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Abstract: This study’s objective was to separate cellulose, hemicellulose, and lignin after high-
pressure supercritical carbon dioxide pretreatment for further valorization. The study investigated
the supercritical carbon dioxide pretreatment of apple orchard waste at temperatures of 160–200 ◦C,
for 15–45 min, at a pressure of 10 MPa. Response Surface Methodology (RSM) was used to optimize
the supercritical process and to improve its efficiency. The change of functional groups during
different pretreatment conditions was examined by Fourier transform infrared (FTIR) spectroscopy.
Scanning electron microscopy (SEM) and X-ray diffraction (XRD) confirmed the structural changes
in the biomass structure before and after pretreatment. A new ultra-high performance liquid chro-
matography (UHPLC) coupled with an evaporative light scattering detector (ELSD) method was
developed and validated for the determination of carbohydrates in the liquid fraction that resulted
after pretreatment. The estimated uncertainty of the method ranged from 16.9 to 20.8%. The pre-
treatment of high-pressure supercritical CO2 appears to be an effective and promising technique for
the recovery of sugars and secondary by-products without the use of toxic solvents.

Keywords: apple orchard waste; supercritical carbon dioxide pretreatment; RSM; UHPLC; validation

1. Introduction

Agricultural activities generate large quantities of waste worldwide. Apple produc-
tion and processing generates wastes, including pruning branches, spoiled apples, and
pomace [1,2]. Previous research reported the use of lignocellulosic biomass as raw material
for the production of ethanol using carbohydrate fermentation, biogas, or fuel for vehicles
with fast pyrolysis [3,4]. In recent years, lignocellulosic biomass has been used to separate
carbohydrates and convert them into value-added products, such as lactic acid [5]. Ligno-
cellulosic biomass includes wood biomass, residues from forestry operations, agricultural
wastes generated by various agricultural activities, and post-harvesting processes [6,7].
Lignocellulosic materials consist of cellulose, hemicellulose, and lignin, which are linked
together to form a complex structure. Cellulose is a B-D-glucose homopolymer in which
B-1-4-glycoside bonds connect the structural units. Hemicelluloses are polysaccharides con-
sisting of pentoses (xylose and arabinoses), hexoses (mannose, glucose, and galactose), and
uronic acids. Hemicelluloses establish hydrogen bonds with cellulosic microfibrils [8]. Due
to its branched structure, hemicellulose is relatively easy to hydrolyze. The most critical
step in separating important components from lignocellulosic biomass is pretreatment [9].

The separation efficiency of biomass components depends on the pretreatment method
used. Supercritical carbon dioxide (CO2) is a widely used pretreatment method due to
its moderate critical conditions (31.1 ◦C and 74 bar). The efficiency of supercritical CO2
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pretreatment depends on temperature, time, and pressure. The mechanism involves the
formation of hydrogen bonds that act as a Lewis acid and base. It is recommended to
use a co-solvent to increase its polarity. The presence of moisture content and CO2 can
generate carbonic acid which enhances the hydrolysis of hemicellulose in the liquid phase.
Cellulose is soluble in ionic liquid and can precipitate in amorphous form by adding a
nonsolvent, such as water or ethanol [10–13]. Jogi et al. [14] used supercritical ethanol to
separate phenolic monomers from birch wood by using the following conditions: 243 ◦C
and 63 bar pressure, 10% moisture content, and iron-based catalysts (5% Fe-SiO2).

The response surface methodology (RSM) model can be used to predict the optimal
conditions in the variation of different variables. Pinto et al. [15] used RSM for the analysis
of the oxypropylation process of lignocellulosic material. Wang et al. [16] reported studies
about the use of RSM to optimize the ultrasound-assisted xanthation of cellulose from
lignocellulosic biomass for further Pb adsorption. The model used was a Box–Behnken
design and it fitted the experimental data and the verification of the variance analysis.
Pandey et al. [17] studied the impact of surfactant-assisted acid and alkali pretreatment on
lignocellulosic structure and optimization of saccharification parameters by using RSM.
Gundapalli et al. [18] investigated the hydrothermal pretreatment of sugarcane bagasse
for hemicellulose and lignin separation and used RSM for selecting the optimal operating
conditions (water loading and time) in order to increase the digestibility of cellulose.

Several techniques are presented in the literature to analyze carbohydrates separated
from lignocellulosic biomass, such as liquid chromatography coupled with a refractive
index detector or mass spectrometry, gas chromatography, and UV-VIS spectrophotometry.
Generally, the limit of detection (LOD) and limit of quantification (LOQ) is reported, but
the uncertainty of the methods is not given [19–21]. In this context, the study aimed to
develop and evaluate the uncertainty of the ultra-high performance liquid chromatography–
evaporative light scattering detector (UHPLC–ELSD) method for the analysis of sugars
resulting from the supercritical pretreatment of apple orchard waste (AOW).

The main objectives of the current research were: (i) the application of pretreatment
with supercritical fluids assisted by CO2 for the separation of cellulosic components; (ii) the
improvement of supercritical pretreatment conditions in order to find the optimal condi-
tions through the use of the RSM; (iii) the spectroscopic investigation of raw material, before
and after pretreatment by using SEM, XRD, and FTIR techniques; and (iv) uncertainty eval-
uation of a new analytical method for the analysis of carbohydrates in the hemicellulosic
fraction using the UHPLC–ELSD method.

2. Results and Discussion
2.1. Chemical Composition of Apple Orchard Waste

The chemical compositions of apple orchard waste (AOW) were determined, and
the results are presented in Table 1. The AOW contains 58.7% carbohydrates with high
cellulose content (32.2 ± 0.07%). The moisture content was 6.96 ± 0.03%, and the total
solids were 88.5%. The results showed a high cellulose content (32.2 ± 0.07%) of the AOW.

Table 1. Chemical composition (% w/w) of the apple orchard waste (AOW).

AOW Component Amount (%/w/w) AOW Component Amount (%/w/w)

Lignocellulosic components Elemental analysis
Cellulose 32.2 ± 0.07 N 0.78 ± 0.01

Hemicelluloses 26.5 ± 0.05 C 46.7 ± 1.50
Insoluble lignin 24.7 ± 0.07 H 5.79 ± 0.2
Soluble lignin 0.52 ± 0.01 S 0.19 ± 0.01

Moisture 6.96 ± 0.03 Ash 2.04 ± 0.02
Extractables 2.5 ± 0.03
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2.2. High-Pressure Supercritical CO2 Extraction of AOW

After pretreatment, two phases are formed: the solid phase, which contains cellulose,
lignin, and a small amount of hemicellulose; and the liquid phase, which contains monomer
sugars, oligomer sugars, and degradation products. The impact of temperature and time
of the supercritical process on the AOW conversion of the solid yield and the chemical
composition of each phase was studied. The mechanism of AOW supercritical pretreatment
involves the following steps: the formation of strong hydrogen bonds with water that
migrates on the surface of solid particles, chemosorption on the solid surface, the reaction
of hydrogen ions (protons) and xylan at the surface, desorption of xylooligomers or splitting
and diffusion of xylooligomers, and transport in the liquid phase.

The composition of the solid fraction after each experiment is presented in Table 2. The
solid yield of the solid fraction recovered after the supercritical pretreatment ranges between
72.6–49.3%. It decreases with the increase in temperature and reaction time and it is mainly
due to the solubilization of hemicelluloses in the liquid fraction. The composition of the
solid fraction was analyzed after each experiment to determine the cellulose, hemicellulose,
and lignin content. The cellulose content varies between 37.2–47.2 g/100 g pretreated AOW,
and the lignin content varies between 33.0–44.8 g/100 g pretreated AOW. The content of
hemicellulose decreases with the increase in temperature and reaction time (from 15 min to
45 min); at 200 ◦C, hemicelluloses are hydrolyzed almost completely in the liquid fraction.
The cellulose and lignin content increase explains its low degradation in supercritical fluids.
The amount of cellulose recovered in the solid fraction was high. Lignin has a similar
behavior, depending on the temperature and reaction time.

Table 2. Chemical compositions of the apple orchard waste after pretreatment at various temperatures.
(Data represents mean ± standard deviation, n = 3).

