650 0.400 0.502 0.868 0.291
O Loss 0.973 2 0.617 −0.945 2 0.947 2 0.405 1 −0.119 0.978 2 0.000 0.012 0.984
Ash Loss 0.042 0.595 −0.192 −0.311 0.650 −0.119 1 −0.207 0.813 0.739 −0.205
HHV Gain 0.917 2 0.561 −0.885 2 0.943 2 0.400 0.978 2 −0.207 1 −0.062 −0.001 0.970
Moisture
Loss 0.049 0.676 −0.219 −0.201 0.502 0.000 0.813 1 −0.062 1 0.643 −0.068

H/C Gain 0.090 0.712 1 −0.261 −0.272 0.868 2 0.012 0.739 1 −0.001 0.643 1 −0.091
O/C Loss 0.943 2 0.537 −0.899 2 0.972 2 0.291 0.9842 −0.205 0.970 2 −0.068 −0.091 1

1 p < 0.05; 2 p < 0.01.

Figure 4 and Table 5 show the ATR-FTIR spectra and data of raw biomass (Figure 4a),
bio-oil (Figure 4b), and solid residues (Figure 4c) for the eight poplar genotypes. No
significant differences in the profiles of functional groups were detected among samples
of poplar genotypes within each profile. The major spectral differences concerned the
absorption intensity in the range between 2800 and 3000 cm−1 assigned to C–H stretching
vibrations. In this range, the bio-oils had a higher absorption than biomass and solid
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residues. In the range 1370 and 1730 cm−1, solid residues have visibly lower absorption
than bio-oils or biomass. In the range 1100–1200 cm−1 we saw lower absorption in bio-
oils in comparison with biomass and solid residue samples. Overall, the spectra of all
samples displayed a broad band around 3500 cm−1, a characteristic band resulting from
OH stretching vibration.

Figure 4. FTIR-ATR spectra of (a) biomass; (b) bio-oil, and (c) solid residue.

The absorption differences between 2800 and 3000 cm−1, assigned to C–H stretching
vibrations, point out the presence of derivatives of holocellulose and lignin in bio-oil. In the
range from 1370 to 1730 cm−1, biomass spectra showed the peaks at 1604 and 1514 cm−1,
generally attributed to the presence of lignin. These same peaks were identified on the
bio-oil spectra at 1611 and 1519 cm−1, respectively, and were practically non-existent
in the spectra of solid residues. These peaks in bio-oil spectra revealed that lignin was
depolymerized, hence its derivatives were present. Moreover, the peaks related to syringyl
and guaicyl units at 1378 and 1246 cm−1, respectively, were identified within the bio-oil
samples. On the other hand, the peaks related to hemicellulose and cellulose associated
with the stretching and vibrations of functional groups (see Table 5) were identified in
the biomass as well as the bio-oil samples (peaks at 1465, 1174, 1108, 1031 cm−1). The
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differences in absorption in the range from 1100 to 1200 cm−1 reflected the inherent chemical
differences between the profile of bio-oil and the other two. Additionally, at 1723 cm−1,
a peak was shown due to the vibrational states of carbonyl functional groups present in
aldehydes, ketones, acids, or esters, which resulted from the conversion of cellulose or
hemicellulose into levulinic acid, furfural, and related compounds [61]. On the other hand,
in the biomass, the correspondent peak profiled in the biomass sample spectra (1720 cm−1)
is associated with hemicellulose and lignin [59]. The peak at 1646 cm−1, assigned to the
OH bending of water, confirmed the presence of water in the biomass samples. Regarding
the solid residues’ spectra, peaks related to lignin were identified at 1612, 1514, 1365, and
1263 cm−1, and those concerning holocellulose appeared at 1462, 1197, 1101, and 1029 cm−1

(Table 5). These peaks indicated the presence of unreacted biomass in solid residues.

Table 5. FTIR-ATR relevant peaks for biomass, bio-oil, and solid residues.

Peaks (cm−1) Band Assignment
Ref.

