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Abstract: Lignocellulosic biomass is a renewable resource that contains three major constituents: cel-
lulose, hemicellulose, and lignin. Lignin is a potential source of aromatic phenols. The extraction and
subsequent depolymerization of lignin was studied using pine sawdust and pistachio shells. Lignin
extraction used 70:30 methyl isobutyl ketone:ethanol followed by 0.1IM H,SOj. The extraction yield
of lignin was 15.78 + 3.38% from pistachio shells and 18.86 £ 1.52% from pine sawdust. The extracted
lignin was characterized using Fourier-transform infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA), and 'H-NMR spectroscopy. The extracted lignin was depolymerized using sub-
critical water and a Ni-Graphene catalyst at 240 °C for 10 min. The depolymerization products
were identified as phenolic monomers, such as phenol, guaiacol, vanillin, syringol, guaiacylpropane,
syringaldehyde, coniferaldehyde, synapyl alcohol, and synapyl aldehyde, using GC-MS.

Keywords: depolymerization; subcritical water; lignocellulosic biomass; pistachio shells; pine saw-
dust; extraction; characterization; phenolic monomers; GC-MS; lignin

1. Introduction

Biomass is the most abundant renewable biological material, grows everywhere, and
provides clean resources, including fuel, power, and chemicals. The utilization of biomass
for the production of chemicals and fuels is a major part of the U.S. bioeconomy. Concerns
arising from fossil fuel consumption, e.g., climate change, global warming, and negative
impacts on human health, are driving modern biomass utilization [1]. Lignocellulosic
biomass is a most abundant and low-cost renewable source to produce the value-added
chemicals [2]. The main components of biomass are cellulose, hemicellulose, and lignin [3].
This is an alternative source to replace fossil fuels and reduce the global warming [4].
Biomass includes food crops, grassy and woody plants, residues from agriculture or
forestry, oil-rich algae, and the organic components of municipal and industrial wastes [5].

Lignin is a complex amorphous aromatic polymer with a three-dimensional structure
composed of polypropane units, including guaiacylpropane (G), syringylpropane (S), and
p-hydroxyphenypropane (H), bonded with C-C, 3-f, -1, 3-5, and (3-O-4 linkages [6,7].
Lignin is a source of aromatic phenolic monomers, which are widely used in the preparation
of resins and polymers. Lignin is used in binders and additives in cement and applicable in
many areas, such as emulsifiers, dyes, synthetic flooring, dispersal agents, and paints [8].
The lignin content varies depending on the plant species and contains up to 25-30%. The
pulp and paper industries produce approximately 50 million tons of lignin annually, and
only one million tons of lignin is used for the production of value-added chemicals [1].
Lignin is crosslinked with strong inter- and intramolecular hydrogen bonds because of
prevalent polar and hydroxyl groups. The conversion of lignin into small aromatic phe-
nols occurs by breaking the 3-O-4 bond under specific reaction conditions and solvents
(temperature, pressure, time, and solvents).

There are several methods reported for the depolymerization of lignin, including
pyrolysis [9], acid-catalyzed depolymerization [10], base-catalyzed [11], enzymatic depoly-
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merization [12], depolymerization with ionic liquids [13], supercritical CO, depolymeriza-
tion [14], and metal-catalyzed depolymerization [15]. Acid-catalyzed depolymerization
requires extreme reaction conditions and toxic chemicals and produces corrosive waste,
which significantly increases the cost of the process and pollution prevention concerns.
Other methods also use hazardous reaction conditions and organic solvents for the depoly-
merization of lignin.

In this study, subcritical water and a Ni-Graphene catalyst are used for the depoly-
merization of lignin from our previous studies [16]. The depolymerization of lignin was
performed at 240 °C for 10 min. The products were identified using gas chromatography—
mass spectrometry (GC-MS). The utilization of a green solvent (subcritical water) and
minimal reaction conditions for lignin depolymerization is considered a greener approach.

In this study, pistachio shells and pine sawdust are used as feedstocks for the extraction
of lignin.

Pine sawdust is a common waste material from the forestry and industrial sector [17].
Pine sawdust is an excellent raw material for biorefinery [18]. It contains 22.65% lignin [19].
Pistachio shells (PS) are a potential alternative lignocellulosic biomass and are generated
in considerable amounts, as the annual production of pistachios in the last 10 years is
between 800 and 900 ktonnes [20]. Pistachios are cultivated in Iran, the Middle East, the
United States, and Mediterranean countries [21]. Iran is the largest pistachio producer in
the word, yielding about 40% of the global production in the year 2009 [22]. The U.S. is the
second largest producer, with 27% of the total global marketplace [22]. Pistachio shells are
agricultural wastes mostly used for animal feed or fuel [21]. Pistachio shells contain 16.33%
lignin [23]. Pistachio shells are used for the production of activated carbon by pyrolysis
and gasification [21].