Parameter

Temperature (◦C)

160 ◦C–
15 min

180 ◦C–
15 min

200 ◦C–
15 min

160 ◦C–
30 min

180 ◦C–
30 min

200 ◦C–
30 min

160 ◦C–
45 min

180 ◦C–
45 min

200 ◦C–
45 min

Solid yield * 72. ± 2.1 63.1 ± 1.8 58.3 ± 2.3 69.2 ± 2.6 53.4 ± 1.5 51.7 ± 2.2 62.2 ± 2.3 51.2 ± 1.8 49.3 ± 1.6
Cellulose ** 37.2 ± 1.2 46.3 ± 1.6 44.2 ± 1.5 35.4 ± 1.4 45.3 ± 1.2 41.7 ± 1.3 37.2 ± 1.5 47.2 ± 1.2 45.3 ± 1.3

Hemicelluloses ** 19.6 ± 1.8 11.2 ± 0.09 9.1 ± 1.1 18.71 ± 1.2 10.1 ± 0.08 8.8 ± 0.07 5.4 ± 0.06 3.5 ± 0.04 2.2 ± 0.06
Lignin ** 33.0 ± 1.2 40.1 ± 1.5 46.2 ± 1.9 31.48 ± 2.1 38.1 ± 2.0 44.8 ± 2.3 28.3 ± 2.4 35.6 ± 2.6 40.2 ± 2.7

Solid compositions 89.9 ± 2.3 97.6 ± 2.1 99.5 ± 2.2 85.6 ± 1.8 93.5 ± 1.7 95.2 ± 1.7 85.6 ± 1.4 93.5 ± 1.7 95.2 ± 1.8

* (% of raw material, dry biomass), ** (% of pretreated biomass, dry biomass).

Optimum Condition of the Supercritical CO2 Method for Extracting Cellulose De-
signed by the Response Surface Methodology (RSM).

The RSM technique was used as a statistical tool to evaluate the supercritical pre-
treatment method [22]. The obtained plots for solid yield, cellulose, hemicellulose, and
lignin are presented in Figures 1–4. This model evaluates the optimal conditions for the
pretreatment to obtain high cellulose content in the solid fraction. The cellulose will be
further hydrolyzed and the obtained sugars will be the substrate for bioplastic production.

Based on the contour plots, the theoretical results for solid yield, cellulose, hemicel-
lulose, and lignin content versus temperature and time are presented in Tables 3–6. The
p-value was used to observe the significance of the model The degree of freedom is the
number of independent variables. The temperature has a low p-value of < 0.05 in all
experiments, indicating a very high significance. A second-order polynomial was used to
measure the correlation between the response and the independent variables.
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Table 3. Analysis of variance for solid yield.

Source DF Adj SS Adj MS F-Value p-Value

Model 5 1637.60 327.520 110.02 0.000
Linear 2 1488.17 744.085 249.94 0.000

Temp (◦C) 1 993.09 993.094 333.59 0.000
Time (min) 1 495.08 495.076 166.30 0.000

Square 2 148.78 74.389 24.99 0.000
Temp (◦C) × Temp (◦C) 1 144.39 144.387 48.50 0.000
Time (min) × Time (min) 1 4.39 4.392 1.48 0.238

Two-Way Interaction 1 0.65 0.653 0.22 0.644
Temp (◦C) × Time (min) 1 0.65 0.653 0.22 0.644

Error 21 62.52 2.977
Lack of Fit 3 36.06 12.019 8.18 0.001
Pure Error 18 26.46 1.470

Total 26 1700.12
DF—degree of freedom, SS—sums of squares, MS—mean sum of squares.

Table 4. Analysis of variance for cellulose content.

Source DF Adj SS Adj MS F-Value p-Value

Model 5 457.582 91.516 76.21 0.000
Linear 2 212.770 106.385 88.59 0.000

Temp (◦C) 1 210.125 210.125 174.98 0.000
Time (min) 1 2.645 2.645 2.20 0.153

Square 2 241.071 120.536 100.37 0.000
Temp (◦C) × Temp (◦C) 1 216.400 216.400 180.20 0.000
Time (min) × Time (min) 1 24.671 24.671 20.54 0.000

Two-Way Interaction 1 3.741 3.741 3.12 0.092
Temp (◦C) × Time (min) 1 3.741 3.741 3.12 0.092

Error 21 25.218 1.201
Lack of Fit 3 6.092 2.031 1.91 0.164
Pure Error 18 19.127 1.063

Total 26 482.801
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Table 5. Analysis of variance for hemicellulose content.

Source DF Adj SS Adj MS F-Value p-Value

Model 5 857.407 171.481 122.90 0.000
Linear 2 663.231 331.615 237.67 0.000

Temp (◦C) 1 282.903 282.903 202.76 0.000
Time (min) 1 380.328 380.328 272.59 0.000

Square 2 146.336 73.168 52.44 0.000
Temp (◦C) × Temp (◦C) 1 43.884 43.884 31.45 0.000
Time (min) × Time (min) 1 102.452 102.452 73.43 0.000

Two-Way Interaction 1 47.840 47.840 34.29 0.000
Temp (◦C) × Time (min) 1 47.840 47.840 34.29 0.000

Error 21 29.300 1.395
Lack of Fit 3 22.943 7.648 21.65 0.000
Pure Error 18 6.358 0.353

Total 26 886.707

Table 6. Analysis of variance for lignin content.

Source DF Adj SS Adj MS F-Value p-Value

Model 5 749.645 149.929 100.62 0.000
Linear 2 725.549 362.774 243.46 0.000

Temp (◦C) 1 621.869 621.869 417.34 0.000
Time (min) 1 103.680 103.680 69.58 0.000

Square 2 15.595 7.797 5.23 0.014
Temp (◦C) × Temp (◦C) 1 7.114 7.114 4.77 0.040
Time (min) × Time (min) 1 8.481 8.481 5.69 0.027

Two-Way Interaction 1 8.501 8.501 5.70 0.026
Temp (◦C) × Time (min) 1 8.501 8.501 5.70 0.026

Error 21 31.292 1.490
Lack of Fit 3 14.725 4.908 5.33 0.008
Pure Error 18 16.567 0.920

Total 26 780.936

The analysis of the RSM model for solid yield, cellulose, hemicellulose, and lignin
content was verified by measuring the R2 coefficient (Table 7). A lack of fit test was carried
out. The p-values for the lack of fit were <0.05 for solid yield, hemicellulose, and lignin
content. The F values were relatively higher than the 95% confidence level, indicating
that the model is significant. The higher F suggested that the model is significant for
these parameters.

Table 7. Model summary for RMS model.

s R2 R2 (Adjusted) R2 (Predicted)

Solid yield 1.72 96.32% 95.45% 94.10%
Cellulose 1.09 94.78% 93.55% 91.29%

Hemicellulose 1.18 96.70% 95.91% 94.64%
Lignin 1.22 95.99% 95.04% 93.46%

The regression equations (Equations (1)–(4)) are presented below:

Solid yield (%) = 509 − 4.48 X1 − 0.794 X2 + 0.01137 X1
2 + 0.00556 X2

2 + 0.00067 X1X2 (1)

Cellulose = −468.6 + 5.641X1 − 0.703 X2 − 0.01525 X1
2 + 0.00933 X2

2 + 0.000917 X1X2 (2)

Hemicellulose = 264.5 − 2.51 X1 − 0.339 X2 + 0.00592 X1
2 − 0.01794 X2

2 + 0.000608 X1X2 (3)

Lignin = −72.3 + 0.896X1 + 0.264 X2 − 0.001508 X1
2 − 0.00397 X2

2 − 0.001083 X1X2 (4)
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The model indicates that temperature and time significantly affect the content of
cellulose, hemicellulose, and lignin. The R2 value ranged between 93.55% and 95.45%,
indicating that the proposed model reasonably adjusted the empirical data. The value of
R2 must be close to 1 for an ideal model. The model has an R2 higher than 93% in all the
experiments and the low standard deviation proved the accuracy of the model.

Table 8 presents the optimal solution predicted by the model for each measured
parameter. The optimal parameters for obtaining the highest cellulose content are a tem-
perature of 185.8 ◦C and a reaction time of 45 min. The experimental data obtained after
applying the optimum solutions confirm that the experimental and estimated values are
close. Becze et al. used a high-pressure extraction process of antioxidant compounds from
Feteasca regala using RSM, and the values obtained in experiments were confirmed by the
RSM model [23]. Wang et al. [16] also used RSM for cellulose content obtained from ligno-
cellulosic biomass by using an ultrasound-assisted pretreatment method. The Box–Behnken
design was used.

