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Abstract: About 30–40% of lignin-rich unhydrolyzed solids (UHS) are left behind after subjecting
lignocellulosic biomass to thermochemical pretreated processes followed by enzymatic hydrolysis
(EH) to produce sugars that are fermented to fuels and chemicals in a biorefinery. Ammonia Fiber
Expansion (AFEX) is one of the leading alkaline pretreatment processes that use volatile ammonia that
can be recovered and reused beneficially for the environment. In this work, we used AFEX-EH-UHS
which are produced after subjecting corn stover to AFEX followed by EH and contain carbohydrates,
ashes, and other impurities that are detrimental to the conversion of lignin to high-value products. In
the study, we discovered that ~80% of the carbohydrates present in AFEX-EH-UHS were hydrolyzed
and consumed during the AD process. The resulting solids, hereafter called AD-UHS, were subjected
to lignin extraction using different combinations of solvents under reflux conditions. The solvent-
extracted lignin was subjected to thermogravimetry, nuclear magnetic resonance (NMR) spectroscopy,
and molecular weight analysis. Among the solvents, acetic acid could produce 95% pure lignin with
some chemical modification, while aqueous ethanol was able to produce 80% pure lignin without
any chemical modification.

Keywords: unhydrolyzed solids; lignin; anaerobic digestion; solvent extraction

1. Introduction

Lignin is the second most abundant terrestrial polymer on Earth next to cellulose [1].
Globally, the annual available amount of lignin in the world is about 300 billion tons and is
expected to increase by about 20 billion tons every year [2]. The plant cell wall is comprised
of cellulose and hemicellulose sugar polymer and aromatic lignin polymer. Lignin is
made up of three phenylpropane monomers, p-coumaryl alcohol, coniferyl alcohol, and
sinapyl alcohol. The composition of lignin varies depending on the plant source, for
example, softwood (25–35%), hardwood (18–25%), and grasses (12–20%). Softwood lignin
has mostly coniferyl alcohol monomers, hardwood lignin has coniferyl alcohol and sinapyl
alcohol monomers, and grass lignin has three types of monomers (coniferyl, sinapyl, and
p-coumaryl alcohol). These monomers are linked through ether bonds (β-O-4 and α-O-4
linkages), biphenyl ether bonds (4-O-5 and 5-O-4), and/or resistant carbon–carbon bonds
(β-5, β-β, and 5-5) [3]. In recent years, considerable attention has been paid to lignin
because of its potential as an alternative to aromatic resources that are currently obtained
from the non-renewable petroleum refining process [4]. The extracted lignin could be
used for different applications such as producing composite materials, soil conditioners,
filler in rubber products, phenolic resins, or adhesives, providing additional revenue to
the biorefinery.

Several methods [5,6], including cracking using catalysts such as rhenium oxides
(MeReO3), copper oxides (CuO), lignin-degrading enzyme (peroxidase and laccases) hy-
drolysis, reduction reactions using hydrogen, and microbial oxidation, have been devel-
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oped to depolymerize lignin into aromatic building blocks and monomeric precursors [7,8].
However, most of the research methods have been demonstrated by lab scale and very
few commercial processes exist. Native lignin structures (e.g., β-aryl ether linkages) are
preferred that can facilitate efficient depolymerization [5]. Different sources of commercial
lignin include soda lignin, Kraft lignin, hydrolyzed lignin, organosolv lignin, and ligno-
sulfonates [9]. Extractive Ammonia (EA) pretreatment is another approach that produced
crude lignin during pretreatment, which could fractionate pure lignin streams [10,11]. On
the other hand, the second-generation biorefinery uses different chemical pretreated ligno-
cellulosic biomasses, which are subjected to separate hydrolysis and fermentation using
carbohydrate-degrading enzymes (cellulases, hemicellulose, and pectinase) and native or
genetically modified microorganisms such as yeast or bacteria, respectively, to produce
biofuel such as ethanol [12]. Lignin-rich unhydrolyzed solids (UHS) (about 30–40% of the
feedstock) left behind after enzyme hydrolysis is a sustainable feedstock for producing
lignin [13]. Developing new processing methods to isolate lignin from UHS will help to
bring additional revenue to biorefinery and reduce the cost of producing biofuels from
lignocellulosic biomass.

More importantly, enzymatic hydrolysis is carried out at mild processing conditions
(pH 5, 50 ◦C for 3 to 5 days), which does not make significant structural changes to
lignin [14]. However, the UHS contains impurities such as carbohydrates, proteins, and
ashes [15], that will inevitably influence its downstream applications. Most of the lignin-
upgrading methods also prefer a source of lignin that is enriched and free from impurities.
Therefore, the development of cost-effective technologies that can isolate lignin from UHS
without extensively affecting the lignin structure is necessary for valorization.

