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Abstract Woody biomass was treated in glycerol between 200 and 240
 o

C in an anhydrous 

environment to denature biomass for biopolymer fractionation. After glycerol thermal processing 

(GTP), up to 41% of the initial Klason lignin of the starting biomass was recovered in a 

powdered form through a room temperature dioxane extraction followed by precipitation. 
31

P-

nuclear magnetic resonance (NMR) of the GTP lignin revealed the syringyl phenolic 

functionality increased linearly with the log of the severity parameter establishing the impact of 

the thermal processing on structure. Further structural analysis via thioacidolysis and two-

dimensional (2D) 
13

C-
1
H heteronuclear single quantum coherence (HSQC) NMR of the isolated 

lignin indicated GTP caused extensive β-O-4 bond decomposition and the liberated phenolic OH 

did not undergo further coupling. At the same time, condensation occurred on the aromatic C5 

position of the phenylpropane units to yield GTP lignin with a relatively high molecular weight, 

comparable to that of enzymatic mild acidolysis lignin from non-thermally treated fibers. The 

recovered GTP lignin was more thermally stable compared to nearly all other lignin found in the 

literature. Additionally, the glass transition temperature was invariant to processing severity 

parameters. These structural changes indicate lignin is highly sensitive to moderately high 

temperatures common to thermoplastic polymer processing conditions.  

Introduction 

Lignin is one of the most abundant biopolymers on earth, but also one of the most perplexing to 

convert into an industrial feedstock for polymeric applications. The paper-making industry is the 
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major source of isolated lignin derived from sulfite and sulfate pulp production. The resulting 

lignin is partially depolymerized and recondensed into fractions that are commonly used as a 

heating resource in paper mills.
1, 2

 Furthermore, there is a strong specialties market for selected 

lignin polymers
1, 3, 4

 such as lignosulfonates, due to their self-assembling properties.
5
 However, 

the most abundant form of isolated lignin, kraft lignin, has not breeched the commercial market 

as a renewable replacement for many thermoplastic applications, although the thermal properties 

can be tailored by substitution.
6
 Recently, the thermal stability of kraft lignin was analyzed 

revealing a dramatic increase in molecular weight as function of heating time.
7
 The study 

showcased the issues of utilizing kraft lignin without further derivitization to limit degradation 

reactions when exposed to elevated temperatures.
7
 Moreover, other pilot scale lignins such as 

steam-exploded lignin and organosolv lignin have shown enhanced performance relative to kraft 

lignins when used in polymeric applications.
1, 8-10

  Hence, the rearrangement of lignin structure 

during pulping operations can negatively impact the utilization of lignin placing them in a 

transitory state that can change during further thermal processing, high temperature solvent 

derivatization, or even during analysis. Therefore, new methods to control functionality during 

isolation should be carefully viewed as a means to enhance the qualification of lignin for 

polymeric applications.   

The nascent biorefinery industry pretreats biomass to unlock the recalcitrant structure of 

lignocellulose and this process involves thermal energy in some form. The pretreatment 

processes render carbohydrates more accessible to enzymatic saccharification and fermentation, 

and at the same time, allow lignin separation for further utilization as a co-product. Unlike 

traditional pulping, fiber quality is not important, so new delignification methods to access the 

polysaccharides are not limited by the impact they have on paper properties. There are several 
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pretreatment methods that were developed to reach efficient separation of carbohydrates and 

lignin, including dilute acid exposure, alkali soaks, steam explosion processing, hydrothermal 

treatments, organosolv pulping, ionic liquids treatment, as well as mechanical and biological 

methods.
11, 12

 Lignin isolated from steam-exploded or hydrothermal treated biomass is more 

heterogeneous because of the simultaneous depolymerization
13, 14

 and repolymerization.
13, 15

 

Acid pretreatment
11

 not only results in severe lignin degradation and condensation but also can 

cause equipment corrosion. In contrast, organosolv pretreatment is a potential candidate to 

produce high quality lignin with low molecular weight and high purity,
1, 16

 which has been 

utilized to develop lignin based bioplastics. The most common solvents used in organosolv 

pretreatment are aqueous ethanol or acetone liquors combined with an acid catalyst based on the 

“Alcell” process.
17

  

Additionally, other organic solvents such as glycols have been used in the pretreatment of 

biomass. Studies using aqueous glycerol with alkaline catalysts resulted in direct lignin removal 

causing lignin degradation into low molecular weight fragments.
18-20

  Different from the alkaline 

catalyzed glycerol pretreatment, researchers at the University of Sherbrook in the 1980’s built a 

demonstration scale processing unit to treat wood flour up to 20% mass in ethylene glycol.
21

 The 

samples were transferred through a high shearing reciprocating valve assembly and then heated 

to 220 
o
C. The authors reported that solvolysis took place where the solvent caused disruption of 

the wood components making the lignin extractable directly into ethylene glycol in good yields.   

Recently another approach for biomass pretreatment was studied involving anhydrous 

glycerol, based on its ability to serve as a plasticizing agent for melt-processed biopolymers and 

protecting them from thermal degradation.
22

 As such, woody biomass was mixed and sheared 

with glycerol at high temperature, without acid or alkali catalysts, to denature woody biomass 
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structure in order to fractionate the biopolymers.
23

 The processing served as a pretreatment in 

order to enhance the digestibility of the cellulose in the fiber.
24

 Furthermore, the process was 

significantly different from past attempts in glycerol pulping, as it did not extract the lignin 

directly into the liquor. After this glycerol thermal processing, polymeric lignin was simply 

extracted from the fiber as a co-product. The following study builds from this initial study, 

analyzing the structure and functionality of the recovered lignin after glycerol thermal processing 

of woody biomass. The processing of biomass under these conditions provided a path towards a 

unique lignin structure that has several novel characteristics and additional insight that, although 

lignin is usually deemed as thermally stable, linkages are extensively cleaved at these moderately 

high temperatures. These processing temperatures coincide with many thermoplastic melts and 

provide evidence that activities such as melt processing in benign environments can have a 

profound impact on lignin structure.  