Table 8. Prediction and optimization report obtained from multiple regression.

Optimal
Solutions

Predicted Value
(%)

Experimental
Value (%)

% of Variation Explained
by the Model p

Solid yield 160 ◦C–15 min 66.42 65.52 ± 1.2 59.75 0.015
Cellulose 185.85 ◦C–45 min 47.81 48.23 ± 0.8 97.37 0.002

Hemicellulose 160 ◦C–22.57 min 18.01 16.25 ± 0.3 88.81 0.008
Lignin 200 ◦C–21.06 min 45.81 43.25 ± 1.1 97.91 <0.001

Solid composition 200 ◦C–45 min 97.64 96.35 ± 2.6 72.04 0.004

Based on the results obtained, it can be concluded that RSM is suitable for setting the
conditions for improving cellulose production from AOW using high-pressure CO2 pre-
treatment. The model indicated that the temperature and pretreatment time were significant
for the content of the compounds that resulted after pretreatment in the solid fraction.

2.3. Method Validation and Uncertainty Evaluation for Sugars Analysis by
UHPLC-ELCD Detector

The simultaneous analysis of five sugars (xylose, arabinose, mannose, glucose, galac-
tose) from the hemicellulosic fraction separated after the pretreatment of the AOW samples
using the UHPLC–ELSD method was developed and validated.

The ELSD performance parameters were optimized to obtain good sensitivity and
separation of C5 and C6 sugars. The nebulization temperature, evaporation, and gas flow
were tested to obtain the separation of sugars. At a temperature of 70 ◦C for nebulization
and 90 ◦C for evaporation, the complete separation of sugars was obtained. The unsepa-
rated sugars were obtained via nebulization and evaporation at 90 ◦C. Another factor that
affected the separation was the temperature of the chromatographic column. The total time
of analysis was 20 min, but in the first eight minutes, the separation of the analyzed sugars
occurred. An injection volume of 20 µL provided the best response. Method validation in
terms of linearity, detection limit, quantitation limit, accuracy, reproducibility, and recovery
was conducted according to the requirements of the EURACHEM Guide [24]. The chro-
matographic separation of carbohydrates in the sample analysis (conditions T = 200 ◦C for
45 min) is presented in Figure 5.

Selectivity was demonstrated by evaluating the retention time of blank samples en-
riched with a known concentration of sugars. The reproducibility was determined by
evaluating the retention time variation (%CV). The reproducibility was less than 0.5% in
the case of each type of sugar (Table 9). The linearity, LOD, LOQ, and R2 obtained for each
sugar are presented in Table 9, while the statistical parameters of the calibration curve are
given in Table 10. The concentration range for each sugar was 25 (LOQ)−250 µg mL−1.
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Figure 5. UHPLC–ELSD chromatogram of the carbohydrate sample (1—xylose, 2—arabinose,
3—mannose, 4—glucose, 5—galactose, 6—HMF, 7—furfural).

Table 9. Linearity, limit of detection (LOD), limit of quantification (LOQ), correlation coefficient (R2),
and reproducibility of sugars.

Compounds Retention
Time (min)

Reproducibility (n = 10)
%CV Regression Equation (y = ax + b) R2 LOD

µg mL−1
LOQ

µg mL−1

Xylose 5.678 0.4 y = 18.819x − 31.9288 0.993 15.0 25.0
Arabinose 6.133 0.3 y = 18.8039x − 20.9886 0.992 15.0 25.0
Mannose 7.036 0.3 y = 16.9589x − 61.1288 0.998 15.0 25.0
Glucose 7.294 0.4 y = 39.9770x − 192.0075 0.997 15.0 25.0

Galactose 7.676 0.3 y = 17.7075x − 65.3281 0.998 15.0 25.0

Table 10. Statistical parameters of the calibration curve.

Compounds Sy Sx0 Recovery (%) VXO PG

Xylose 172.23 9.15 99.5 ± 4.2 7.09 2.5
Arabinose 113.80 6.05 107.2 ± 5.6 4.69 3.1
Mannose 81.188 4.79 98.2 ± 4.8 3.71 4.6
Glucose 214.53 5.37 100.1 ± 6.2 4.15 5.5

Galactose 78.770 4.45 104.2 ± 5.5 3.44 5.8
Sy—residual standard deviation, Sx0—standard error of the method, VXO—coefficient of variation of reproducibil-

ity (Sxo x 100/Xm), PG—the limits of working range ( s2
1

s2
6

).

The bottom-up approach was taken into account for calculating the uncertainty. The
primary sources of uncertainty contributing to the method are the purity of the standards,
the analytical balance used for the preparation of stock solutions, the volumetric flask,
pipettes used for the preparation of working solutions, the equipment, the calibration curve,
and the repeatability of the method. The purity of the reference material was specified in the
quality certificate of the standard. As the quality certificate of the reference material does
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not specify the uncertainty type, a rectangular distribution of the uncertainty distribution
is considered; thus, the uncertainty is divided by a radical of three to transform it into
standard uncertainty. The uncertainty of the analytical balance was obtained by composing
the uncertainty given by an accredited testing laboratory, and the repeatability standard
deviation was used. The following factors were considered for the calculation of the
uncertainty of the micro-pipettes: calibration certificate, uncertainty of pipetting at different
temperatures, and repeatability. The precision was defined as the standard deviation of the
response obtained from the measurement of six parallel samples. Sx0 gave the uncertainty
of the calibration curve calculated as the ratio between the residual standard deviation
(Sy) and the slope (b). The precision was also evaluated as the relative standard deviation
(RSD). The expanded uncertainty was calculated considering a cover factor k = 2 for a level
of confidence of 95% (Table 11). The PG values are accepted because they are lower than
the Fisher–Snedecor distribution.

Table 11. Uncertainties of the analyzed sugars.

Purity
(%)

Uc rel
(mg L−1)

Uc
(mg L−1)

UE
(mg L−1)

Urel
(%)

Xylose 99.0 0.104 11.5 22.9 20.9
Arabinose 98.0 0.090 9.9 19.8 18.0
Mannose 99.0 0.085 9.3 18.6 16.9
Glucose 99.5 0.087 9.5 19.1 17.3

Galactose 99.0 0.088 9.7 19.5 17.7
Uc rel—combined standard uncertainties, U—combined uncertainty, UE—expanded uncertainty, Uerel—relative
expanded uncertainty.

The method developed for the analysis of sugars demonstrated excellent precision and
can be used for the analysis of sugars from hemicellulosic fractions obtained after pretreatment.

2.3.1. Chemical Composition of Liquid Samples

The influence of temperature and reaction time on sugar content in a liquid fraction
that resulted after pretreatment is presented in Table 12. The results in this study are
reported with the expanded uncertainty (k = 2) for sugar analysis and standard deviation
for furfural and 5-hydroxymethylfurfural (HMF) content.

Table 12. The sugar (µg mL−1), furfural (µg mL−1), and HMF content (µg mL−1) in real samples
(mean ± U (k = 2), n = 5 parallel samples).

Parameter

Temperature (◦C)

160 ◦C–
15 min

180 ◦C–
15 min

200 ◦C–
15 min

160 ◦C–
30 min

180 ◦C–
30 min

200 ◦C–
30 min

160 ◦C–
45 min

180 ◦C–
45 min

200 ◦C–
45 min

Xylose 581 ± 121 601 ± 125 587 ± 123 784 ± 164 889 ± 185.5 770 ± 161 685 ± 143 708 ± 148 681 ± 142
Arabinose 789 ± 142 815 ± 147 797 ± 144 1064 ± 192 1207 ± 217.5 1045 ± 188 930 ± 168 961 ± 173 925 ± 167
Mannose 238 ± 40.3 246 ± 41.7 241 ± 40.7 320 ± 54.2 363 ± 61.5 314 ± 53.2 281 ± 47.5 290 ± 49.1 279 ± 47.2
Glucose 66.1 ± 11.4 68.4 ± 11.8 66.8 ± 11.6 88.7 ± 15.3 101 ± 17.4 87.1 ± 15.1 77.6 ± 13.4 80.2 ± 13.9 77.2 ± 13.3

Galactose 156 ± 27.6 161 ± 28.5 158 ± 27.9 210 ± 37.1 239 ± 42.2 207 ± 36.6 184 ± 32.5 190 ± 33.6 183 ± 32.3
HMF 22.1 ± 0.07 29.3 ± 0.06 25.3 ± 0.04 25.6 ± 0.05 30.2 ± 0.08 39.5 ± 0.05 32.0 ± 0.7 43.0 ± 0.6 50.0 ± 0.8