Biomass Bio-Oil Residues Functional Group Compounds

1720 1723 1718 C=O carbonyls in ester groups and
acetyl groups in xylan

Ketones, esters, hemicellulose, and
carboxylic acids and esters [62–64]

1646 O-H bending Water [65,66]
1604 1611 1612 C=C aromatic ring vibration Lignin [62,67]
1514 1519 1514 C=C aromatic ring stretching Lignin [32,68]
1444 1465 1462 OCH3-, -CH2-, and C-H stretching Cellulose, hemicellulose [69]
1378 1378 1365 Aromatic C-H deformation Syringyl rings [63]
1330 C-O syringyl ring Lignin [62]
1246 1248 1263 Aromatic ring vibration Guaicyl lignin [62]
1164 1174 1197 C-O-C asymmetrical stretching Cellulose, hemicellulose [62]
1096 1108 1101 C-O-C stretching Cellulose, hemicellulose [64]
1020 1031 1029 C-O, C=C, and C-C-O stretching Cellulose, hemicellulose, lignin [62]
906 Glycosidic linkage Cellulose, hemicellulose [62,68]

816 811 C-H out-of-plane Cellulose, hemicellulose [70]

The TGA/DTG curves and mass losses of biomass, bio-oils, and solid residues be-
tween 0 and 600 ◦C, are shown in Figure 5 and Table 6. Regarding raw biomass, TGA
analysis evidenced four stages of decomposition. During the first stage, at temperatures
ranged between 25 ◦C and 120 ◦C, a mass loss averaging 7% occurred, concerning volatile
components and free water content. The second (120–300 ◦C) and third stages (300–400 ◦C)
averaged weight losses of 19 and 47%, respectively. The biomass’s biopolymolecular struc-
ture suffered restructuration at this point, releasing smaller compounds (e.g., H2O, CO,
CO2, etc.). The cellulose and hemicellulose, alongside lignin, decomposed to form volatiles
and low molecular weight compounds during these two stages. While the decomposition
of holocellulose led mainly to volatiles; lignin produces primarily carbon. Cellulose, xylan,
and lignin contained about 91, 77, and 66% of volatile matter, respectively. The fourth stage,
beginning at 400 ◦C, involved a slower decomposition and significantly lower mass loss of
7% (similar to the first stage) and was associated with the volatilization of carbon via C–C
and C–H bonds cleavage [71].

The TGA curves analysis showed that bio-oils from poplar liquefaction were more
volatile than the fresh raw material, thus requiring lower peaking temperatures to vaporize
and decompose. The maximum temperatures of TGA decomposition were about 325 ◦C
and 225 ◦C for raw biomasses and bio-oil, respectively. The TGA curves also revealed
that the bio-oils decomposed in a three-stage pattern, between about 50 ◦C and 600 ◦C
(Table 6). The onset temperature of thermal decomposition of bio-oils was about 50 ◦C. The
bio-oil samples presented the first weight loss, ca. 16%, up to 185 ◦C, due to volatilization
of moisture and low molecular weight compounds. From 180–300 ◦C, the second stage
exhibited an average mass loss of ~37%, corresponding to the bio-oil’s heavier components
that require low temperatures to decompose or volatilize. Seehar et al. hypothesized

177



Molecules 2022, 27, 304

that the mass loss at these temperatures might denote the presence of chemical structures
analogs to those from gasoline, diesel, and jet fuel [72]. The third stage (300–600 ◦C) showed
an average mass loss of 17%, which can be attributed to residual char formation from the
sample’s slow degradation.

Figure 5. TGA and DTG thermograms of biomass (blue), bio-oil (yellow), and solid residues (green)
of all poplar clones: (a) AF8; (b) Balkan; (c) Brandaris; (d) Grimminge; (e) Hees; (f) Ellert; (g) Skado;
(h) Wolterson. The dashed line is gTG and the solid line is TGA.

Generally, the thermogravimetric curves of bio-oil samples showed an average mass
loss of up to 70%. The mass loss as volatiles up to 300 ◦C, summing up ca. 53%, can denote
some gasoline, jet fuel, and diesel segments [72]. Such decomposition profile supports their
potential use in combustion applications [73]. The DTG curves showed that the bio-oil
dropped weight at lower temperatures, confirming the presence of a lighter product than
their biomass counterparts. Most of the mass loss was verified below 230 ◦C.
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Table 6. Mass loss from TGA curves for biomass, bio-oils, and solid residues.