Results and Discussion 

GTP lignin yield through mild solvent extraction  

Aqueous glycerol was demonstrated to swell the wood cell wall and improve solvent 

penetration.
18, 25

  However, glycerol alone only swells wood up to 0.7% (volumetric) at room 

temperature, but 23% with irreversible change in swelling after heating above the glass transition 

(Tg).
26

 In this research, glycerol was introduced at temperatures well above the glass transition of 

wood providing the ability to swell the wood cell wall under the influence of continuous imposed 

shear. This process resulted in the disruption of the native cell wall network by the removal of 

the hemicellulose side chain components such as arabinose and galactose
23

 during GTP 

processing and subsequent water extraction. After pretreatment and water washing, 84% to 92% 

of total initial Klason lignin, dependent upon GTP severity, was preserved in the biomass. The 
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subsequent mild solvent extraction without additional catalysts was conducted to isolate lignin 

from water extracted GTP biomass, with the goal of directly revealing the GTP effects on lignin 

structure. Note, no lignin could be extracted using aqueous dioxane from non-pretreated 

sweetgum, so EMAL was used as a control lignin. 

Room temperature solvent extraction using aqueous dioxane increased the delignification from 

4% to 52% relative to the initial lignin mass as a function of severity parameter. After extraction, 

the isolated lignin was precipitated with dilute acid and recovered as GTP lignin in a dry powder 

form. With increased GTP pretreatment severity, the amount of recovered GTP lignin increased 

linearly with the log of the severity parameter (R
2
=0.987) (Fig. 1). A maximum of 41% of initial 

lignin was successfully precipitated and recovered from GTP. The difference between 

delignification and GTP lignin yield was approximately 10%, which most likely represented the 

low molecular weight degraded lignin fragments that were non-recoverable from the solvent. In 

comparison to other studies in the literature, 80% to 90% degraded lignin was solubilized with 

alkaline aqueous glycerol after long treatment times.
19

 For ethylene glycol pulping, 72% of the 

initial lignin was precipitated under optimized conditions.
27

 It is clear that the GTP pretreatment 

helps to break the connection between lignin and carbohydrate, but does not fully degrade it into 

non-recoverable fragments.  
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Fig. 1 Recovered polymeric lignin yield during solvent extraction (average of duplicates with 

COV<5%) based on processing condition time and temperature, combined into a single severity 

parameter R0. Note mass is based on lignin content in the pretreated fiber.   

Quantitative 
31
P-NMR of recovered lignin  

Quantitative 
31

P NMR
28, 29

 was utilized to calculate the contents of aliphatic, phenolic hydroxyl, 

and carboxylic acid groups in the recovered GTP lignin (Fig. 2a). Total free phenolic OH 

increased from 0.93 mmol/g lignin in the EMAL that served as a control to 2.33 mmol/g lignin in 

GTP lignin after the highest severity pretreatment. Previous work showed that alkyl aryl ether 

bonds were the most vulnerable linkage to be cleaved due to thermolysis,
30

 acid catalyzed steam-

explosion
13

 and organosolv
16, 31

 pretreatments creating free phenolics. More importantly, the 

amount of phenolic OH groups in GTP lignin at the highest severity condition (2.33 mmol/g 

lignin) was much greater than that in common Alcell and kraft lignins prepared at similar 

delignification levels (50-60% delignification).
32

 In this case, the GTP processing is effective in 

producing phenolic hydroxyls as functional groups in the isolated lignin.  

In contrast, the amount of total aliphatic OH decreased from 5.38 mmol/g lignin for EMAL to 

3.39 mmol/g lignin as GTP severity increased (Fig. 2a). This loss of aliphatic OH groups may be 
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attributed to thermally-induced formaldehyde release through the cleavage of aliphatic OH 

groups.
30, 33, 34

 Jakab et al.
35

 reported that formaldehyde release occurred as a result of the 

thermal scission of γ-CH2OH at temperatures as low as 200 
o
C. It was proposed by Kawamoto 

and Saka
36

 that the hydrogen bonds formed between α-O and γ-OH in lignin model compounds 

would ionize the γ-O, further facilitating the C-γ elimination with release of formaldehyde. 

Similar to this mechanism, abundant hydroxyl groups from glycerol during GTP treatment may 

serve as a source of hydrogen abstraction and form hydrogen bonds with lignin γ-OH in a similar 

way with the γ-elimination leading to the phenolic vinyl ether intermediates.
37

 Clear from these 

results is the sensitivity of the native structure to thermal processing.  

The lignin C9 formula was determined using elemental analysis and proton NMR (Supporting 

information Table S1) and used to convert the functional group concentration into numbers per 

phenylpropane C9 unit. The number of aliphatic OH in EMAL was 120 units/100C9, but in the 

isolated lignin after GTP pretreatment that number decreased from 97 units/100C9 to 68 

units/100C9 respectively when log(R0) increased from 4.14 to 5.20. The reduced aliphatic 

hydroxyl content relative to EMAL suggested limited glycerol contamination with free 

hydroxyls by grafting onto lignin during processing. It was interesting to note at low severity 

conditions there was first a slight increase in aliphatic hydroxyl content (Fig. 2a) prior to a 

consistent reduction in aliphatic hydroxyl content.   
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                                           (a)                                                                                   (b) 

Fig. 2 
31

P NMR functional group analysis of isolated lignin. (a) Content of aliphatic OH, 

phenolic OH and carboxylic acid in recovered lignin as a function of the severity parameter 

log(R0); (b) Detailed phenolic OH content in recovered lignin as a function of log(R0). 

Additionally, minimal carboxylic acid amounts in the GTP lignin (0.17-0.35 unit/100C9) were 

observed in Fig. 2a, indicating limited lignin oxidation occurred during the high temperature 

GTP pretreatment. Argyropoulos et al.
38

 reported that EMAL was a useful model for 

nonoxidized lignin with low carboxylic acid content. In our research, the recovered GTP lignin 

had even a less degree of oxidization than EMAL.  