The isolation of lignin from biomass can be performed in two ways. One method is to
extract cellulose and hemicellulose, leaving most of the lignin as solid residue. The second
method is to extract lignin using solvent fractionation, leaving the other components. There
are several techniques reported for the extraction of lignin from biomass, such as using ionic
liquids [24], acid [19], alkali [25], organic solvents [26], deep eutectic solvents (DESs) [27],
and hydrogen peroxide [28].

In this study, methyl isobutyl ketone and ethanol (7:3 v/v) followed by 0.1M H,SO4
are used for the extraction of lignin from pine sawdust and pistachio shell biomass using
accelerated solvent extraction (ASE). The structural characterization of the extracted lignin
was performed with Fourier-transform infrared spectroscopy (FTIR), 'H-nuclear magnetic
resonance (\H-NMR) spectroscopy, and thermogravimetric analysis (TGA), and the depoly-
merization products were characterized using GC-MS. The main objective of this work is
to extract lignin from biowaste materials and perform depolymerization using subcritical
water and a catalyst to convert lignin into aromatic phenols.

2. Materials

Pine sawdust and pistachio shells were obtained from the Department of Agricultural
and Biosystems Engineering at South Dakota State University. These samples were ho-
mogenized and the particle size was reduced to 850 pm. The extraction solvents methyl
isobutyl ketone, ethanol, HySO4, and DMSO-dg were purchased from the Fisher Scientific
Store (Fair Lawn, New Jersey, USA). The catalyst (Ni-Graphene) was obtained from the
Department of Agricultural and Biosystems Engineering [16].

3. Experimental procedure:
3.1. Extraction of Lignin from Pine Sawdust and Pistachio Shells

Accelerated solvent extraction (Dionex ASE model 350, Thermo-Fisher, Sunnyvale,
CA, USA) was used for the extraction of lignin from the biomass. Stainless steel cells
(34 mL) were used for loading 0.5-1.0 g of the biomass, and the balance of the vessel
was packed with diatomaceous earth. The samples were extracted with methyl isobutyl
ketone and ethanol (7:3 (v/v %)) followed by a second extraction with 0.1 M HySO4. The
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extraction temperature was 200 °C at a pressure of 1500 psi with nine minutes of heating,
sixty minutes of static time, five minutes of purge time, and the rinse volume was 100%.

Water was added to the extract, allowed to separate, and the organic phase was
collected. The organic phase concentrated overnight in a fume hood, was oven dried at
50 °C for 30 min, and was weighed. The extracted lignin was characterized with TH NMR
spectroscopy, FTIR, and TGA. Figure 1 shows the stepwise process for the extraction of
lignin from the biomass.

I.

Solvent evaporation

Figure 1. Extraction of lignin from the biomass using accelerated solvent extraction (ASE).

3.2. Depolymerization of Extracted Lignin from Pistachio Shells and Pine Sawdust

Depolymerization of the extracted lignin was performed with a Helix Subcritical
H,O instrument (Applied Separations, Allentown, PA, USA) using subcritical water and
a catalyst. The optimized conditions from previous studies were applied [16]. The Ni-
Graphene catalyst (0.025 g) was used for the depolymerization of 0.2500 g of lignin in
a 24-mL stainless steel vessel. Distilled water passed into the stainless-steel vessel at
21 mL/min. Depolymerization was performed at 240 °C for 10 min with constant stirring.
The pressure was 22.5 MPa. The reaction mixture was collected after the reaction and
filtered under vacuum. Acetic acid was added to the filtrate to protonate the extract. The
phenolic monomers were isolated from the extract using ethyl acetate. The samples were
concentrated under Ny gas. The concentrated samples were analyzed using GC-MS.

4. Results and Discussion
4.1. Extraction of Lignin from the Pine Sawdust and Pistachio Shell Biomass

The extraction of lignin from the pine sawdust and pistachio shells was performed
at 140 °C, 170 °C, and 200 °C using accelerated solvent extraction (ASE). The extraction
yield from the pistachio shells was found to be 6.63% at 140 °C, 13.3% at 170 °C, and
15.78% at 200 °C. The extraction yield from the pine sawdust was found to be 6.52% at
140 °C, 14.4% at 170 °C, and 18.86% at 200 °C. The highest yield was achieved at 200 °C
for 60 min for both the pine sawdust and pistachio shell biomass. Figure 2 shows the
extraction of lignin from the pine sawdust biomass at different temperatures. The yield of
the extracted lignin was calculated by using Equation (1). The extraction yield increases
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with the increasing temperature. Because organic solvents and sulfuric acid are used for
the breakage of covalent bonds in lignocellulosic biomass at higher temperatures, the yield
of lignin increases with temperature [29].

o Yield — Weight of Extracted Lignin

x 100 )

Weight of Biomass

Figure 2. Extraction of lignin from the pine sawdust biomass at different temperatures.