At present, dilute acid pretreatment is a widely used method that results in the pro-
duction of condensed lignin forming new C-C bonds [16–18]. The highly condensed lignin
is hard to break and will consume much higher energy to convert them into valuable
products. Anaerobic digestion (AD) is a mature technology for organic waste treatment
and has been widely used for biogas production using native and pretreated cellulosic
raw materials such as straws, wood chips, energy plants, and municipal solid waste in
recent years [19]. The enzymes produced by anaerobic microorganisms can especially break
down the lignin–carbohydrate complex (LCC), particularly from recalcitrant biomass [20],
making the carbohydrate available to be metabolized. However, the lignin is hardly modi-
fied during the AD process [21,22]. Ammonia Fiber Expansion (AFEX) is a mild alkaline
pretreatment that uses volatile ammonia which could be recovered and re-used bene-
fiting the environment. This process does not significantly modify the lignin structure
according to the previous study [23]. The carbohydrates bound to AFEX pretreated enzy-
matically hydrolyzed UHS (AFEX-EH-UHS) are highly recalcitrant and cannot be cleaved
by commercial fungal enzyme cocktails [24]. Our previous research demonstrated that the
carbohydrates bound to UHS can be effectively decomposed by microbes during the AD
process and converted into biogas under optimized conditions [25].

The presence of inorganic minerals has been considered a barrier to valorize the
lignin present in AFEX-EH-UHS to fuels and chemicals because of its interference with
the catalytic process [14]. The isolation of lignin from these impurities is necessary to
obtain lignin with desirable quality. In this work, we extracted lignin from AD-UHS
using different combinations of organic solvents (acetic acid, aqueous acetic acid, and
aqueous ethanol). The extracted lignin was subjected to thermogravimetric, NMR, and gel
permeation chromatography analysis to understand the physical and chemical properties
and to provide insights into their potential use in various applications.

2. Materials and Methods
2.1. Biomass

The Corn stover (CS) was harvested at Wisconsin (USA) in the year 2010 and oven
dried to <6% (dry weight basis). The CS sample was milled to 4-mesh size and stored in
zip-lock bags at room temperature. The composition of this untreated CS was 31% glucan,
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19% xylan, 3% arabinan, 14% lignin, 13% ash, and 20% extractives. AFEX pretreatment was
performed at GLBRC (Biomass Conversion Research Laboratory, Michigan State University,
Lansing, MI, USA). Pretreatment was carried out using the procedure reported before [26].
The pretreatment conditions were 1:1 ammonia to biomass ratio (dry weight), 60% moisture
loading, and 140 ◦C for 15 min total residence time. The pretreated sample was kept
in the hood overnight to evaporate residual ammonia and the moisture was reduced to
<8%. The AFEX-CS was then sealed in zip bags and stored in a 4 ◦C refrigerator prior to
further usage.

2.2. Preparation of AFEX-EH-UHS

The AFEX-CS was then enzymatically hydrolyzed with a commercial enzyme mixture
as previously reported [27]. The enzyme mixture was comprised of Ctec2 (28.5 mL/kg CS),
Htec2 (16.0 mL/kg CS), and Pectinase (38.2 mL/kg CS) which were generously donated
by Novozymes. The glucan loading used for the hydrolysis was 6% by weight, which
was equivalent to about 18% solids loading. The enzymatic hydrolysis was conducted
in a 5 L bioreactor at 50 ◦C, pH 4.8, and 250 rpm for 96 h. The AFEX-EH-UHS solids
were harvested by centrifugation at 8000 rpm for 30 min to remove the liquid hydrolysate
and washed at least twice with deionized water (100 mL for 10 g) to remove absorbed
sugar and proteins. Each time the solids were vortex-agitated and centrifuged at 8000 rpm
for 30 min. The AFEX-EH-UHS was oven dried at 50 ◦C until the moisture content was
<8% and then milled through to an 80-mesh sieve for further use. The composition of the
obtained AFEX-EH-UHS was shown in Table 1.

Table 1. Composition of the inoculum, AFEX-EH-UHS, and AD-UHS.