Quantitative 
31

P-NMR spectroscopy with phosphitylation reagent II was reported to resolve 

various phenolic structures, especially in separating syringyl and C5-condensed OH groups.
39

  

Fig. 2b showed the amount for different phenolic hydroxyls in recovered GTP lignin. The most 

extraordinary change was observed for syringyl OH, which increased linearly as a function of 

GTP severity from 0.31 mmol/g lignin (7 units/100C9) in EMAL to 1.27 mmol/g lignin (26 

units/100C9) in GTP lignin at highest severity. In contrast, a small variation between 0.4 and 0.5 

mmol/g lignin (8-10 units/100C9) in guaiacyl OH content was observed as a function of GTP 

severity, and p-hydroxyphenyl OH (H) lignin did not change as a function of severity content 
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after an initial decrease (Fig. 2b). The free phenolic S/G ratio increased from 0.83 for EMAL to 

2.6 for GTP lignin, and similar results were reported for aspen lignin after steam-explosion 

pretreatment.
39, 40

 These results indicate that the syringyl phenolic OH was the major product 

released from alkyl aryl ether bond breakage during the GTP processing. The linear relationship 

between GTP lignin extraction and syringyl OH yield (Fig. 3) shows that liberating these 

syringyl phenolics is correlated to the ability to access and remove lignin from the cell wall.    

 

 

Fig. 3 Content of syringyl phenolic OH as a function of recovered lignin yield. 

C5 condensed phenolic structures are the phenolic rings with C-C bonds at the C5 position, 

such as biphenolic units and diaryl methanes.
28, 39

 These structures can be derived from the 

condensation of the benzylic carbon or guaiacyl and p-hydroxyphenyl units with the free C5 

position under acid or alkaline delignification conditions.
32

 As illustrated by Fig. 2b, the 

maximum amount of C5 condensed OH groups in GTP lignin was 0.56 mmol/g lignin, which 

was 3 times more than that in EMAL. GTP lignin was shown to consistently have more C5 

condensed OH groups than EMAL, indicating that the C5 condensation occurred during GTP 
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processing. A previous report also demonstrated that the amount of C5 condensed OH in kraft 

and organosolv lignin was in the range of 0.35-0.75 mmol/g lignin at similar delignification 

degree.
32

 Thus, the GTP processing resulted in a similar C5 phenolic condensation in the 

recovered lignin. According to Funaoka et al.,
41

 a diphenylmethane (DPM) type condensation 

through C-α and adjacent phenolic nuclei readily occurred when wood was heated over 120 
o
C. 

DPM type condensation also occurred in alkaline environments.
42

 In the present case, the 

existence of glycerol as a plasticizer during GTP processing could further accelerate this type of 

DPM condensation by enhancing the mobility of lignin at higher temperature.  

Thioacidolysis-GC of GTP lignin  

To investigate further the relationship of alkyl aryl ether bond breakage as a result of GTP 

processing severity, thioacidolysis was conducted and the results were shown for 3 severity 

conditions (log(R0) is 4.44, 4.72 and 5.20 - analyzed individually) in Table 1.  

Table 1 Contents of β-O-4 bonded G and S units in GTP lignin and non-pretreated biomass. 

log(R0) 
S 

(mmol/g lignin) 

G 

(mmol/g lignin) 

S/G 

SGC 1.2 0.45 2.67 

4.44 0.77 0.14 5.50 

4.72 0.59 0.13 4.54 

5.20 0.31 0.087 3.44 

SGC refers to the non-pretreated sweet gum control; precision of thioacidolysis has been 

confirmed by the SGC samples with COV<5%. 

The amounts of β-O-4 linked S and G units in non-pretreated biomass confirmed that S units 

were predominant in this hardwood species with S/G ratio of 2.67. In GTP lignin isolated after 

pretreatment, the contents of residual β-O-4 bonded S and G units were observed to dramatically 
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decrease to a quarter or less of the starting material. These results demonstrated that β-O-4 

scission occurred during GTP pretreatment, and with increasing GTP severity more β-O-4 

linkages were cleaved by the pretreatment, leaving fewer β-O-4 bonded structures. The S/G ratio 

changes as a function of the processing severity, and it should be noted that the ratios were for 

aryl-ether bonded C9 units. Thiacidolysis does not take into account S and G units with free 

phenolics and the different analytical methods lead to discrepancies, making the direct 

comparison of S/G ratios difficult.  Results in Table 1 were converted to the number per 100 C9 

rings and compared with the 
31

P NMR data (Table 2). Native lignin had 27 units/100C9 and 9.9 

units/100C9 of β-O-4 bonded S and G units, while there were only 6.3 units/100 C9 and 1.8 

units/100 C9 S and G units still bonded with the β-O-4 in the GTP lignin at the highest 

pretreatment severity. Table 2 also showed the free phenolic S/G released during GTP 

pretreatment as determined by 
31

P-NMR analysis. Corresponding to the decreasing number of β-

O-4 bonded structures at increased GTP severity, more S and G units were produced with free 

hydroxyl groups.  

Table 2 Amounts/100C9 of β-O-4 bonded S/G (thioacidolysis) and free phenolic S/G (
31

P-

NMR). 

log(R0) 
Thioacidolysis 

31
P-NMR 

S G S-OH G-OH 

SGC (EMAL) 27 9.9 7 8.4 

4.44 16 2.9 18 9.4 

4.72 12 2.7 21 9.1 

5.2 6.3 1.8 26 9.8 

Page 12 of 39RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



13 

 

Molecular weight of C9 units in SGC is assumed to be the same as EMAL; S/G represents the β-

O-4 bonded syringyl/guaiacyl units; S/G-OH are the syringyl/guaiacyl units bearing free 

phenolic OH; numbers are calculated based on the average of duplicates. 

A detailed comparison of the difference in β-O-4 bonded structures and their corresponding 

phenolic structures was used to track the fate of S and G units during GTP processing in Table 3. 

Compared to the number of β-O-4 bonded S and S-OH units in native lignin, low severity GTP 

pretreatment (log(R0)=4.44) decreased the number of β-O-4 bonded S by 11 units/100C9, which 

was the same number as the increment of S-OH groups. As GTP severity increases, the loss in β-

O-4 bonded S was about 1 unit/100C9 more than the increment in S-OH. These results indicated 

when the GTP condition was relatively mild (low severities), the released S units bear stable 

phenolic structures without further reaction. The same comparison for G-units showed there was 

only ~14% of G released to form G-OH structures even after low severity GTP pretreatment. The 

G-units released probably underwent condensation reactions through coupling, which was in 

accordance with the increment of C5 condensed structures revealed from 
31

P-NMR. With 

increasing GTP severity, the changes in G units were not significant (less than 1 unit per 100 C9 

rings).    