4.2. Characterization of Extracted Lignin

The extracted organosolv lignin structure was confirmed with Fourier-transform in-
frared spectroscopy (FTIR), thermogravimetric analysis (TGA), and 'H NMR spectroscopy.
These techniques provide detailed qualitative information on structural features, including
functional groups and types of chemical bonds.

4.2.1. FTIR Spectroscopy

The extracted samples were dissolved in DMSO for FTIR analysis. FTIR measurements
of the extracted lignin were taken using a Nicolet iS5 Thermo Scientific instrument. The
typical functional groups present in lignin were identified in the FTIR spectrum. Figure 3
shows the FTIR spectrum of commercial lignin and the extracted lignin from the pine
sawdust and pistachio shell samples. Table 1 shows the identified functional groups and
their frequency ranges. The absorption bands at 3450-3210 cm ! appeared for the strong
O-H bond stretching and are attributed to the presence of -OH groups in the aromatic and
aliphatic structures. The absorption bands at 2358-2997 cm ™! indicate the C-H stretching
vibrations of methyl and methylene groups. Peaks at 1660 cm ! are attributed to C=0 for
unconjugated ketones. Peaks at 1437 cm ! are attributed to aliphatic -CH, vibrations, and
peaks at 1056.16 cm ™! indicate aliphatic ether C-O and alcohol C-O stretching. The peaks at
954.53 cm~! correspond to aromatic C-H out-of-plane deformations of asymmetric methyl
and methylene groups [30].
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Figure 3. FTIR spectrum of extracted lignin from the pistachio shell and pine sawdust biomass and
compared with commercial lignin.

Table 1. Functional group assignment of FTIR analysis of extracted lignin from pine sawdust and
pistachio shells.

Absorption Bands (cm~1) Functional Groups
3445 O-H stretching vibration due to alcohols

2358-2997 C-H stretching in methyl and methylene groups
1660.76 C=0 stretching in aromatic carbonyl
1437.15 Aliphatic CH, vibrations
1407.46 Aromatic skeletal vibrations and C-H in-plane deformation
1311.38 Aliphatic C-H stretch in CHj
1056.16 Aliphatic ether C-O and alcohol C-O stretching
954.53 Aromatic C-H out-of-plane deformation

4.2.2. NMR Spectroscopy

'H-NMR spectroscopic methods possess much higher resolution and provide larger
amounts of information from lignin compared with the other techniques. The extracted
lignin samples were dissolved in DMSO-dg, for analysis. A 600 MHz Bruker Spectrospin
NMR spectrometer was used for the characterization of lignin. 'H NMR spectroscopy
provides the qualitative assay for the frequencies of linkages and the composition of
H/G/S units in the lignin analysis. In the spectrum, the signal observed around 7.5 ppm
can be assigned to the aromatic protons in H units, the other two chemical shifts at 7.0 ppm
and 6.5 ppm are attributed to the aromatic protons in G and S units, respectively, and the
signals at 5.75-6.25 ppm are from the H-o with -O-Ac in 3-O-4. The signals in the range of
3.95-4.50 ppm emanate from the H-y in 3-O-4, 3-5, 3-1, and (3-f. The signals in the range
of 4.0-3.0 ppm are attributed to methoxy protons. The signals in the range of 2.50-3.55 ppm
are from the H-f3 in 3-1 and 3-3 protons, and chemical shifts in the range of 2.20-2.50 ppm
are from the H in Ar-OAc. The chemical shifts in the range of 1.50-2.20 ppm are from
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the H-in aliphatic-OAc and Ar-OAc in 5-5 units in lignin. Figure 4 shows the 'H NMR
spectrum of the lignin extracted from the pistachio shells, pine sawdust, and commercial
lignin. Table 2 shows the assigned functional groups and their chemical shifts for the
extracted lignin from the pine sawdust and pistachio shells compared with commercial
lignin chemical shifts.

Lignin

Pistachio shell Lignin LL‘.‘\L
“ e,

Pine sawdust Lignin

16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 -2 -3 -
ppm (f1)

Figure 4. "H-NMR spectrum of extracted lignin from pine sawdust and pistachio shells compared

with commercial lignin.