Sample
Composition (wt.%)

Glucan Xylan AIL Ash

Inoculum 2.95 ± 0.04 2.13 ± 0.04 23.04 ± 0.43 31.16 ± 0.16
AFEX-EH-UHS 8.44 ± 0.08 4.18 ± 0.09 64.68 ± 0.44 4.44 ± 0.01
AFEX-EH-UHS + INC 4.46 ± 0.23 2.48 ± 0.15 34.79 ± 0.73 20.95 ± 0.10
AD-UHS-day20 2.83 ± 0.02 1.79 ± 0.33 39.58 ± 1.55 22.27 ± 0.13

INC–Inoculum.

2.3. AD of UHS

The inoculum used in the experiment was taken from a 20 L-AD bioreactor of kitchen
waste located in the Biogas Institute of the Ministry of Agriculture and Rural Affairs
(Chengdu, China). Effluent from the digester was first passed through an 80-mesh sieve
to reduce the particle size and anaerobically incubated at 35 ◦C until there was no biogas
produced. The sludge was then used as inoculum for the AD process. The batch anaerobic
experiment was conducted using optimized conditions described before [28]: fermentation
temperature of 35 ◦C, total solids loading (TS) of 2%, inoculum to substrate ratio (RI/S,
based on volatile solids) of 2:1. The AD was performed in 610 mL serum bottle with a
working volume of 250 mL (Figure 1). After mixing UHS with inoculum in the bottle, tap
water was added to match the desired TS. The initial pH was adjusted to 7.0 with either
1 M HCl or 1 M NaOH. To maintain an anaerobic atmosphere, each bottle was flushed with
nitrogen gas for 3 min. and then sealed with the rubber stopper and aluminum cap. AD
experiment was initiated by placing the bottles in an incubator under mesophilic conditions
(35 ◦C). All fermentation experiments were carried out in triplicate and the bottles filled
with inoculum only served as control.

While performing AD of AFEX-EH-UHS, biogas production and methane content were
analyzed every two days. After sampling, the stopper was pierced with a needle to release
the pressure inside the serum bottle. At the end of the AD process, the left-behind solids
(AD-UHS) were harvested by centrifugation at 12,000 rpm for 15 min. The obtained solids
were washed at least twice with deionized water (100 mL for 10 g). Each time the slurry
was vortex-agitated and centrifuged at 12,000 rpm for 15 min. Then, the AD-UHS was oven
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dried at 80 ◦C for 24 h and milled through an 80-mesh sieve for further use. The biogas
yield was measured using a pressure meter and the methane content was analyzed by
Gas Chromatography (GC). The GC analysis was performed on a GC 122 chromatography
system equipped with a carbon molecular sieve column (TDX-01, 2 m × 2 mm) and a
thermal conductivity detector. The column temperature, injector temperature, and detector
temperature were set at 120 ◦C, 120 ◦C, and 150 ◦C, respectively. Hydrogen was used as
carrier gas and the gas pressure was maintained at 0.38 Mpa. The injection volume was
500 µL [29].
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AcOH solvent.

2.4. Isolation of Extracted Materials from ADUHS

AD-UHS was extracted by different solvents according to a slightly modified published
procedure [30]. The experimental scheme was shown in Figure 1, and the solvents used
during Soxhlet extraction and the ratio of organic solvent to water ratio were given in
Table 2. AD-UHS (10 g) and solvent (200 mL) were refluxed for 24 h in a Soxhlet apparatus.
After refluxing, the mixture was centrifugated at 10,000 rpm for 10 min. The obtained solids
were washed twice with deionized water (200 mL for 10 g) and then oven dried. The liquid
stream containing the extractives was concentrated to 50 mL under vacuum in a rotary
evaporator at 60 ◦C. The same volume of deionized water was added to precipitate lignin
and the mixture was centrifugated at 12,000 rpm for 15 min. The centrifuged solids were
immersed in liquid nitrogen and subjected to lyophilization.

Table 2. The mass yields extracted and extraction conditions of AD-UHS using three solvents.

Solvent Refluxing Temp (◦C) Time (h) Mass Yield (%)

AcOH 105 24 35.20
AcOH: H2O ratio (2:1) 105 24 37.37
EtOH: H2O ratio (2:1) 85 24 21.57
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2.5. Isolation of Standard Lignin

The standard lignin (employed as a control) was prepared according to the reported
procedure [30–32]. The AFEX-EH-UHS and AD-UHS were extracted using 200 mL of
dioxane: H2O (96:4) by mixing in a shake flask for 24 h in the dark (100 rpm, 27 ◦C). This
extraction was repeated three times and 20 mL of solvent (per gram of solid) was used each
time. All the dioxane: H2O extracts were combined, and the solvent was removed under
vacuum in a rotary evaporator. The solid lignin was then solubilized in 90% acetic acid and
precipitated in deionized water (20 times the volume of acetic acid). The precipitated liquid
was centrifugated (12,000 rpm, 15 min) and then lyophilized. The freeze-dried solid was
dissolved in 1,2-dichloroethane: ethanol (2:1, v/v) and precipitated in hexane, then washed
with cold hexane. The solid sample was oven dried at 40 ◦C overnight.