Table 3 Amount changes/100C9 of β-O-4 bonded S and G (thioacidolysis) and free phenolic S 

and G (
31

P-NMR) as increasing the GTP severity log(R0).  

delta log(R0) 
Thioacidolysis 

31
P-NMR 

∆S ∆G ∆S-OH ∆G-OH 

SGC to 4.44 -11 -7 +11 +1 

4.44 to 4.72 -4 -0.2 +3 -0.3 

4.72 to 5.20 -5.7 -0.9 +5 +0.7 

(-) refers to decrease in number; (+) refers to increase in number; numbers are calculated based 

on the average of duplicates.  
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2D HSQC of GTP lignin  

2D 
13

C-
1
H HSQC NMR was used to observe changes in chemical structure in EMAL and GTP 

lignin. Common structures in the HSQC spectra were color-coded and assigned in accordance 

with previously published literature.
43-48

 Different lignin inter-units and side-chain linkages were 

readily distinguished in the aromatic (Fig. 4) and aliphatic regions (Fig. 5).  

Aromatic region (�C/�H 90-130/5.5-8.0 ppm)  

As shown by Fig. 4, only trace amounts of H units were detected in the sweet gum EMAL and 

its cross peak disappeared in the GTP lignin, which was consistent with the minimum presence 

of p-hydroxyphenyl units from 
31

P-NMR. The calculated ratio of S/G was based on the contour 

volume for the C2 and C6 carbons on S and oxidized S rings, as well as the C2 carbon on G rings 

(Table 4).  As revealed, the ratio of total S and G units increased after GTP pretreatment, from 

3.2 in EMAL to 4.1 at moderate, up to 7.6 at high severity. The S/G ratio for GTP lignin at high 

severity was strikingly larger than common values for hardwood lignin, which normally fall in 

the range of 1.5 to 3.3.
43, 49

 Detailed examination of the aromatic region for GTP lignin suggested 

more information about the structure of S-type units. It has been widely reported
43, 44, 48, 50

 that 

the S 2/6 cross peak located in the range of 6.4-7.1 ppm, with a center at 6.7 ppm on 
1
H-

dimension, is related to unmodified native lignin present in non-derivatized cell walls. However, 

the cross peak of S 2/6 in GTP lignin exhibited spread contour volume compared to that in 

EMAL on the 
1
H-dimension, indicating the heterogeneity between different S-type units. Similar 

spread contour has also been reported for kraft lignin.
47, 51

 Based on the chemical shift behavior 

observed in NMR analysis, the more shielded protons with high electron density would shift 

upfield. In this case, the electron density of protons on C2 and C6 positions on S-type units was 

supposed to increase, causing the contour of S 2/6 to shift upfield. Combined with the previous 
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result of occurrence of C5 condensation due to GTP processing, the condensed aromatic units at 

the C5 position, such as diaryl ether, would possess a pseudo-S aromatic structure with high 

electron density around the C2/6 protons, which would lead to an enlarged cross peak shifting 

upfield. Thus, the C5 condensed structures were likely to be counted as S-type aromatic units in 

HSQC-NMR, resulting in a much larger S/G ratio than that of non-derivatized hardwood lignin. 

Further studies need to be conducted on model compounds of highly condensed lignin structures 

to support this theory. Also noteworthy in this data is the low degree of oxidized S-type units in 

the lignin (Fig. 4).  Typical acidolysis products contain Hibbert ketones at the alpha position and 

the isolated lignin shows a significant decrease in oxidized lignin relative the mild acidolysis, 

EMAL, control lignin.    

 

H 

p-hydroxyphenyl
G 

Guaiacyl

S

Oxidized syringyl

S 

Syringyl
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Fig. 4 HSQC of EMAL and isolated GTP lignin – aromatic region (SGL6: recovered sweet gum 

lignin at GTP severity log(R0)=4.61; SGL8: recovered sweet gum lignin at GTP severity 

log(R0)=5.03). 

 

 

Table 4 S/G ratio calculated from HSQC aromatic region for EMAL and GTP lignin. 

Sample ID log(R0) S/G ratio 

EMAL / 3.2 

SGL 6 4.61 4.1 

SGL 8 5.03 7.6 

SGL6: recovered sweet gum lignin at GTP severity log(R0)=4.61; SGL8: recovered sweet gum 

lignin at GTP severity log(R0)=5.03. 

Aliphatic side chain region (�C/�H 50-90/2.5-5.7 ppm)  

Fig. 5 displays the aliphatic region of EMAL and GTP lignin. From these spectra, the common 

linkages in the lignin structure exhibited well-resolved correlations. It is widely accepted that β-

O-4 linkages (substructure A) are the most abundant in lignin coupled with small amounts of 

phenylcoumaran β-5 (substructure B), resinol β-β (substructure C), and spirodienone β-1 

(substructure D), with the cinnamyl alcohol end groups (substructure X1) as revealed through 

HSQC.
52

 Semi-quantitative characterization of the different lignin linkages and cinnamyl alcohol 

end groups indicated the changes in bonds and end-groups after GTP processing (Table 5).  
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Fig. 5 HSQC of EMAL and isolated GTP lignin – aliphatic region (SGL6: recovered sweet gum 

lignin at GTP severity log(R0)=4.61; SGL8: recovered sweet gum lignin at GTP severity 

log(R0)=5.03). 

 

SGL8 EMAL SGL6 

B 

Phenylcoumaran

( -5)

A 

-aryl ether

( -O-4)

C 

Resinol

( - )

D 

Spirodienone

( -1)

X1 

Cinnamyl alcohol

endgroups
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Table 5 Molar abundance (per 100C9) of side chain linkages and end-groups in lignin. 

Sample ID log (R0) β-O-4 β-5 β-β Cinnamyl alcohol 

EMAL - 58.6 2.4 17.6 3.4 

SGL 6 4.61 28.8 0.9 13.2 0.7 

SGL 8 5.03 15.5 0.0 10.1 0.0 

SGL6: recovered sweet gum lignin at GTP severity log(R0)=4.61; SGL8: recovered sweet gum 

lignin at GTP severity log(R0)=5.03; semi-quantitative analysis of β-O-4, β-5 and β-β was based 

on the integration of Cα-H correlation; semi-quantitative analysis of cinnamyl alcohol was based 

on the integration of Cγ-H correlation. 