Table 2. 'H NMR chemical shifts and functional groups of extracted lignin from pine sawdust and

pistachio shells.
Chemical Shift (ppm) Functional Group
6.5-7.0 Aromatic protons
5.75-6.25 H-o with a-O-Ac in 3-O-4
3.95-4.50 H-vy in 3-O-4, 3-5, 3-1, and 3-f protons
3.0-4.0 -OCHj3 protons
2.50-3.55 H-$ in -1 and - protons
2.20-2.50 H-in Ar-OAc
1.50-2.20 H-in aliphatic-OAc and Ar-OAc in 5-5 units

4.2.3. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was used to determine the thermal stability and decom-
position temperature of the extracted lignin from the pine sawdust and pistachio shells.
TGA measurements were taken using a Seiko TG/DTA220 instrument operating under
nitrogen. Samples for each measurement were maintained at 14 & 5 mg, and scans were
performed from 25 to 560 °C at 10 °C/min to observe the thermal degradation and stability
of each lignin based on its source. TGA curves reveal the weight loss percentage with
respect to the temperature of thermal degradation. The lignin structure is composed of
mostly aromatic rings having various branches, leading to a wide range of degradation
temperatures from 100 to 560 °C. Figure 5 shows TGA curves for the pine sawdust, pis-
tachio shells, and commercial lignin. Degradation of the lignin samples was divided into
three stages. In stage one, the initial weight loss step occurred at 30-120 °C due to the
evaporation of absorbed water. Stage two took place around 180-350 °C and is attributed
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to the degradation of carbohydrate components in the lignin samples. The final stage of
the degradation occurred over a wide range of temperatures above 350 °C. During this
stage, degraded volatile products derived from lignin, including phenolics and alcohols,
are observed.

100 p— —

— Pine Lignin
Fistachio shell Lignin
Lignin

20

30

T0

60

50

40

Weight loss (%)

30

20

10

0
0 100 200 300 400 S00

Temp (°C)

Figure 5. TGA plots of lignin from pistachio shells, pine sawdust, and commercial lignin obtained
under nitrogen atmosphere at 10 °C/min.

4.2.4. Identification of Phenolic Monomers Using GC-MS

Phenolic monomers from the lignin samples were identified by using GC-MS. A 5977B
MSD and 7890B GC system from Agilent Technologies was used for product analysis. The
GC-MS was equipped with a 30 m x 250 pum id. (0.25-um film) DB-5 MS capillary column.
Hydrogen was employed as a carrier gas at a constant flow rate of 1.2 mL/min. The initial
oven temperature was 50 °C and programmed to 200 °C at 12 °C/min, and held for one
minute, and programmed to 300 °C at 20 °C/min, and held for one minute. The injection
volume was 2 pL. The ion source was electron impact (EI). The compounds were identified
by comparing the data with the NIST library. Figure 6 shows the GC-MS chromatogram of
depolymerization products of the extracted lignin from the pine sawdust. Table 3 shows
12 identified phenolic monomers from the extracted lignin. The major phenolic monomers
were identified as syringaldehyde, vanillin, and trimethoxy benzyl alcohol. Figure 7 shows
the relative abundance of the phenolic monomers from the pine sawdust lignin.
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Figure 6. GC-MS total ion chromatogram of phenolic monomers from pine sawdust lignin.

Table 3. Identified phenolic monomers and retention time of Pine sawdust lignin.

No Retention Time (min) Phenolic Monomer Abundance (%)
1 3.318 Phenol 0.63
2 4.429 Guaiacol 1.15
3 7.484 Syringol 2.02
4 7.674 m-Hydroxy benzaldehyde 2.23
5 7.948 Vanillin 5.52
6 8.548 Propyl guaiacol 1.95
7 10.584 Syrinzaldehyde 12.82
8 10.958 Methoxy eugenol 241
9 11.290 Coniferaldehyde 4.13
10 11.545 Synapyl alcohol 3.85
11 12.050 Trimethoxy benzyl alcohol 493
12 13.569 Synapaldehyde 3.51
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Figure 7. Relative abundance of phenolic monomers from pine sawdust lignin.

5. Conclusions

Lignin was extracted using accelerated solvents extraction (ASE) and depolymerized
using subcritical water and a catalyst. Agricultural waste materials such as pine sawdust
and pistachio shells were used for the extraction of lignin using methyl isobutyl ketone,
ethanol, and 0.1 M H,SOj as solvents. The extracted lignin yield was 15.78 £ 3.38% from
pistachio shells and 18.86 =+ 1.52% from the pine sawdust. The depolymerization of the
extracted lignin was performed using subcritical water and a Ni-Graphene catalyst at
240 °C for ten minutes. The depolymerization products were analyzed using GC-MS. There
were 12 different phenolic monomers identified from the depolymerized lignin. The major
phenolic monomers are vanillin and syringaldehyde. Subcritical water was used as a
green solvent for the depolymerization of the extracted lignin. This study demonstrated
the conversion of biowaste materials into value-added chemicals using environmentally
friendly techniques.
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