2.6. Analytical Methods
2.6.1. Compositional Analysis of Solids Sample

The carbohydrates, acid-insoluble lignin (AIL) and acid-insoluble ash contents of
AFEX-EH-UHS, AD-UHS, extracted materials and solids remaining after extraction were
determined using the NREL protocols [33]. The monosaccharides after two-stage acid
hydrolysis were analyzed by an HPLC (LC 1200 series, Agilent) equipped with an HPX-
87H Aminex column (Bio-rad, Hercules, CA, USA) and a Refractive Index Detector (RID).
The mobile phase was comprised of 5 mM H2SO4 solution at a flow rate of 0.6 mL/min
and the column temperature was maintained at 35 ◦C. The AIL content was obtained
by subtracting the mass of residual acid insoluble ashes from the mass of acid insoluble
solids. The ash content in acid insoluble solids was measured based on the weight loss that
occurred after subjecting to a muffle furnace at 575 ◦C for 12 h.

2.6.2. Gel permeation Chromatography (GPC) Analysis

Before the gel permeation chromatography analysis, the sample was acetylated ac-
cording to the previously reported procedure [10] with minor modifications. About 15 mg
of samples were dissolved in a 2 mL mixture of acetic anhydride/pyridine (1:1, v/v). The
solution was stirred at room temperature overnight. Then, 5 mL of anhydrous ethanol was
added, and after 30 min stirring, the solvent was removed by rotary evaporation under
reduced pressure. The above procedure was repeated several times until both acetic acid
and pyridine were completely removed. The acetylated sample was then dissolved in the
minimum amount of chloroform and precipitated by adding diethyl ether (20 times the
volume of chloroform) dropwise. The precipitate was separated by centrifugation and
washed with diethyl ether. The washing and separation steps were repeated at least three
times to ensure the complete removal of chloroform. The obtained solid was then dried
under a vacuum at 40 ◦C overnight.

The acetylated samples were dissolved in tetrahydrofuran (THF, 0.5 mg/mL) and
then filtered through a nylon membrane (0.45 µm). The GPC analysis was performed on a
Waters 1515 chromatography system equipped with two MIXED-C columns (7.5 × 300 mm)
and a Refractive Index (RI) detector. THF was used as the eluent at 35 ◦C with a flow
rate of 1.0 mL/min. A calibration curve was established based on six narrow polystyrene
standards with molecular weight ranging from 1.5 × 103 to 3.6 × 106 g/mol.

2.6.3. Thermogravimetric Analysis (TGA)

Thermal gravimetric analysis data were obtained using a TA-Thermogravimetric Ana-
lyzer (TGAr Q500). Samples were put into a ceramic crucible with a lid. The temperature
ramp rate was 20 ◦C/min from 25 to 800 ◦C. Nitrogen was used as the flushing gas set at a
flow rate of 2.0 mL/min.

2.6.4. NMR Analysis

Standard lignin of AFEX-EH-UHS and AD-UHS, materials extracted from AD-UHS
with various solvents, were analyzed by NMR spectroscopy [30]. For 1H NMR and 13C
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NMR, 50 mg samples were dissolved in 600 µL DMSO-d6. For 2D HSQC NMR, 80 mg sam-
ples were dissolved in 500 µL DMSO-d6. Both 1H NMR and 13C NMR and 2D HSQC NMR
spectra were obtained using a Bruker Avance 600 MHz spectrometer at the temperature of
25 ◦C. The HSQC analysis was performed using a hsqcetgpsisp 2.2 pulse sequence with a
90◦ pulse, a 2 s cycle delay, a JC-H of 145 Hz, and 6 scans (16 black scans). The acquisition
of 128 data points and 0.002 s time were used for F1, and the acquisition of 1024 data points
and 0.05 s time were used for F2.

3. Results and Discussion
3.1. The Effect of AD on UHS Composition

Previous studies showed that the carbohydrates present in UHS were highly recalci-
trant and unable to hydrolyze by commercial fungal enzymes [24]. However, our previous
work demonstrated that those recalcitrant carbohydrates in AFEX-EH-UHS can be effi-
ciently degraded during the AD process [34]. In this study, AD was used to hydrolyze
recalcitrant carbohydrates present in AFEX-EH-UHS to facilitate lignin extraction.