Consistent with a reduction in the number of β-O-4 bonded S- and G- units observed in the 

thioacidolysis data, the number of β-O-4 linkages decreased with increasing GTP severity. 

Compared to the abundance of β-O-4 linkages in EMAL, only 26% of these bonds remained 

after high severity GTP processing, similar to the dramatic reduction seen in the thioacidolysis 

data. Such a large decrease in β-O-4 linkages was also reported for lignin isolated from steam-

exploded aspen.
13

  

In addition to the extensive cleavage of β-O-4 linkages, the abundance of β-β and β-5 interunit 

bonds also decreased in the GTP lignin with increasing pretreatment severity. The spirodienone 

β-1 structure was observed in sweet gum EMAL, similarly to that observed in other hardwood 

native lignins.
53

 However, its correlation disappeared in the recovered GTP lignin indicating the 

unlikely formation of β-1 branched structure during processing. In Fig. 5 a conspicuous cross 

peak was found for the GTP lignins (both SGL6 and SGL8) at ~66ppm/4.1ppm. Integrating this 

area accounted for 19.9/100C9 for SGL6 and 37.6/100C9 for SGL8. Based on simple peak 

fitting with ChemBioDraw Ultra the carbon signal arises from a primary or secondary carbons 

closely associated with an electronegative hydroxyl group next to another carbon attached with 
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an electronegative group such as a hydroxyl or carbonyl. Hence, there is a new signal arising 

from carbons associated primarily with rearrangements of the propyl side chain and the 

magnitude of the signal is related to the loss of the β-O-4 linkages.      

Molecular weight of GTP lignin  

Based on the destruction of native interunit linkages during GTP processing, lignin was expected 

to decrease in molecular weight significantly compared to EMAL. The relative molecular weight 

of isolated GTP lignin was determined by size exclusion chromatography (SEC) using a 

universal calibration method. Lignin relative molecular weight was plotted as a function of GTP 

severity for both the number average (Mn) and weight average (Mw) molecular weights to 

elucidate relative changes arising from the GTP processing (Fig. 6).  

 

Fig. 6 Relative molecular weight of EMAL and isolated GTP lignin as a function of the severity 

parameter, log(R0).  

For Mn, there was an initial increase relative to the EMAL control followed by a linear 

decrease for all remaining GTP lignin severity levels. At the highest pretreatment severity, a 

small decrease of 1500 Da in Mn was observed for GTP lignin compared to EMAL. This result 
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was surprising relative to the extensive decomposition of native lignin linkages as revealed in the 

thioacidolysis and 2-D NMR results. Thus, thermally induced coupling occurred in the GTP 

lignin that compensated the extensive scission of bonds. Direct evidence for this was found with 

an increase in C5 condensed units as indicated by the 
31

P-NMR data, however this only 

corresponded to approximately 4 to 8 new linkages per 100 C9. The resulting GTP lignin still 

showed relatively high Mn after extensive alkyl aryl ether bond breakage. However, unlike the 

increase in Mn after steam explosion due to the extensive C-C condensation when GTP severities 

were above log(R0)=3.2, there was no Mn increase as GTP processing severity increased. 

Although GTP processing occurred at relatively high temperatures, lignin depolymerization was 

still predominant. Additionally, the Mw decreased at higher severity factors, even relative to 

EMAL. Interestingly, the data revealed a small polydispserity index for GTP lignin in the range 

of 2.2 to 2.6, with even a smaller variance than that of EMAL (PDI = 2.8 for EMAL). This 

smaller PDI was unusual for processes involving both lignin depolymerization and 

repolymerization processes. These results are noteworthy and in contrast to relative changes 

reported in the literature for lignin isolated from steam-explosion or other steam treatments at 

comparable severities. Upon inspection of the correlations between molecular weight 

characteristics and free syringyl hydroxyl groups (Supporting information Fig. S4) there seems 

to be a controlled depolymerization process, which suggests a pathway that leads to specific 

coupling reactions during the depolymerizaiton of β-O-4 and repolymerization process for this 

system. 

Thermal analysis of GTP lignin  

The thermal stability and the glass transition temperature of the recovered GTP lignin was 

determined by TGA and DSC (example curves shown in Supporting Information). As shown in 
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Table 6, the lignin degradation temperature (Td) at 5% weight loss increased as a function of 

GTP processing severity. GTP processing of wood introduced an initial heat treatment on lignin. 

Cui et al. revealed that Td increased for isolated lignin when heated above its glass transition 

temperature.
7
 GTP lignin displayed significantly greater thermal stability compared to other 

previously reported lignins,
54-56

 even greater than fully derivatized kraft lignins.
7
  This property 

would limit off-gassing during processing, but in light of the structural changes induced through 

heating revealed above, caution should be noted arising from structural rearrangement.   

A consistent glass transition temperature for the isolated GTP lignin (Table 6) was observed, 

which was not significantly impacted by GTP pretreatment. These values were the same for 

either the initial heating ramp or the second heating ramp, suggesting some stability of structure. 

Prior reports indicated Tg values for several commercial lignins:
57-59

 organosolv lignin had a Tg 

of 106 
o
C, lignosulfonates had a Tg of 105 

o
C and Tg for kraft and steam-exploded lignin was 

around 175 and 93 
o
C, respectively. Compared to these values, lignin isolated from GTP 

pretreated sweet gum had a relatively higher glass transition temperature (162-170 
o
C). Polymer 

mobility is impacted by the structure and functionality of the molecule. For lignin, functionality 

such as hydroxyl groups significantly impact the Tg.
59

 Based on the invariance of the Tg data for 

the 6 severities tested, it appears that the lowest severity level provides a critical modification 

level. The higher thermal stability of lignin isolated from GTP pretreated biomass, with a high 

glass transition temperature, suggests potential application of this material in engineering 

thermoplastics.
1, 58

 Additional studies are required to investigate the stability of its melt rheology, 

however the data suggests the pretreatment modifies lignin in a manner useful for polymer 

applications that can either benefit from the large amounts of free phenolic groups and/or can be 

blended at higher temperatures. It is unknown how GTP processing impacts the mechanical 
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properties of lignin, however, dynamic mechanical analysis of fractionated lignin has shown that 

the glassy shear modulus of lignin is not impacted by the various lignin structures and the 

differences in structure mainly influence the rubbery plateau.
60

 Because of the minimum impact 

of structure on the glassy region, it is expected that the GTP lignin would have similar behavior.   