Furfural 199 ± 1.5 224 ± 0.8 261 ± 0.9 225 ± 0.21 249 ± 0.34 229 ± 1.1 305 ± 1.3 250 ± 1.8 220 ± 1.2

The composition of the sugars in the filtrate recovered after pretreatment shows that
pentoses are much more sensitive to water and CO2 treatment under the pretreatment
conditions compared with hexose sugars (glucose, mannose, and galactose). The results
show a higher arabinose content than other sugar types. The sugars that resulted after
the hydrolysis of hemicelluloses are mainly pentoses (xylose and arabinose). After the
AOW pretreatment, about 7% of sugars were obtained for the pretreatment performed at
160 ◦C, 10% at 180 ◦C, and 8% at 200 ◦C. For the same reaction time, the sugar concentration
increases as the temperature increases. This occurs until a reaction time of 30 min, after
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which it begins to decrease up to a 45 min reaction time. Alinia et al. [25] obtained the best
overall yields for sugar (208 g kg−1) with supercritical CO2 pretreatment at 185 ◦C for a
30 min reaction time for wheat straw. The proposed mechanism for the transformation of
hexoses into HMF is presented in Figure 6.

Molecules 2022, 27, x FOR PEER REVIEW 10 of 19 
 

 

Table 12. The sugar (µg mL−1), furfural (µg mL−1), and HMF content (µg mL−1) in real samples 
(mean± U (k = 2), n = 5 parallel samples). 

Parameter 
Temperature (°C) 

160 °C– 
15 min 

180 °C– 
15 min 

200 °C– 
15 min 

160 °C– 
30 min 

180 °C– 
30 min 

200 °C– 
30 min 

160 °C– 
45 min 

180 °C– 
45 min 

200 °C– 
45 min 

Xylose 581 ± 121 601 ± 125 587 ± 123 784 ± 164 889 ± 185.5 770 ± 161 685 ± 143 708 ± 148 681 ± 142 
Arabinose 789 ± 142 815 ± 147 797 ± 144 1064 ± 192 1207 ± 217.5 1045 ± 188 930 ± 168 961 ± 173 925 ± 167 
Mannose 238 ± 40.3 246 ± 41.7 241 ± 40.7 320 ± 54.2 363 ± 61.5 314 ± 53.2 281 ± 47.5 290 ± 49.1 279 ± 47.2 
Glucose 66.1 ± 11.4 68.4 ± 11.8 66.8 ± 11.6 88.7 ± 15.3 101 ± 17.4 87.1 ± 15.1 77.6 ± 13.4 80.2 ± 13.9 77.2 ± 13.3 

Galactose 156 ± 27.6 161 ± 28.5 158 ± 27.9 210 ± 37.1 239 ± 42.2 207 ± 36.6 184 ± 32.5 190 ± 33.6 183 ± 32.3 
HMF 22.1 ± 0.07 29.3 ± 0.06 25.3 ± 0.04 25.6 ± 0.05 30.2 ± 0.08 39.5 ± 0.05 32.0 ± 0.7 43.0 ± 0.6 50.0 ± 0.8 

Furfural 199 ± 1.5 224 ± 0.8 261 ± 0.9 225 ± 0.21 249 ± 0.34 229 ± 1.1 305 ± 1.3 250 ± 1.8 220 ± 1.2 

The composition of the sugars in the filtrate recovered after pretreatment shows that 
pentoses are much more sensitive to water and CO2 treatment under the pretreatment 
conditions compared with hexose sugars (glucose, mannose, and galactose). The results 
show a higher arabinose content than other sugar types. The sugars that resulted after the 
hydrolysis of hemicelluloses are mainly pentoses (xylose and arabinose). After the AOW 
pretreatment, about 7% of sugars were obtained for the pretreatment performed at 160 °C, 
10% at 180 °C, and 8% at 200 °C. For the same reaction time, the sugar concentration in-
creases as the temperature increases. This occurs until a reaction time of 30 min, after 
which it begins to decrease up to a 45 min reaction time. Alinia et al. [25] obtained the best 
overall yields for sugar (208 g kg−1) with supercritical CO2 pretreatment at 185 °C for a 30 
min reaction time for wheat straw. The proposed mechanism for the transformation of 
hexoses into HMF is presented in Figure 6. 

 
Figure 6. The proposed mechanism for transformation of hexoses into HMF. 

The decrease in the 5-HMF concentration could be attributed to the polymerization 
and hydrolysis of 5-HMF at high temperatures, as well as the production of levulinic acid, 
humins, and formic acid [26]. The highest furfural content was produced by pretreatment 
performed at 160 °C for 45 min. The furfural content decreased at high temperatures and 
time. A possible explanation could be the boiling of furfural at 162 °C. According to Yong 
et al. [27], supercritical fluid extraction enhances the depolymerization of pentosan. The 
dissolution of carbon dioxide leads to the formation of carbonic acid which favors acidic 
conditions for bonding cleavages. Furfural is formed from pentoses contained in the hem-
icellulose phase. Further, furfural can be extracted from the liquid phase with a solvent 
(ex. toluene) and used as a chemical. The obtained results suggested that AOW can be a 
good source for obtaining furfural. Binder et al. [28] obtained furfural from the agricul-
tural residue by converting xylose to furfural with a conversion yield of 53%. 

2.3.2. Optimum Condition of the Pretreatment Method for Extracting Sugars in Liquid 
Fraction Designed by RSM 

The final compositions of the sugars were optimized using response surface method-
ology. The response plot for xylose vs. two different input variables (temperature and 
time) is presented in Figure 7. 
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The decrease in the 5-HMF concentration could be attributed to the polymerization
and hydrolysis of 5-HMF at high temperatures, as well as the production of levulinic acid,
humins, and formic acid [26]. The highest furfural content was produced by pretreatment
performed at 160 ◦C for 45 min. The furfural content decreased at high temperatures
and time. A possible explanation could be the boiling of furfural at 162 ◦C. According to
Yong et al. [27], supercritical fluid extraction enhances the depolymerization of pentosan.
The dissolution of carbon dioxide leads to the formation of carbonic acid which favors
acidic conditions for bonding cleavages. Furfural is formed from pentoses contained in the
hemicellulose phase. Further, furfural can be extracted from the liquid phase with a solvent
(ex. toluene) and used as a chemical. The obtained results suggested that AOW can be a
good source for obtaining furfural. Binder et al. [28] obtained furfural from the agricultural
residue by converting xylose to furfural with a conversion yield of 53%.

2.3.2. Optimum Condition of the Pretreatment Method for Extracting Sugars in Liquid
Fraction Designed by RSM

The final compositions of the sugars were optimized using response surface method-
ology. The response plot for xylose vs. two different input variables (temperature and time)
is presented in Figure 7.
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The multiple regression for xylose (Table 13) and the summary reports for the other
sugars are presented in Equations (5)–(9).

The regression equations (Equations (5)–(9)) are presented below:

Xylose (µg mL−1) = −3329 + 36.9 X1 + 54.9 X2 −0.1011 X1
2 −0.79 X2

2 − 0.022 X1X2 (5)

Arabinose (µg mL−1) = −6498 + 72.1 X1 + 77.1 X2 − 0.1981 X1
2 − 1.124 X2

2 − 0.0314 X1X2 (6)

Mannose (µg mL−1) = −702 + 8.56 X1 + 17.81 X2 − 0.0253 X1
2 − 0.3212 X2

2 − 0.0164 X1X2 (7)

Glucose (µg mL−1) = −1110 + 12.60 X1 + 5.5 X2 − 0.035 X1
2 − 0.0862 X2

2 − 0.00164 X1X2 (8)

Galactose (µg mL−1) = −901 + 10.26 X1 + 12.18 X2 − 0.0286 X1
2 − 0.1990 X2

2 − 0.00417 X1X2 (9)

Table 13. Analysis of variance for xylose.