The following process conditions were used while carrying out the AD process:
inoculum-to-substrate ratio of 2:1, the temperature of 35 ◦C, total solid loading (TS) of
2%, and 20 days [25]. Under these conditions, the carbohydrates in AFEX-EH-UHS can be
converted into biogas with a cumulative methane yield of 103.2 mL/g·VS. The composition
of insoluble solids (AD-UHS-day20) obtained after the AD process for 20 days was shown
in Table 1. From the results, the contents of carbohydrates (both glucan and xylan) and
lignin present in the inoculum were lower compared to AFEX-EH-UHS with inoculum.
Thus, the addition of inoculum inevitably led to the decrease in carbohydrates and lignin
contents of AFEX-EH-UHS. In particular, the lignin content was decreased to 35%. After
subjecting AFEX-EHS-UHS to the AD process for 20 days, the glucan and xylan were
further reduced to 2.83% and 1.79% from 4.46% and 2.48%, respectively, while the lignin
was enriched to about 40%. On the other hand, the ash content of AFEX-EH-UHS with
inoculum was about 21%, which was much higher than 4% in AFEX-EH-UHS. Elemental
analysis of inoculum using ICP analysis showed the presence of Ca, Fe, K, Mg, Mn, Zn,
and Al. Interestingly, Si was not detected in the inoculum which would contaminate the
lignin sample and could negatively impact the catalytic process [10].

When we doubled the amount of inoculum to the substrate, we saw a significant
decrease in lignin content and the introduction of more ashes. One possible way to reduce
the ash in the inoculum is by recycling part of digested sludge resulting from the first AD
cycle. In fact, this strategy should be desirable, as the anaerobic microbial community could
be acclimated to the substrate of AFEX-EH-UHS during the recycling process.

Compositional analysis and mass balance (Figure 1) showed that about 80% of carbo-
hydrates present in AFEX-EH-UHS were digested during the AD process, as the amount of
carbohydrates in the inoculum remained stable (data not shown). We found that methane
productivity was dependent on the amount of carbohydrates in AFEX-EH-UHS when
similar AD conditions were used. Our previous work also demonstrated that UHS de-
rived from different pretreatment and/or enzymatic hydrolysis conditions gave different
methane yields, due to varying amounts of carbohydrates [34]. On the other hand, the
amount of total AIL (in inoculum and AD-UHS) was almost constant during AD, which
demonstrated that the lignin could not be degraded by mesophilic anaerobic microbes
during the AD process. In other words, we found that there was no mass loss of lignin
during the AD process. This result was also in accordance with other observations that
lignin was non-degradable in the absence of oxygen [35].

3.2. Mass Yield from Solvent Extraction of ADUHS

To extract lignin from AD-UHS, different solvents, such as AcOH, aqueous AcOH
(AcOH: H2O = 2:1), and aqueous EtOH (EtOH: H2O = 2:1), were used. We chose these
solvents because they gave higher mass yields when extracting UHS according to the
previous literature report [30]. Both ethanol and acetic acid were commonly used solvents in
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the organosolv pulping process [4]. The mild solvent extraction conditions were employed
to avoid any chemical modification of lignin. The solvents were mixed with AD-UHS
and refluxed for 24 h at a set temperature. Table 3 showed the % of extracted AIL from
AD-UHS when using different solvents. The results showed that AcOH extracted more
AIL from AD-UHS compared to using aqueous AcOH and EtOH. The results agreed with
previously reported observations [36]. The lignin extraction using organic solvent relies on
the lignin solubility, which would be determined by the interaction between the solvent
and lignin due to their hydrogen bonding. The relatively lower yield of EtOH was partially
attributed to the better solvency of AcOH to lignin fragments of AD-UHS, as the aqueous
acid system would contain higher hydroxonium ion concentration and it can dissolve
lignin by catalyzing the cleavage of ether linkages in lignin macromolecule [36]. It was
important to note that the mass loss from extracting AD-UHS was more when compared to
extracting AFEX-EH-UHS. This was probably due to the presence of soluble extractives
from microorganisms, enzymes, and ashes after the AD process.

Table 3. Compositional analysis of the extractive when using three solvents.