Table 6 Degradation temperature and glass transition temperature of GTP lignin. 

log(R0) Tg (
o
C) Td (

o
C) 

EMAL ND 201.6 

4.14 162.8 (0.2) 248.1(2.1) 

4.44 166.4 (0.2) 276.6 (2.8) 

4.61 165.9 (0.3) 282.1 (2.1) 

4.72 164.5 (1.2) 288.2 (2.7) 

5.03 166.2 (0.1) 292.9 (5.8) 

5.20 169.5 (0.5) 296.8 (9.5) 

Td was analyzed at 5% weight loss; ND: not determined; parentheses indicate standard deviation 

from duplicates. 

Discussion 
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Scheme 1 Lignin degradation pathway and produced structures. 

 

Extensive scission, up to three quarters of β-O-4 linkages, occurred in the lignin recovered from 

GTP pretreatment. As a result, phenolic hydroxyl content increased correspondingly to linkage 

breakage of these labile ethers. Yet there was minimal depolymerization of the lignin as revealed 

by GPC. The question arises of the exact mechanism of breakdown and repolymerization of the 

lignin. While other pretreatments such as steam-explosion occur in the presence of acids such as 

acetic acid typically formed from hemicellulose during steam-explosion,
61

 glycerol thermal 

processing provided a water extract that was only slightly acidic (pH 5).
23

 Typically, any residual 
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acids present may give rise to a traditional thermo-solvolysis route where, there is loss of the 

alpha hydroxyl forming a benzylic carbocation (Scheme 1A) that can be a) etherified with 

glycerol leading to cleavage of the β-O-4 linkages and a variety of degradation products or b) 

forms an enol ether structure (1E) with release of Cγ. However, the solvolysis pathway results in 

significant formation of conjugated carbonyl groups at the Cα (1G), and the recovered lignin 

revealed minimal oxidation at Cα in the 2D-NMR compared to the EMAL lignin. Additionally, 

FTIR analysis showed a dramatic decrease in the absorbance of the conjugated ketone 

(Supporting information Fig. S5), as well as a significant signal from the benzylic hydrogen in 

the 
1
H NMR data (supporting information Fig. S1). Additionally, elimination of C-γ OH during 

enol ether formation would result in formaldehyde release. The enol ether structures may not be 

stable in the GTP processing environment or in the recovery during lignin acid precipitation, 

which further results in the production of free phenolics
36

 and aldehyde end groups (1I) along 

with the possibility of unconjugated ketones at the Cβ (1Η). Hence, solvolysis can only be a 

limited part of the mechanism as there are not conjugated carbonyl products and limited acid 

present to catalyze the reaction.  

We hypothesize that thermal induced decomposition of β-O-4 is a key mechanism occurring 

during GTP processing of biomass and this can occur via quinone methide  intermediates
62

 (loss 

of H/OH, Scheme 1B), oxirane intermediates
49

 (loss of H+, Scheme 1C), and/or free radical 

cleavage
63

 (Scheme 1D). Cleavage of β-O-4 through the various pathways, results in the 

formation of lignin molecules with free vinylic units such as cinnamyl alcohol (1F).
37

 However, 

in the present study, the number of cinnamyl alcohol end-groups also decreased after GTP 

processing and even disappeared after high severity GTP processing (2D-NMR data). Thus, if 

homolytic cleavage is the primary mechanism associated with the extensive β-O-4 cleavage 
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observed, the products produced are transient at high temperatures.  In support of this case, it has 

been reported that homolytic cleavage products can form β-β pinoresinol and syringaresinol 

structures (1J) which would occur from repolymerization of the vinyl groups.
64, 65

 Other 

repolymerization routes involve the benzylic carbons, from quinone methide intermediates 

leading to condensed structures (1K).   

Furthermore, for thermal decomposition mechanisms, lignin interunit structure greatly impacts 

the reactions when comparing etherified lignin units vs. free phenolic units. The latter has a 

lower thermal decomposition temperature, possibly directing decomposition to certain lignin 

units. Specifically, Brežný et al.
66

 reported low temperature thermolysis for β-O-4 phenolic 

model compounds in 190-200 
o
C and etherified analogs at 250-260 

o
C, demonstrating the 

difference in sensitivity between these compounds. With a difference in decomposition 

temperatures, the processing should result from an end-wise depolymerization of the lignin from 

free phenolic ends. Additionally, the different hydrogen bonds formed by C-γ hydroxyl groups 

are critical in impacting the β-O-4 thermal cleavage mechanism.
36

 According to Kawamoto et 

al.,
67

 the side-chain hydroxyl groups, especially on the C-γ position, play a key role in the 

pyrolytic cleavage mechanism of the β-O-4 linkage. For the C-γ deoxyl types, the β-O-4 linkages 

are cleaved through a radical chain mechanism, but high temperatures in the range of 400 
o
C are 

necessary for thermolysis.
62

 However, the C-γ hydroxyl type possesses a higher reactivity, which 

requires a lower thermal energy for β-O-4 breakage. Haw and Schultz
68

 reported that thermal 

decomposition of β-O-4 linkages initiated at 220 
o
C for the C-γ hydroxyl type. Hence, while 

glycerol (and other high molecular weight or multifunctional alcohols) is often used as a 

plasticizer in compounding to protect from dehydration reactions in biopolymers, for lignin, the 

addition of glycerol may serve to catalyze the homolytic cleavage of lignin. 
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Conclusions 

Non-catalytic glycerol thermal pretreatment (GTP) was studied as a means for isolation and 

recovery of lignin and to examine the sensitivity of native lignin to heat. Processing biomass at 

moderately severe temperatures of 200 to 240 
o
C in an anhydrous environment for short times 

with a hydrogen bonding solvent gave rise to significant changes in lignin structure. After GTP 

pretreatment, 41% of the initial Klason lignin in the biomass input was recovered in a powdered 

form without any catalyst using aqueous dioxane extraction at room temperature. Further 

structural investigation of the isolated lignin indicated that glycerol thermal processing facilitated 

aliphatic hydroxyl reduction and extensive β-O-4 bond decomposition resulting in phenolic 

hydroxyl liberation. The syringyl phenolic functionality of the GTP lignin increased linearly with 

the log of the severity parameter due to alkyl aryl ether bond cleavage. The amount of phenolic 

hydroxyl content was considerably higher than other lignins at similar levels of delignification. 