Source DF Adj SS Adj MS F-Value p-Value

Model 5 242,794 48,559 99.20 0.000
Linear 2 38,885 19,442 39.72 0.000

Temp 1 150 150 0.31 0.585
Time 1 38,735 38,735 79.13 0.000

Square 2 203,375 101,688 207.74 0.000
Temp × Temp 1 9815 9815 20.05 0.000
Time × Time 1 193,561 193,561 395.44 0.000

Two-Way Interaction 1 533 533 1.09 0.308
Temp × Time 1 533 533 1.09 0.308

Error 21 10,279 489
Lack of Fit 3 5481 1827 6.85 0.003
Pure Error 18 4799 267

Total 26 253,073

The p-value was used to test the significance of the model for the predicted sugars
(Table 14). The lack of fit (in all cases) was smaller than p < 0.05, proving that the model
was significant.

Table 14. Model summary for RSM.

R2 R2 (Adjusted) R2 (Predicted)

Xylose 95.94% 94.97% 93.58%
Arabinose 88.89% 86.22% 82.34%
Mannose 87.54% 84.57% 79.29%
Glucose 72.55% 66.02% 57.19%

Galactose 89.13% 86.54% 82.41%

The values of the coefficient of variation for all parameters show a good fit of the
model with the experimental data at a 95% confidence level. The calculated F values
(6.85—xylose, 7.64—arabinose, 1.72—mannose, 2.37—glucose, and 2.30—galactose) proved
that the model was sufficiently significant. The model can be used only for the fit data
between the variables’ minimum and maximum values. The pretreatment temperature
was the factor that had the most significant influence on the content of sugars in the
hemicellulosic fraction.

2.4. Structural Characterization of the AOW before and after Pretreatment
2.4.1. SEM Analysis

To evaluate the structural modification of AOW before and after pretreatment at each
temperature, SEM imagining was carried out. In SEM images of raw material, a compressed
structure can be observed. During the temperature increase, the fibers are broken and the
cellulose structure can be observed. The structure of treated AOW (Figure 8b–d) may be
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due to the solubilization of hemicellulose in the liquid fraction [29]. The use of water as a
co-solvent can create an equilibrium, and some parts of the water’s CO2 cannot dissolve it.
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Figure 8. SEM images of (a) raw material, (b) raw material pretreated at 160 ◦C for 30 min, (c) raw
material pretreated at 180 ◦C for 30 min, and (d) raw material pretreated at 200 ◦C for 30 min.

The SEM images of the AOW differ depending on the temperature applied to
the pretreatment.
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2.4.2. FTIR Spectra

The FTIR spectra for the raw and pretreated apple orchard waste is presented in
Figure 9.

Molecules 2022, 27, x FOR PEER REVIEW 13 of 19 
 

 

  
  

Figure 8. SEM images of (a) raw material, (b) raw material pretreated at 160 °C for 30 min, (c) raw 
material pretreated at 180 °C for 30 min, and (d) raw material pretreated at 200 °C for 30 min. 

The SEM images of the AOW differ depending on the temperature applied to the 
pretreatment. 

2.4.2. FTIR Spectra 
The FTIR spectra for the raw and pretreated apple orchard waste is presented in Fig-

ure 9. 

500 1000 1500 2000 2500 3000 3500 4000

Tr
an

sm
itt

an
ce

 (a
.u

.)

Wavenumber (cm-1)

(b)

(a)

(c)

(d)

(e)

(f)

10
32

13
71

15
15

16
24

14
55

13
17

11
60

14
27

34
00

17
39

29
36

 
Figure 9. FTIR images of (a) raw material, (b) cellulose standard, (c) glucose standard, (d) pretreated 
biomass at 160 °C for 30 min, (e) pretreated biomass at 180 °C for 30 min, and (f) pretreated biomass 
at 200 °C for 30 min. 

(c) (d) 

Figure 9. FTIR images of (a) raw material, (b) cellulose standard, (c) glucose standard, (d) pretreated
biomass at 160 ◦C for 30 min, (e) pretreated biomass at 180 ◦C for 30 min, and (f) pretreated biomass
at 200 ◦C for 30 min.

Fourier transform infrared spectroscopy (FTIR) was used to analyze untreated and
pretreated AOW. IR spectroscopy studies provide information on the functional groups
present in the structure of raw material and can provide information on changes in the func-
tional groups before and after the pretreatment method. Figure 9b presents the functional
groups for the cellulose standard revealing the following band assignments: 3400 cm−1

is the OH-stretching vibrations range, 2800 cm−1 is CH and CH2 stretching, 1500 cm−1

is the COH and HCH bending, 1400 cm−1 is the CH and COH bending, 1200 cm−1 is
skeletal vibrations of C-O-C stretching, and 1000 cm−1 is the vibration of C-O and ring
stretching. The vibration presented at 1739 cm−1 was attributed to the valence vibration of
the C=O group from hemicellulose. This band almost disappears in the spectrum of treated
raw material at different temperatures. The adsorption peaks of lignin were around 1624,
1515, and 1455 cm−1. The band at 1371 cm−1 was attributed to vibrations of C-H from
cellulose. The band at around 1317 cm−1 was assigned to C-H vibration from cellulose and
hemicellulose. The 1059 cm−1 band was caused by CH in plain deformation of C-O from
cellulose and hemicellulose. The bands presented at 1427, 1371, 1160, and 1032 cm−1 are
valence vibrations of cellulose (Figure 9b). There is a visible difference in the FTIR spectrum
of the untreated and pretreated AOW, as shown by the absence of adsorption bands or by
changing the intensity and profile of certain bands [30].

2.4.3. XRD Analysis

The X-ray diffraction patterns of the raw and pretreated AOW are presented in
Figure 10.

Lignocellulosic biomass is mainly composed of polysaccharides (cellulose and hemi-
cellulose) and lignin. Hemicellulose and lignin are amorphous, while cellulose has both
amorphous and crystalline components [31]. The XRD technique offers information on
the crystalline content. The main crystalline and amorphous peaks arise around 2θ = 22◦

and between 2θ values of 15 and 18◦, respectively. Two typical diffraction peaks were
observed at approximately 15◦ and 22◦, corresponding to the lowest (101) and highest (002)
peaks, indicating that type I cellulose was the main form of cellulose in the investigated
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sample [32]. The peak intensity increases and peaks become narrower with the increase
in the pretreatment temperature. The relative fraction of the crystalline component in the
cellulose is expressed as the crystallinity index (CrI), calculated according to the Segal em-
pirical equation [33]. The Segal formula is one of the most used techniques for calculating
the crystallinity index at the peak height of crystalline materials. The CrI values varied
in the following order: 51.4% (raw) < 51.7 (160 ◦C) < 54.5 (180 ◦C) < 56.6 (200 ◦C). The
enhanced crystallinity indicates the removal of hemicellulose and lignin [34].
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Figure 10. X-ray diffraction patterns of (a) raw material, (b) pretreated biomass at 160 ◦C for 30 min,
(c) pretreated biomass at 180 ◦C for 30 min, and (d) pretreated biomass at 200 ◦C for 30 min.

3. Materials and Methods
3.1. Chemicals and Reagents

All used chemicals were of analytical reagent grade. Acetic acid, dichloromethane,
sulfuric acid (98%), sodium hydroxide, methanol, hydrochloric acid, ethanol, toluene,
acetone, acetonitrile, and CO2 (≥99.8%) were purchased from Merck (Darmstadt, Ger-
many). 5-hydroxymethylfurfural (HMF) and furfural were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Standards of D(+)-glucose (99.5%), D(+)-mannose (99.0%), D(+)-
galactose (99.0%), D(−)-arabinose (98.0%), D(+)-xylose (990%) were purchased from Merck
(Darmstadt, Germany). Sodium chlorite (80%) was purchased from Alfa Aesar GmbH
& Co (Karlsruhe, Germany). All solutions were prepared by using ultrapure water
(18.2 MΩcm−1 at 20 ◦C) obtained from a Direct-Q3 UV Water Purification System (Milli-
pore, Molsheim, France).

3.2. Sample Description

The AOW samples were purchased from the Research Station of the University of
Agricultural Sciences “Ion Ionescu de la Brad” from Ias, i, farm no. 3 “Vasile Adamachi”
(Romania). The samples were collected immediately after the cutting operations of apple
trees, and they were dried and shredded to a diameter of 0.2 mm.