Solvent Glucan (wt.%) Xylan (wt.%) AIL (wt.%) Ash (wt.%)

AcOH 0.76 ± 0.01 1.52 ± 0.02 94.59 ± 0.01 2.44 ± 0.30
AcOH: H2O = (2:1) 0.95 ± 0.15 0.90 ± 0.01 60.92 ± 0.55 5.43 ± 0.59
EtOH: H2O = (2:1) 0.79 ± 0.00 1.83 ± 0.01 79.41 ± 1.46 3.36 ± 0.20

3.3. Compositional Analysis of Extracts and Solid Residues

The compositional analysis of the materials extracted from AD-UHS and the solids
remaining after extraction was carried out to determine the relative proportions of carbohy-
drates, AIL, and ash (shown in Tables 3 and 4). The contents of arabinan in both extracts
and remaining solids were less than 0.5 wt%; thus, it was not shown in the table. Although
most of the carbohydrates were degraded during the AD process, there were still a few
residual carbohydrates and a significant amount of ashes in leftover solids.

Table 4. Compositional analysis of the left-over solids after extraction with three solvents.

Glucan (wt.%) Xylan (wt.%) AIL (wt.%) Ash (wt.%)

AcOH 2.26 ± 0.46 1.47 ± 0.31 54.88 ± 2.00 18.78 ± 0.14
AcOH: H2O = (2:1) 2.56 ± 0.07 1.75 ± 0.14 58.14 ± 0.59 19.87 ± 0.85
EtOH: H2O = (2:1) 3.25 ± 0.37 2.35 ± 0.26 34.03 ± 0.65 24.11 ± 0.50
Unextracted AD-UHS 2.83 ± 0.02 1.79 ± 0.33 39.58 ± 1.55 22.27 ± 0.13

As shown in Table 3, the material extracted with AcOH (95%) had the most lignin,
followed by extraction with EtOH: H2O (79%) and AcOH: H2O (61%). All the materials
extracted from AD-UHS contained a small proportion of carbohydrates (<3%) and the
ratios of carbohydrates to AIL for extracted solids in this study were lower than those
materials directly extracted from AFEX-EH-UHS without the AD process [30]. The material
extracted with AcOH (2.4%) had the lowest ash content when compared with the materials
extracted with EtOH: H2O (3.4%) and AcOH: H2O (5.4%).

Since there was a large proportion of solids left behind after extraction, the composition
analysis was carried out (Table 4). The proportions of carbohydrates and ashes in solids
remaining after extraction with AcOH and AcOH: H2O were lower than EtOH: H2O. The
results suggested that aqueous organic acid can extract both carbohydrates and ashes in
AD-UHS. The AcOH/AcOH: H2O solvent is capable of acetylating carbohydrates [37]
and producing water-soluble saccharides. The material extracted with AcOH and AcOH:
H2O contained small amounts of carbohydrates and ashes because both solubilized ashes
and saccharides were mostly removed in the water-washing step. However, the solids
remaining after extraction with the AcOH and AcOH: H2O solvent system had relatively
higher lignin compared to unextracted AD-UHS.
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3.4. Molecular Weight Analysis

To investigate the influence of AD and solvent extraction on the molecular weight
of lignin, gel permeation chromatography (GPC) was conducted (Table 5). The AD-UHS,
AFEX-EH-UHS, and extracted lignin using three solvents were analyzed. All the samples
were acetylated to facilitate the dissolution. The molecular weights for standard lignin
decreased after AD, as demonstrated by the weight-average molecular weight (Mw) values
dropping from 6408 (AFEX-EH-UHS) to 4429 (AD-UHS), while the number-average molec-
ular weight (Mn) had no significant difference. Since the composition of AD-UHS was
complicated, it was hard to tell the exact reason for the decrease. There may be residual
carbohydrates attached to the lignin, leading to a higher Mn value for the standard lignin
of AFEX-EH-UHS as reported earlier [10]. The AD process may introduce a fraction of
lignin with lower molecular weight, or cause chemical modification on the lignin, result-
ing in a lower Mw value of AD-UHS lignin. The polydispersity of standard lignin of
AFEX-EH-UHS was 2.77, which was close to the values of dioxane-extracted lignin [38].
After subjecting AFEX-EH-UHS to the AD process, the standard lignin exhibited relatively
narrower molecular weight distributions compared to AFEX-EH-UHS lignin. We can also
see that the materials extracted with solvents had even lower Mw and Mn values than that
of AD-UHS lignin. It was noted that the materials extracted with AcOH, AcOH: H2O, and
EtOH: H2O showed no significant difference in their weight-average molecular weight,
which ranged Mw from 2679 to 2964 g/mol. These results suggested that solvent extraction
had no substantial influence on the Mw of materials extracted from AD-UHS. Moreover, the
materials extracted with three solvents exhibited similar polydispersity, ranging between
1.51 and 1.56.

Table 5. Number-average molecular weight (Mn), Weight-average molecular weight (Mw), and
polydispersity (Mw/Mn) of materials extracted from AD-UHS with three solvents, and standard
lignin of AFEX-EH-UHS and AD-UHS.