Condensation of the lignin also occurred causing the GTP lignin to have a relatively high 

molecular weight, near to that of enzymatic mild acidolysis lignins. The resulting GTP lignin 

was significantly more thermally stable, with a glass transition temperature that was invariant to 

GTP processing severity. As these temperatures and processing times border on the thermal 

processing of many thermoplastic polymers, the study provided extensive evidence for the 

structural changes that can occur in lignin at high temperatures in so called benign environments.     

Experimental 

General 

Chemicals and reagents used in this research were purchased from Sigma-Aldrich, Alfa Aesar 

and MP Biomedicals and used as received. A mature hardwood sweet gum (Liquidambar 

Page 26 of 39RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



27 

 

styraciflua) was adopted as the biomass resource in this research. Preparation of biomass 

samples was performed as reported previously.
23

 

Glycerol thermal processing (GTP)  

The biomass was pretreated at nine severities (R0), ranging from 200 to 240
 o

C and from 4 to 12 

min according to a previous report.
23

 The severity parameter combines both time and 

temperature into an empirical reaction model, represented as a logarithmic scale, describing the 

thermo-mechanical hydrolysis of biomass.
69, 70 

The GTP pretreated biomass was collected and 

stored at 4
 o

C for further analysis. 

Lignin isolation from pretreated biomass  

GTP pretreated sweet gum (GTPSG) was first water extracted to remove the additional glycerol 

residue and degraded components before lignin isolation.
23

 Solvent extraction of thoroughly 

dried water-extracted GTPSG was performed using 96% (v/v) 1,4–dioxane
71

 (azeotrope) at a 

solid to liquid ratio of 1/25 with continuous stirring at ambient temperature without catalysts. 

After a 24 hour extraction, the residual biomass was collected through filtration and the filtrate 

was further passed through a 10 µm glassy-fiber filter to remove any biomass solids before 

concentrating to <100 ml under reduced pressure. The concentrated solvent extract was added 

dropwise into 1 L 0.01 M hydrochloride acid
72

 (pH=2) for lignin precipitation. After settling 

overnight at 4 
o
C, the precipitated lignin was collected through centrifugation and further rinsed 

3 times with deionized water before freeze-drying. The recovered lignin, labeled as GTP lignin, 

was freeze-dried for mass balance calculations. Compositional analysis of GTP biomass before 

and after solvent extraction was performed according to the NREL standard.
73

  

The GTP lignin recovery yield relative to the total initial lignin in the original biomass was 

calculated through Eq 1. 
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recovered lignin yield%=

mrec lignin

m0×Klignin
0

×100% (Eq1) 

mrec lignin : dry mass of recovered GTP lignin for specific biomass input to pretreatment; 

m0 : total dry mass of biomass input to GTP pretreatment; 

Klignin
0
 : Klason lignin content in biomass input. 

 Enzymatic mild acidolysis lignin (EMAL) from extractive free sweet gum was used as a 

reference for the GTP process because no lignin could be extracted from untreated biomass with 

DMF. 
72

 

GTP lignin elemental analysis  

Elemental analysis (carbon, hydrogen and nitrogen) of isolated GTP lignin was determined on 

automatic analyzers comprised of Perkin-Elmer Model 2400 Series II autoanalyzers, LECO 

CHNS-932 Analyzers, Carlo Erba Model 1108 Analyzers and Costech ECS. Results were 

reported as weight percentage of biomass dry weight (C%, H% and N%). Oxygen content (O%) 

was calculated by subtracting the composition fraction of the carbon, hydrogen, and nitrogen 

from unity.  

GTP lignin acetylation and quantitative 
1
H-NMR  

Lignin acetylation was conducted according to the procedure of Glasser et al.
74

 with slight 

modification. 100 mg dried lignin (GTP lignin or EMAL) was dissolved in 3 ml anhydrous 

pyridine followed by the addition of an equal volume of anhydrous acetic anhydride. The 

reaction was performed at room temperature for 24 hours in a nitrogen atmosphere with 

continuous stirring. Then, the reaction mixture was added dropwise into 200 ml 0.01 N 

hydrochloric acid. The acetylated lignin was collected through filtration using a 10 µm nylon 

filter and then rinsed using 0.01 N hydrochloric acid 3 times to remove any solvent residue, 
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followed by a 3x deionized water wash. The resulting lignin was freeze-dried followed by 

vacuum drying. 

20 mg of acetylated lignin was fully dissolved in 500 µl chloroform-d6. An internal standard 

for NMR quantification was prepared by dissolving 20 mg 2,3,4,5,6-pentafluorobenzaldehyde 

(PFB) in 1.5 ml chloroform-d6. Then, 200 µl PFB solution was added into the lignin solution 

before transferring to a 5 mm NMR tube. The 
1
H-NMR was collected on a Bruker Avance II 500 

MHz multinuclear spectrometer with a pulse angle of 30° and pulse delay time of 7 s. 32 scans 

were acquired and the spectra were processed using MestReNova software. All chemical shifts 

were reported according to TMS internal reference at 0 ppm. Peak assignments of quantitative 

1
H-NMR are shown in supporting information Fig. S1 according to previous reports.

75-78
 

Quantitative 
31
P-NMR analysis of recovered GTP lignin  

Quantitative phosphorous-31 nuclear magnetic resonance spectroscopy (
31

P-NMR) analysis was 

performed on a Varian INOVA 400 MHz multinuclear spectrometer at a frequency of 162.07 

MHz for 
31

P spins. This method was adapted from reports by Argyropoulos and co-workers.
29, 39, 

79-82
 Prior to analysis, all lignin samples were stored in a vacuum oven for 48 hours.  