3.3. High-Pressure Supercritical CO2 Pretreatment

The AOW was pretreated by supercritical CO2 pretreatment using a steel pressure
Parr reactor (Parr Instruments, Moline, IL, USA), equipped with a Parr 4523 temperature
controller and a 1 L reaction vessel. Approximately 30 g of biomass was placed into the
reactor vessel with 300 mL water, and then the mixtures were placed in the autoclave reactor.
The reactor contains the following components: an external controller, thermocouple,
magnetic stirring system, heating jacket, pressure gauge, gas inlet, pressure valve, and
CO2 cylinder pressure at 25 ◦C (6.8 MPa). The CO2 amount was introduced in the reactor
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by using a restrictor valve until the desired pressure (10 MPa), to ensure that only liquid
carbon dioxide was present. During the reaction process, stirring was set at 600 rpm to
allow better mixing of biomass with CO2. The reactor was tightly sealed and heated to a
set temperature (160, 180, and 200 ◦C) and time (15, 30, and 45 min) with a ramp-up time of
a few minutes to reach the desired parameters. Pressure increased once the reactor was
heated up, and the volume of CO2 varied with temperature. After the test was finished,
the CO2 gas was slowly released using a pressure valve, the heating was stopped, and
the reaction vessel was cooled at room temperature. The heating and cooling time varied
in each experiment (for the experiment, −200 ◦C and 45 reaction time); the heating time
was 30 min to ensure the equilibrium. The samples were cooled at room temperature,
the solid fraction was separated by filtration, and the chemical composition of solid and
liquid fractions was determined. The liquid samples were recovered and analyzed for
sugar content.

RSM Methodology

RSM is used to predict the influence of temperature and time (variables) on cellulose
content, hemicellulose content, yield, and solid composition (independent variables) in
supercritical CO2 pretreatment. The Minitab software was used to optimize the RSM model.
The water was chosen as a co-solvent to help the separation. In the supercritical pretreat-
ment of the AOW, the dependent variables were the content of cellulose, hemicellulose,
lignin, and solid yields, and the dependent variables were temperature and time. The
mathematical model used is detailed in the study conducted by Pinto et al. [15]. The effect
of temperature (X1) and time (X2) on the solid fraction composition that resulted after
the supercritical pretreatment was investigated using full factorial. All experiments were
conducted in triplicate. Two independent variables were studied at three different levels
(Table 15). The central composite design (CCD) was used as a type of response surface
modeling. The CCD design was carried out with three levels for individual variables X1
and X2. The second-order polynomial equation used was presented in Equation (10):

Y = β0+∑k=2
J=1 βj xj+∑k=2

J=1 βjj x2
j +∑k=2

J=1 βjj xixj +Є (10)

where β0 and βii are the regression coefficients; Xi, Xii, and XiXj are the main, interac-
tion, and quadratic terms, respectively; Y is the responsible variable; k is the number of
independent variables.

Optimal conditions were applied in order to verify the model by comparing experi-
mental and predicted values.

Table 15. Independent variables used for response surface studies.

Variables Symbols
Coded Levels

Low Factorial (−1) Center Point (0) High Factorial (+1)

Temperature (◦C) X1 160 180 200
Time (min) X2 15 30 45

3.4. Analytical Characterization
3.4.1. Chemical Characterization of Raw and Pretreated Biomass

Ash and moisture were analyzed gravimetrically. The moisture content was deter-
mined by drying for 24 h at 105 ◦C in an oven (Memmert Tip UFE 400 GmbH + Co. KG,
Schwabach, Germany) to a constant weight. The ash content was determined after the
incineration of samples at 550 ◦C according to ASTM D1102-84 (2021) [35]. The extractables
were determined by extracting the sample with ethanol in a Soxhlet extractor for 6 h. The
elemental analysis was determined by a Flash EA 2000 CHNS/O analyzer (Thermo Fisher
Scientific, Waltham, MA, USA) [36–38]. The content of cellulose, hemicellulose, and lignin
was determined according to Teramoto et al. [39]. The holocellulose was determined by
the reaction of raw material with NaClO2 at 75 ◦C for 1 h. The cellulose was obtained
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by the reaction of the previously obtained holocellulose with 17.5% NaOH at 20 ◦C for
40 min. The hemicellulose content was calculated as the difference between the amount of
holocellulose and cellulose. The lignin content was determined as insoluble residue that
resulted after the reaction of raw material with 72% H2SO4.

3.4.2. Chemical Analysis of Sugars Obtained in Liquid Samples

UHPLC (Agilent Technologies, Santa Clara, CA, USA) was used to analyze the liquid
fraction that resulted after pretreatment for monosaccharides (glucose, mannose, galactose,
xylose, and arabinose), HMF, and furfural. The content of mono-sugars was analyzed
by UHPLC (1260 Infinity II), which contains a quaternary pump (Agilent Technologies,
G7111B, 1260 Infinity II, Santa Clara, CA, USA), an Agilent Autosampler with an injection
valve fitted with a 20 µL sample loop. The separation was performed on a 5 µm Polaris
NH2 250 × 4.6 mm (Agilent Technologies, Santa Clara, CA, USA). The column temperature
(Agilent Technologies 1290 Infinity II Multicolumn Thermostat, Santa Clara, CA, USA) was
kept constant at 30 ◦C, and the mobile phase flow rate was 0.6 mL.min−1. The Evaporative
Light Scattering Detector (ELSD) (Agilent Technologies, 1290 Infinity ELSD, Santa Clara,
CA, USA) has the following characteristics: nebulization temperature of 70 ◦C, evaporation
temperature of 90 ◦C, and gas flow of 1.2 SLM. The eluent used was acetonitrile: water
(75:25) with a flow rate of 0.6 mL min−1 and an injection volume of 20 µL. All the samples
were filtered through a 0.45 µM PTFE filter for LC analysis.

The content of furfural and HMF was analyzed according to our recent methods
published [40,41].

3.4.3. Strategy for Methods’ Validation

The standards were dissolved in ultrapure water. The working solutions were pre-
pared in eluent (75:25 ACN:water (v/v)) and used for the UHPLC analysis. The calibration
curve was prepared with six appropriate concentrations for each analyte (25, 50, 100, 150,
200, and 250 µg mL−1). The stock solutions were diluted with eluent (75:25 ACN:water
(v/v)) and filtered through a 0.45 µm membrane. The limit of detection (LOD) was calcu-
lated as 3 × standard deviations of the response given by the analysis of six blank replicates,
while the limit of quantification (LOQ) was calculated as 3 × LOD. The precision in the
samples was determined at four different spiked concentrations of sugars (25, 100, 200,
and 250 µg mL−1) and evaluated as relative standard deviations. The homogeneity of the
dispersion was evaluated as PG and calculated as a ratio between the standard deviation
of the lowest and the highest limits.

The uncertainty measurement was carried out according to the EURACHEM guide [24].
The uncertainty was reported as expanded uncertainty; calculated as Urel = k × Uc, where
k = 2 is the coverage factor (for a level of confidence of 95%); and Uc was the combined
standard uncertainty.

3.5. Structural Characterization
3.5.1. Scanning Electron Microscopy (SEM)

The AOW samples, before and after pretreatment, were examined using a scanning
electron microscope (SEM VEGAS 3 SBU, Tescan, Brno-Kohoutovice, Czech Republic) with
a Quantax EDS XFlash (Bruker, Karlsruhe, Germany) detector. The samples were deposited
on a double-sided conductive carbon tape on two aluminum stubs and analyzed.

3.5.2. X-ray Diffraction (XRD)

The X-ray diffraction (XRD) patterns were performed using a D8 Advance diffrac-
tometer (Bruker, Karlsruhe, Germany), operating at 40 kV and 35 mA, with CuKα radiation
(λ = 1.5406 Å), at room temperature. The crystallinity index (CrI) was calculated using
the Segal empirical equation (Equation (11)) via a maximum intensity of the 200 lattice
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diffraction peak (I002, 2θ ≈ 22.5◦) and the minimum intensity of the diffraction between the
002 and 110 peaks (Iam, 2θ ≈ 18◦) that correspond to amorphous cellulose.

CrI (%) = (I002 − Iam)/I002 × 100 (11)

3.5.3. FTIR Analysis

The FTIR spectra of raw and pretreated AOW were recorded using a Spectrum BX
II (Perkin Elmer, Waltham, MA, USA) spectrometer in the range of 4000–400 cm−1 on 1%
KBr pellets with a spectral resolution of 2 cm−1, in order to identify different functional
groups and monitor changes occurring at the functional groups level during different
conversion processes.