Mn (g/mol) Mw (g/mol) Mw/Mn

AFEX-EH-UHS 2315 6408 2.77
AD-UHS 2260 4429 1.95
AcOH 1860 2808 1.51
AcOH: H2O = (2:1) 1740 2679 1.54
EtOH: H2O = (2:1) 1900 2964 1.56

3.5. Thermogravimetric Analysis (TGA)

The thermal stability of lignin is an important physical property for its potential
applications and was determined by thermogravimetric analysis (TGA). The TGA curves of
all samples were shown in Figure 2. This figure showed similar profiles associated with the
thermal decomposition of materials extracted with AcOH and AcOH: H2O as well as the
standard lignin. A substantial mass loss was observed for all samples at the temperature
range between 100 and 550 ◦C, after which no major decomposition was recorded.

The materials extracted from AD-UHS with AcOH, AcOH: H2O, and EtOH: H2O
experienced less than a 10% weight loss at temperatures below 180 ◦C. The initial thermal
stability can be explained by the low carbohydrate content and low amounts of volatile
organic compounds [10]. The onset temperatures were in the range of 180 and 250 ◦C,
followed by a rapid decrease in mass (~50%) up to 450 ◦C. Then, there was a slow decrease
in mass until 800 ◦C. The residual weights of materials extracted with AcOH, AcOH:
H2O, the standard lignin of AFEX-EH-UHS, and AD-UHS were 40%, 36%, 38%, and
33%, respectively. Similar TGA curves and corresponding residue mass percentages were
observed in other work [39], in which the isolated lignin also contained little amounts
of carbohydrates. The results confirmed that the presence of recalcitrant carbohydrates
with lignin would change the required temperature for decomposition, and thus, affect the
amount of produced biochar. The results also suggested that neither AD nor solvent reflux
process would significantly affect the thermal decomposition of lignin.
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In contrast to the above samples, the material extracted with EtOH: H2O had the same
onset temperature as standard lignin of AFEX-EH-UHS; however, it behaved differently
at temperatures ranging from 250 to 450 ◦C. The rapid thermal decomposition resulted
in a mass loss of approximately 70%. A smaller amount of residues (~22%) was also
left behind compared with the other samples at 800 ◦C. Its profile was like the previous
work [10], in which the samples were also extracted with EtOH: H2O and contained more
than 92% of lignin. The results from this study showed that materials extracted with EtOH:
H2O pyrolyzed at lower temperatures, leaving behind relatively low amounts of biochar
compared with other samples. It suggested that material extracted from AD-UHS with
EtOH: H2O may be more suitable candidates for thermochemical conversion to liquid fuel
by pyrolysis compared to extracted with AcOH.

3.6. Nuclear Magnetic Resonance Analysis (NMR)

Lignin chemistry is dependent on its structure and functionalities, which are usually
determined by NMR. 2D HSQC NMR is the preferred method for lignin-related sub-
structure analysis due to its superior resolution and the ability to separate overlapping
cross-peaks in the 13C NMR spectrum. To understand the effect of AD and the solvent
extraction system on the chemical and molecular structure of lignin, the standard lignin
from AFEX-EH-UHS and AD-UHS, as well as the materials extracted from AD-UHS
using AcOH and EtOH: H2O, were subjected to whole-cell-wall gel 2D HSQC NMR
analysis. The material obtained after AcOH: H2O extraction was not used because of its
low solubility in the DMSQ-d6 solvent. Figures 3 and 4 showed the NMR spectra for all
the lignin samples, while the aromatic region (δC/δH: 90–150 ppm/5.5–8.3 ppm) and the
aliphatic region (δc/δH: 50–100 ppm/2.0–6.1 ppm) were displayed in Figures 3 and 4,
respectively. The corresponding peak assignments were listed in Table 6. As expected,
the NMR spectrum for standard lignin of AFEX-EH-UHS showed the presence of various
lignin sub-structural units that represented native lignin. The aromatic monomers detected
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included guaiacyl (G), oxidized guaiacyl (G’), oxidized syringyl (S’), syringyl (S), ferulate
(FA), p-coumarate (pCA), and 4-hydroxybenzyl (H) units, among which the guaiacyl unit
was the most abundant, followed by syringyl and p-coumarate unit. While the linkages
between aromatic monomers that were detected in the aliphatic region included β-aryl
ether (A), phenylcoumaran (C) and resinol (B) linkages as well as the methoxyl group, and
the β-aryl ether linkages were the most prevalent.