Samples

TGA Curve

1st Stage 2nd Stage 3rd Stage 4th Stage

Temp.
Range
(◦C)

Mass
Loss (%)

Temp.
Range
(◦C)

Mass
Loss (%)

Temp.
Range
(◦C)

Mass
Loss (%)

Temp.
Range
(◦C)

Mass
Loss (%)

AF8
Biomass <120 6 80–300 18 300–400 46 >400 7
Bio-oil 50–185 18 185–300 35 300–600 16 – –
Residue <115 3 125–260 32 260–525 26 >525 4

Balkan
Biomass <120 8 80–300 20 300–400 46 >400 6
Bio-oil 50–185 15 185–300 37 300–600 18 –
Residue <115 4 125–260 26 260–525 28 >525 6

Brandaris
Biomass <120 8 80–300 19 300–400 42 >400 8
Bio-oil 50–185 16 185–300 37 300–600 17 – –
Residue <115 3 125–260 30 260–525 25 >525 7

Ellert
Biomass <120 7 80–300 20 300–400 46 >400 7
Bio-oil 50–185 10 185–300 44 300–600 18 –
Residue <115 3 125–260 34 260–525 24 >525 6

Grimminge
Biomass <120 6 80–300 19 300–400 49 >400 6
Bio-oil 50–185 17 185–300 38 300–600 16 – –
Residue <115 4 125–260 29 260–525 26 >525 6

Hees
Biomass <120 7 80–300 20 300–400 46 >400 6
Bio-oil 50–185 16 185–300 38 300–600 16 – –
Residue <115 4 125–260 31 260–525 25 >525 6

Skado
Biomass <120 8 80–300 19 300–400 51 >400 6
Bio-oil 50–185 17 185–300 35 300–600 17 – –
Residue <115 4 125–260 22 260–525 28 >525 6

Wolterson
Biomass <120 8 80–300 19 300–400 47 >400 6
Bio-oil 50–185 20 185–300 35 300–600 16 – –
Residue <115 4 125–260 33 260–525 23 >525 6

Mean
Biomass <120 7 80–300 19 300–400 47 >400 7
Bio-oil 50–185 16 185–300 37 300–600 17 – –
Residue <115 3 125–260 30 260–525 26 >525 6

The TGA curves of the solid residues showed four decomposition stages. Within the
first stage (temperatures up to 115 ◦C) they showed a low average mass loss of 3%, related
to the loss of moisture and other light compounds. The second (125–260 ◦C) and third
(260–525 ◦C) stage of thermal decomposition of solid residues corresponded to average
mass losses of 30 and 26%, respectively. Such stages displayed peaking temperatures of
325 ◦C and 250 ◦C, typical of cellulose and hemicellulose, respectively, suggesting that the
biomass liquefaction was incomplete [59]. In the fourth stage, corresponding to temper-
atures higher than 525 ◦C, a slight mass loss of 6% was attributed to heavy compounds
resulting from the condensation of liquefaction products that led to insoluble solids. It is
worth noting that, on DTG curves, a slight mass loss above 350 ºC, <2%mass/min, led to
the peak of the 4th stage. This suggests the presence of heavy compounds by comparison
with the DTG of biomass and bio-oils.

4. Conclusions

This study evaluated the aptitude of bio-oils obtained via acid-catalyzed liquefaction of
poplar woody biomasses from eight clones from short rotation crops. The laboratory assays
were performed under mild conditions of 160 ◦C and ambient pressure, and the resulting
bio-oil yield ranged between 70.7 and 81.5%, within the scope of cited literature. Loss of
oxygen and O/C ratios averaged 38 and 51%, respectively. Elementary amounts of carbon,
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oxygen, and hydrogen in bio-oil were 65, 26, and 8.7%, respectively, and HHV averaged
a value of 30.5 MJkg−1. Correlation analysis showed the interconnectedness between, e.g.,
elementary carbon with HHV in bio-oil or with oxygen loss. The van Krevelen diagram
proved that bio-oils are more chemically compatible with liquid fossil fuels, such as diesel or
gasoline than the initial biomass. FTIR analysis evidenced the drastic chemical conversion
of raw woody biomass through the presence of derivatives of depolymerization of lignin
and holocellulose in bio-oil. Results of TGA/DTG in a nitrogen atmosphere confirmed
the burning aptitude of bio-oil by the high mass losses of volatiles of 53% and by peaking
decomposition temperatures lowered by 100 ◦C than those of raw biomasses. Overall, the
TGA analysis showed that bio-oils from poplar liquefaction were more volatile than the
fresh feedstock, thus requiring lower peaking temperatures to vaporize and decompose.
Additionally, in comparison with biomass, the bio-oil atomic ratios of H/C increased,
and O/C decreased. This reflects the fact that bio-oil is a better fuel than raw biomass.
Liquefaction results from this research confirmed the potential of biomasses from SRC
cultivations to produce energy and chemicals.
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