4. Conclusions

This study investigated the influence of high-pressure supercritical CO2 pretreatment
on apple orchard waste for separating sugars into cellulosic and hemicellulosic fractions.
The contents of solid and liquid fractions that resulted after pretreatment were evaluated.
The results obtained in the experiments were compared with the expected results obtained
using the RSM model. A new method of sugar analysis has been developed by using
the UHPLC-ELSD method. This method is environmentally friendly due to the low con-
sumption of organic solvents and the absence of the extraction step before injection. The
uncertainty of the method was calculated for each type of sugar based on a bottom-up
approach. The obtained sugars can be used as raw material to produce bioplastics by using
specific strains.

Author Contributions: Conceptualization, L.S.; methodology, D.A.S., E.A.L., O.C., A.B. and C.V.,
software, D.A.S.; validation, L.S.; formal analysis, O.C., E.A.L. and A.B.; investigation, C.V.; resources,
L.S.; data curation, D.A.S.; writing—original draft preparation, L.S.; writing—review and editing,
L.S. and E.K.; visualization, O.C. and E.A.L.; supervision, L.S.; project administration, L.S.; funding
acquisition, L.S. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a grant from the Ministry of Research, Innovation and
Digitization, CNCNS-UEFISCDI, project number PN-III-P1.1.1-TE-2021-0179, within PNCDI III,
LIGNOBIOPLAST.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples are available from the authors.

References
1. Caldeira, C.; Vlysidis, A.; Fiore, G.; Laurentiis, V.D.; Vignali, G. Sustainability of food waste biorefinery: A review on valorization

pathways, techno-economic constraints. Bioresour. Technol. 2020, 312, 123575. [CrossRef] [PubMed]
2. Dyjakon, A. The influence of apple orchard management on energy performance and pruned biomass harvesting for energetic

applications. Energies 2019, 12, 632. [CrossRef]
3. Bhatia, S.K.; Jagtap, S.S.; Bedekar, A.A.; Bhatia, R.K.; Rajendran, K.; Pugazhendhi, A.; Rao, C.V.; Atabani, A.E.; Kumar, G.; Yang,

Y.H. Renewable biohydrogen production from lignocellulosic biomass using fermentation and integration of systems with other
energy generation technologies. Sci. Total Environ. 2021, 765, 144429. [CrossRef]

4. Pocha, C.K.R.; Chia, S.R.; Chia, W.Y.; Koyande, A.K.; Nomanbhay, S.; Chew, K.W. Utilization of agricultural lignocellulosic wastes
for biofuels and green diesel production. Chemosphere 2022, 292, 133246. [CrossRef] [PubMed]

5. Esquivel-Hernández, D.A.; García-Pérez, J.S.; López-Pacheco, I.Y.; Hafiz, M.; Iqbal, N.; Parra-Saldívar, R. Resource recovery
of lignocellulosic biomass waste into lactic acid-Trends to sustain cleaner production. J. Environ. Manag. 2022, 301, 113925.
[CrossRef]

6. Kawaguchi, H.; Takada, K.; Elkasaby, T.; Pangestu, R.; Totoshim, M.; Kadar, P.; Ogino, C.; Kaneko, T.; Kondo, A. Recent advances
in lignocellulosic biomass white biotechnology for bioplastics. Bioresour. Technol. 2022, 344, 126165. [CrossRef] [PubMed]

7. Qin, S.; Giri, B.S.; Patel, A.K.; Sar, T.; Liu, H.; Chen, H.; Juneja, A.; Kumar, D.; Zhang, Z.; Awasthi, M.K.; et al. Resource recovery
and biorefinery potential of apple orchard waste in the circular bioeconomy. Bioresour Technol. 2021, 321, 124496. [CrossRef]

http://doi.org/10.1016/j.biortech.2020.123575
http://www.ncbi.nlm.nih.gov/pubmed/32521468
http://doi.org/10.3390/en12040632
http://doi.org/10.1016/j.scitotenv.2020.144429
http://doi.org/10.1016/j.chemosphere.2021.133246
http://www.ncbi.nlm.nih.gov/pubmed/34906526
http://doi.org/10.1016/j.jenvman.2021.113925
http://doi.org/10.1016/j.biortech.2021.126165
http://www.ncbi.nlm.nih.gov/pubmed/34695585
http://doi.org/10.1016/j.biortech.2020.124496


Molecules 2022, 27, 7783 18 of 19

8. Montroni, D.; Giosia, M.D.; Falini, G. Supramolecular binding with lectins: A new route for non-covalent functionalization of
polysaccharide matrices. Molecules 2022, 27, 5633. [CrossRef]

9. Zabed, H.; Sahu, J.N.; Boyce, A.N.; Faruq, G. Fuel ethanol production from lignocellulosic biomass: An overview on feedstocks
and technological approaches. Renew. Sustain. Energy Rev. 2016, 66, 751–774. [CrossRef]

10. Sun, J.; Ding, R.; Yin, J. Pretreatment corn ingredient biomass with high pressure CO2 for conversion to fermentable sugars via
enzymatic hydrolysis of cellulose. Ind. Crops Prod. 2022, 177, 114518. [CrossRef]

11. Seoud, O.A.E.; Kostag, M.; Jedvert, K.; Malek, N.I. Cellulose in ionic liquids and alkaline solutions: Advances in the mechanisms
of biopolymer dissolution and regeneration. Polymers 2019, 11, 1917. [CrossRef] [PubMed]

12. Zhao, M.J.; Xu, Q.Q.; Li, G.M.; Zhang, Q.Z.; Zhou, D.; Yin, J.Z.; Zhan, H.S. Pretreatment of agricultural residues by supercritical
CO2 at 50–80 ◦C to enhance enzymatic hydrolysis. J. Energy Chem. 2019, 31, 39–45. [CrossRef]

13. Ran, F.; Wang, X.; Li, H.; Zhang, H.; Pang, J.; Wang, Z.; Li, L. High yield of reducing sugar from enzymolysis of cellulose in
supercritical carbon dioxide system. Ind. Crops Prod. 2022, 178, 114632. [CrossRef]

14. Jogi, R.; Maki-Arvela, P.; Virtanen, P.; Kumar, N.; Hemming, J.; Russo, V.; Samikannu, A.; Lestander, T.A.; Mikkola, J. Understand-
ing the formation of phenolic monomers during fractionation of birch wood under supercritical ethanol over iron based catalysts.
J. Energy Inst. 2020, 93, 2055–2062. [CrossRef]

15. Pinto, J.A.; Prieto, M.A.; Ferreira, I.C.F.R.; Belgacem, M.N.; Rodriques, A.E.; Barreiro, M.F. Analysis of the oxypropylation process
of a lignocellulosic material, almond shell, using the response surface methodology (RSM). Ind. Crops Prod. 2020, 153, 112543.
[CrossRef]

16. Wang, C.; Wang, H.; Gu, G. Ultrasound-assisted xanthation of cellulose from lignocellulosic biomass optimized by response
surface methodology for Pb (II) sorption. Carbohydr. Polym. 2018, 182, 21–28. [CrossRef]

17. Pandey, A.K.; Negi, S. Impact of surfactant assisted acid and alkali pretreatment on lignocellulosic structure of pine foliage
and optimization of its saccharification parameters using response surface methodology. Bioresour. Technol. 2015, 192, 115–125.
[CrossRef]

18. Gundapalli, M.P.; Tantayotai, P.; Panakkal, E.J.; Chuetor, S.; Kirdponpattara, S.; Thomas, A.S.S.; Sharma, B.K.; Sriariyanum,
M. Hydrothermal pretreatment optimization and deep eutectic solvent pretreatment of lignocellulosic biomass: An integrated
approach. Bioresour. Technol. Rep. 2022, 17, 100957. [CrossRef]

19. Tsai, Y.-H.; Tsai, C.-W.; Tipple, C.A. A validated method for the analysis of sugars and sugar alcohols related to explosive via
liquid chromatography mass spectrometry (LC-MS) with post-column addition. Forensic Chem. 2022, 28, 100404. [CrossRef]

20. Li, P.; Chatterjee, M.; Lämmerhofer, M. Targeted analysis of sugar phosphates from glycolysis partway by phosphate methylation
with liquid chromatography coupled to tandem mass spectrometry. Anal. Chim. Acta 2021, 1221, 340099. [CrossRef]

21. Hyvärinen, S.; Mikkola, J.P.; Murzin, D.Y.; Vaher, M.; Kaljurand, M.; Koel, M. Sugars and sugar derivatives in ionic liquid media
obtained from lignocellulosic biomass: Comparison of capillary electrophoresis and chromatographic analysis. Catal. Today 2014,
223, 18–24. [CrossRef]

22. Muhammad, G.; Ngatcha, A.D.P.; Xiong, W.; El-Badry, Y.; Asmatulu, E.; Xu, J.; Alam, M.A. Enhanced biodiesel production from
wet microalgae biomass optimized via response methodology and artificial neural network. Renew. Energy 2022, 184, 753–764.
[CrossRef]

23. Becze, A.; Babalau-Fuss, V.L.; Varaticeanu, C.; Roman, C. Optimization of high-pressure extraction process of antioxidant
compounds from Feteasca regala leaves using Response Surface Methodology. Molecules 2020, 25, 4209. [CrossRef] [PubMed]

24. EURACHEM. CITAC Guide CG4, Quantifying Uncertainty in Analytical Measurement, 3rd ed.; Ellison, S.L.R., Williams, A., Eds.;
Eurachem: Teddington, UK, 2012; pp. 1–132.