Table 6. The assignments of major components in the HSQC NMR spectra.

Name δC/δH Assignments

pCA7 144.5/7.54 Cα-Hα in p-coumarate (pCA)
pCA2,6 129.6/7.48 C2,6-H2,6 in p-coumarate (pCA)
H2,6 127.8/7.25 C2,6-H2,6 in 4-hydroxycinnamyl units (H)
FA6 123.1/7.17 C6-H6 in ferulate (FA)
G’6 122.8/7.12 C6-H6 in oxidized (C=O) guaiacyl units (G’)
G6 118.8/6.75 C6-H6 in guaiacyl units (G)
G5 115.2/6.75 C5-H5 in guaiacyl units (G)
pCA8 114.0/6.28 Cβ-Hβ in p-coumarate (PCA)
FA2 110.8/6.25 C2-H2 in ferulate (FA)
G2 110.1/6.92 C2-H2 in guaiacyl units (G)
S′2,6 106.1/7.28 C2,6-H2,6 in oxidized syringyl units(S′)
S2,6 103.7/6.69 C2,6-H2,6 in syringyl units (S)
Cα 87.6/5.50 Cα-Hα in phenylcoumaran ©
Aβ(S) 85.8/4.10 Cβ-Hβ in β-O-4 linked to S(A)
Aβ(G) 83.4/4.42 Cβ-Hβ in β-O-4 linked to G (A)
Aα 72.0/4.85 Cα-Hα in β-O-4 unit (A)
Bγ 71.8/3.81 Cγ-Hγ in β-β resinol (B)
A’γ 63.4/4.16 Cγ-Hγ in γ-acylated β-O-4(A′)
Aγ 62.53/4.40 Cγ-Hγ in β-O-4 substructures (A)
OCH3 55.9/3.72 C-H in methoxyl group (OMe)
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The HSQC NMR spectrums for the standard lignin of AFEX-EH-UHS and AD-UHS
in both aromatic and aliphatic regions were nearly identical. As seen in Figures 3 and 4,
the HSQC NMR spectrum of standard lignin of AD-UHS contained unaltered cross-peaks
involving all the monomer units and inter-monomer linkages compared to standard lignin
of AFEX-EH-UHS, though the former exhibited slightly weaker signals in Cα and Cγ in
β-aryl ether structures and methoxyl substituents that were shown in 13C NMR spectra
(data not shown). The results indicated that the AD process did not significantly influence
the lignin structure that was present in AFEX-EH-UHS.

The HSQC NMR spectrum of the materials extracted from AD-UHS with EtOH:
H2O was also like that of standard lignin of AFEX-EH-UHS and AD-UHS, except for the
disappearance of S’ unit and some sub-structural units susceptible to degradation such
as pCA. It was notable that the most sensitive functionalities, the β-aryl ether linkages,
were well preserved during solvent extraction by EtOH: H2O. These types of functionalities
are the selected target for many catalytic processes that depolymerize lignin followed by
the conversion to value-added products [5,6,40]. Our results suggested that extracting
AD-UHS using EtOH: H2O was well suited for upgrading lignin via the catalytic process.
On the other hand, both the aromatic and aliphatic regions of the HSQC NMR spectra of
material extracted from AD-UHS using AcOH demonstrated that there was degradation or
chemical alteration to lignin and disappearance of FA units. This could be explained by the
acetylation reaction during delignification, in which the aliphatic hydroxyl group/phenolic
hydroxyl group would react with AcOH, leading to the production of condensed lignin
similar to dilute acid pretreatment.

4. Conclusions

In this work, the AFEX-EH-UHS was subjected to the AD process followed by solvent
extraction to produce lignin. The batch AD performed under mesophilic conditions for
20 days resulted in 80% biodegradation of recalcitrant carbohydrates in AFEX-EH-UHS and
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gained a cumulative methane yield of 103.2 mL/g·VS. However, there was no significant
loss of lignin during the AD process. The characterization of the lignin present in AFEX-EH-
UHS and AD-UHS suggested that both lignins had a similar structure and thermochemical
properties, suggesting the AD process did not significantly alter the lignin structure. When
AD-UHS was extracted using AcOH and EtOH: H2O solvents, we found low levels of
ashes and carbohydrates. The ashes extracted by AcOH solvent were removed during
the washing step resulting in 95% pure lignin. However, we found some degradation of
lignin in the AcOH extracted lignin. On the other hand, the EtOH: H2O solvent exhibited
higher selectivity for lignin extraction from AD-UHS and could preserve much of lignin’s
functionality such as β-aryl ether linkages, which showed potential for lignin valorization.
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