A solvent mixture composed of pyridine/chloroform-d6 (CDCl3) with a ratio of 1.6/1 (v/v) was 

freshly prepared for 
31

P-NMR. Endo-N-hydroxy-5-norbornene-2,3-dicarboximide (e-HNDI) was 

chosen as an internal standard,
83

 which was prepared at a concentration of 11.32 mg/ml from the 

above solvent mixture, pyridine/CDCl3 (1.6/1). Chromium (III) acetylacetonate (Cr(acac)3) as the 

spin relaxation reagent
84

 was prepared in CDCl3 at a concentration of 10 mg/ml. 30 mg of GTP 

lignin or EMAL was dissolved in 500 µl of the above solvent mixture followed by adding 200 µl 

e-HNDI solution and 50 µl Cr(acac)3 solution. The solution was thoroughly mixed using a vortex 

mixer. Then, 100 µl 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (PR(II)) was added as 
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the phosphitylation reagent followed by extensive vortex mixing. The final solution was 

immediately transferred to a 5 mm NMR tube and quantitative 
31

P-NMR spectra were acquired 

immediately. Specific spectra acquisition parameters were as follows: a pulse angle of 90° and 

pulse delay time of 5 seconds was chosen to improve signal to noise ratio as well as full 

relaxation; spectra width was 33999.2 Hz; to avoid peak splitting effects, an inverse-gated 

decoupling on proton spins was applied. Quantitative spectra were collected without Nuclear 

Overhauser Effect. 256 scans were collected for each sample and subsequently the spectra were 

processed using MestReNova software. Signal to noise ratio was improved using signal 

apodization: exponential 3.0 Hz with additional Gaussian 1.0 GB. Zero filling was 256 K. All 

chemical shifts were reported relative to the sharp peak of the phosphitylated water (residual 

moisture) at 132.2 ppm. 

Peak assignments of quantitative 
31

P-NMR are shown in supporting information Fig. S2, based 

on previous reports.
39, 83

 It should be noted that syringyl phenolic groups were integrated 

separately from the C5 condensed units based on literature.
39

 

Lignin thioacidolysis-gas chromatography (GC)  

Thioacidolysis of completely dried GTP lignin was performed according to the report by 

Rolando et al.
85

 

GC analysis of trimethylsilylated thioacidolysis products was performed on an Agilent gas 

chromatograph (GC) equipped with a polydimethylsiloxane fused silica capillary column (30 m 

x 320 �m, length x I.D., with 0.25 �m film thickness). GC conditions were: Injector port 280
o
C 

with a sample flow rate of 1 ml/min. The oven temp was ramped from 200
o
C to 260

o
C at 4 

o
C/min and then increased to 300

o
C at 30 

o
C/min. Detection was performed with a flame 

ionization detector (FID) at 300
o
C. Hydrogen was used as the carrier gas with a flow rate of 30 
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ml/min. 1 µl of silylated sample was manually injected and the resulting chromatograms were 

analyzed using OpenLAB CDS ChemStation software.  

Two-dimensional 
13
C-

1
H heteronuclear single quantum coherence (HSQC) NMR 

spectroscopy of GTP lignin  

All lignin samples were prepared using DMSO-d6 and sonicated until homogenous in a Branson 

2510 table-top cleaner (Branson Ultrasonic Corporation, Danbury, CT). The temperature of the 

bath was closely monitored and maintained below 55 
o
C. The homogeneous solutions were 

transferred to NMR tubes. HSQC spectra were acquired at 25 
o
C using a Bruker Avance-600 

MHz instrument equipped with a 5 mm inverse-gradient 
1
H/

13
C cryoprobe using a Q-HSQC 

ETGP pulse program (ns = 200, ds = 16, number of increments = 256, d1 = 1.0 s).
86, 87

 Gaussian 

apodization in F2 (LB = -0.18, GB = 0.005) and squared cosine-bell in F1 (LB = -0.10, GB = 

0.001) was applied prior to 2D Fourier Transformation. Chemical shifts were referenced to the 

central DMSO peak at 39.5/2.5 ppm (δC/δH). Assignments of the HSQC spectra were described 

elsewhere.
43, 44

 A semi-quantitative analysis of the volume integrals of the HSQC correlation 

peaks was performed using Bruker’s Topspin 2.0 processing software. Changes in lignin 

structure were determined based on volume integration of HSQC spectral contour correlations. 

The C2–H2 position of the guaiacyl unit and the C2,6–H2,6 positions in the syringyl unit were 

considered to be stable
50

 and used as the internal standard that represents aromatic C9 units in the 

lignin. Spectra integration was performed on the same contour level. All integrals displayed less 

than 10% error (based on the use of organosolv lignin in triplicate – data not shown), confirming 

the precision of the quantification from 2D HSQC spectra.   

Gel permeation chromatography of recovered lignin  
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Lignin solutions, 1% (w/v), were prepared in analytical-grade 1-methyl-2-pyrrolidinone (NMP). 

The polydispersity of dissolved lignin was determined using analytical techniques involving SEC 

UV-A290 as previously described.
88

 An Agilent 1200 series binary LC system (G1312B) 

equipped with diode-array (G1315D) detector was used. Separation was achieved with a Mixed-

D column (5 µm particle size, 300 mm x 7.5 mm i.d., linear molecular mass range of 200 to 

400,000 u, Agilent Technologies Inc.) at 80 
o
C using a mobile phase of NMP at a flow rate of 0.5 

ml/min. Absorbance of materials eluting from the column was detected using UV-A absorbance 

(λ=290 nm). The GPC chromatograms are shown in the supporting information Fig. S3. Spectral 

intensities were area-normalized and relative molecular mass was determined after calibration of 

the system with polystyrene standards.  

Thermal analysis of GTP lignin  

The thermal degradation temperature of dried isolated lignin was studied by thermogravimetric 

analysis (TGA) on a TA instruments Q100 with a heating rate of 10 
o
C/min from ambient 

temperature to 900 
o
C for complete degradation in air. Initial degradation temperatures were 

determined at 5% weight loss. 

The glass transition temperature (Tg) of lignin was determined on a TA Instruments Q100 

differential scanning calorimeter (DSC). The heating rate was 5 
o
C/min over a temperature range 

of 25 to 200 
o
C in a nitrogen atmosphere. Cycles of heat/cool/heat were performed and Tg was 

analyzed as the midpoint of the heat capacity transition on the first heating.  
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