25. Alinia, R.; Zabihi, S.; Esmaeilzadeh, F.; Kalajahi, J.F. Pretreatment of wheat straw by supercritical CO2 and its enzymatic hydrolysis
for sugar production. Biosyst. Eng. 2010, 107, 61–66. [CrossRef]

26. Ji, Q.; Jiang, H.; Yu, X.; Yagoub, A.E.G.; Zhou, C.; Chen, L. Efficient and environmentally-friendly dehydration of glucose and
treatments of bagasse under the supercritical CO2 system. Renew. Energy 2020, 162, 1–12. [CrossRef]

27. Yong, K.J.; Wu, T.Y.; Lee, C.B.T.L.; Lee, Z.J.; Liu, Q.; Jahim, J.M.; Zhou, Q.; Zhang, L. Furfural production from biomass residues:
Current technologies, challenges and future prospects. Biomass Bioenerg. 2022, 161, 106458. [CrossRef]

28. Binder, J.B.; Blank, J.J.; Cefali, A.V.; Raines, R.T. Synthesis of furfural from xylose and xylan. Chem.Sus.Chem. 2010, 3, 1268–1272.
[CrossRef]

29. Lü, H.; Ren, M.; Zhang, M.; Chen, Y. Pretreatment of corn stover using supercritical CO2 with water-ethanol as co-solvent. Chin. J.
Chem. Eng. 2013, 21, 551–557. [CrossRef]

30. Rahmani, A.M.; Gahlot, P.; Moustakas, K.; Kazmi, A.A.; Ojha, C.S.P.; Tyagi, V.K. Pretreatment methods to enhance solubilization
and anaerobic biodegradability of lignocellulosic biomass (wheat straw): Progress and challenges. Fuel 2022, 319, 123726.
[CrossRef]

31. Taherzadeh, M.J.; Karimi, K. Pretreatment of lignocellosic wastes to improve ethanol and biogas production: A review. Int. J. Mol.
Sci. 2008, 9, 1621–1651. [CrossRef]

32. Senila, L.; Tenu, I.; Carlescu, P.; Scurtu, D.A.; Kovacs, E.; Senila, M.; Cadar, O.; Roman, M.; Dumitras, D.E.; Roman, C.
Characterization of biobriquettes produced from vineyard wastes as a solid biofuel resource. Agriculture 2022, 12, 341. [CrossRef]

33. Segal, L.; Creely, J.; Martin, A.; Conrad, C. An empirical method for estimating the degree of crystallinity of native cellulose using
the X-ray difractometer. Text. Res. J. 1959, 29, 786–794. [CrossRef]

http://doi.org/10.3390/molecules27175633
http://doi.org/10.1016/j.rser.2016.08.038
http://doi.org/10.1016/j.indcrop.2022.114518
http://doi.org/10.3390/polym11121917
http://www.ncbi.nlm.nih.gov/pubmed/31766402
http://doi.org/10.1016/j.jechem.2018.05.003
http://doi.org/10.1016/j.indcrop.2022.114632
http://doi.org/10.1016/j.joei.2020.05.001
http://doi.org/10.1016/j.indcrop.2020.112542
http://doi.org/10.1016/j.carbpol.2017.11.004
http://doi.org/10.1016/j.biortech.2015.04.054
http://doi.org/10.1016/j.biteb.2022.100957
http://doi.org/10.1016/j.forc.2022.100404
http://doi.org/10.1016/j.aca.2022.340099
http://doi.org/10.1016/j.cattod.2013.08.015
http://doi.org/10.1016/j.renene.2021.11.091
http://doi.org/10.3390/molecules25184209
http://www.ncbi.nlm.nih.gov/pubmed/32937896
http://doi.org/10.1016/j.biosystemseng.2010.07.002
http://doi.org/10.1016/j.renene.2020.07.123
http://doi.org/10.1016/j.biombioe.2022.106458
http://doi.org/10.1002/cssc.201000181
http://doi.org/10.1016/S1004-9541(13)60508-X
http://doi.org/10.1016/j.fuel.2022.123726
http://doi.org/10.3390/ijms9091621
http://doi.org/10.3390/agriculture12030341
http://doi.org/10.1177/004051755902901003


Molecules 2022, 27, 7783 19 of 19

34. Galiwango, E.; Rahman, N.S.A.; Al-Marzouqi, A.H.; Abu-Omar, M.M.; Khaleel, A.A. Isolation and characterization of cellulose
and α-cellulose from date palm biomass waste. Heliyon 2019, 5, e02937. [CrossRef] [PubMed]

35. Standard Test Method for Ash in Wood. ASTM D1102-84; ASTM International: West Conshohocken, PA, USA, 2021.
36. ISO 10694:1995; Soil Quality—Determination of Organic and Total Carbon after Dry Combustion (Elementary Analysis). Interna-

tional Organization for Standardization: Geneva, Switzerland, 1995.
37. ISO 13878:1998; Soil Quality—Determination of Total Nitrogen Content after Dry Combustion (Elementary Analysis). Interna-

tional Organization for Standardization: Geneva, Switzerland, 1998.
38. ISO 15178:2000; Soil Quality—Determination of Total Sulfur by Dry Combustion. International Organization for Standardization:

Geneva, Switzerland, 2000.
39. Teramoto, Y.; Lee, S.; Endo, T. Pretreatment of woody and herbaceous biomass for enzymatic saccharification using sulphuric

acid-free ethanol cooking. Bioresour. Technol. 2008, 99, 8856–8863. [CrossRef]
40. Senila, L.; Scurtu, D.A.; Kovacs, E.; Senila, M.; Tomoiag, C.H.; Roman, C. Determination of furfural from vineyard waste by

ultra-high performance liquid chromatography-diode array detection (UHPLC-DAD) with method validation and uncertainty
evaluation. Anal. Lett. 2022, 55, 665–674. [CrossRef]

41. Senila, L.; Gog, A.; Senila, M.; Roamn, C.; Silaghi-Dumitrescu, L. Development of a GC-MS method for 5-hydroxymethylfurfural
determination in wood after steam-explosion pretreatment. Rev. Chim. 2012, 63, 557–561.

http://doi.org/10.1016/j.heliyon.2019.e02937
http://www.ncbi.nlm.nih.gov/pubmed/32382665
http://doi.org/10.1016/j.biortech.2008.04.049
http://doi.org/10.1080/00032719.2021.1959603

	Introduction 
	Results and Discussion 
	Chemical Composition of Apple Orchard Waste 
	High-Pressure Supercritical CO2 Extraction of AOW 
	Method Validation and Uncertainty Evaluation for Sugars Analysis by UHPLC-ELCD Detector 
	Chemical Composition of Liquid Samples 
	Optimum Condition of the Pretreatment Method for Extracting Sugars in Liquid Fraction Designed by RSM 

	Structural Characterization of the AOW before and after Pretreatment 
	SEM Analysis 
	FTIR Spectra 
	XRD Analysis 


	Materials and Methods 
	Chemicals and Reagents 
	Sample Description 
	High-Pressure Supercritical CO2 Pretreatment 
	Analytical Characterization 
	Chemical Characterization of Raw and Pretreated Biomass 
	Chemical Analysis of Sugars Obtained in Liquid Samples 
	Strategy for Methods’ Validation 

	Structural Characterization 
	Scanning Electron Microscopy (SEM) 
	X-ray Diffraction (XRD) 
	FTIR Analysis 


	Conclusions 
	References

