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Towards a new lignin-derived platform 
chemical (G-C2-acetal) from organosolv 
lignin and softwood via acidolysis and 
ethylene glycol stabilization 

This chapter was published as part of:  

Zijlstra, D.S., De Santi, A., Oldenburger, B., de Vries, J., Barta, K., Deuss, P.J., J. Vis. 
Exp. (143), e58575, doi:10.3791/58575 (2019) and De Santi, A., Galkin, M.V, 
Lahive, C.W., Deuss, P.J., Barta, K. ChemSusChem 2020, 13, 4468 – 4477.           
The lignin isolation and characterization reported in this Chapter were performed by 
D.S. Zijlstra (ENTEG, University of Groningen) 
 



Abstract 

Developing efficient lignin valorization strategies is the key for achieving economically 
competitive biorefineries based on lignocellulosic biomass. Here, the previously 
developed lignin acidolysis method with ethylene glycol (EG) stabilization was used to 
produce potentially high-value aromatic monomers. We present two different 
approaches: first, lignin with high content of the readily cleavable β-O-4 linkage was 
isolated through ethanol extraction (80 and 120 °C) from hardwood and softwood 
(walnut, beech, cedar, and pinewood). These lignins were then depolymerized to 
phenolic monomers reaching a maximum yield of 14.4 wt% (combined S-, G- and H-
C2-acetal) when beech lignin was used. This provided a systematic study on how lignin 
extraction conditions affect the depolymerization step, showing a correlation between β-
O-4 content and monomer yield. Then, a novel method was developed based on the 
acidolysis/stabilization strategy using lignocellulose directly in order to skip the lignin 
extraction step. This new, mild and metal free lignin-first acidolysis process (140 °C, 40 
min) uses the benign solvent dimethyl carbonate (DMC) and EG as stabilization agent/
solvent and softwood (pine, spruce, cedar, and Douglas fir) directly to obtain G-C2-
Acetal in high selectivity, with a depolymerization efficiency of 77–98%. At optimized 
conditions (140 °C, 40 min, 400 wt% EG and 2 wt% H2SO4 to pinewood) up to 9 wt% 
of aromatic monophenol was produced reaching a degree of delignification in pine 
lignocellulose of 77%.
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2.1. Introduction 

The development of profitable and sustainable biorefineries relies on the optimal 
valorization of all main lignocellulose constituents1. Lignin is a major lignocellulose 
component (10-30%) together with cellulose (35-50%) and hemicellulose (20-35%) 
and it has been identified as main source of aromatic chemicals2. However, its efficient 
depolymerization has proven to be a major bottleneck due to its complex nature and 
recalcitrant structure, especially upon classical processing conditions2,3. In recent years, 
many different depolymerization approaches (oxidative, reductive, acid-catalyzed and 
biochemical depolymerization) were developed,4,5 generally relying on cleavage of β–O–
4 linkages, one of the most abundant (up to 50-80%) and labile bonds in lignin6 
(Chapter 1, Section 1.3).  
Lignin is usually generated as a by-product from pulping industry, 2nd generation 
biorefinery, or by milder extraction methods (e.g., organosolv lignin). However, lignin 
extraction is energy demanding and leads to lignin partial degradation during the process 
which results in decrease in β–O–4 bonds and increase in C–C bonds amount which 
makes lignin less suitable for depolymerization3 (Chapter 1, Section 1.2). Therefore, the 
direct use of wood, thus of a “native-like” lignin structure, was explored studying the so-
called “lignin-first” strategies, being Reductive Catalytic Fractionation (RCF) one of the 
dominant method reaching aromatic monomers in 20–70 wt% yield (Chapter 1, Section 
1.4 and Figure 2.1, b).7,8,17–19,9–16 Additionally, the holocellulose fraction is typically 
valorized.  
Even though RCF is a very efficient method, it is characterized by some constraints such 
as metal catalysts (often expensive), relatively harsh conditions and the need of hydrogen 
gas with associated safety issues.10,20 Hence, the development of alternative methods, 
which can overcome these limitations is desirable.  
In order to reach this goal, our method of choice is the acid-catalyzed lignin 
depolymerization. Compared to RCF, acidolysis promoted by homogeneous acid 
catalyst presents multiple benefits such as milder reaction conditions (140 °C), no or low 
autogenous pressure and no need of hydrogen gas. Also, no heterogeneous catalyst 
separation from the residual carbohydrates-rich solid is needed.  
As detailed in Chapter 1 (Section 1.3) lignin acidolysis targets the cleavage of β–O–4 
bonds resulting in two different reaction pathways (namely C2 and C3, Chapter 1, Figure 
1.5) delivering C2-aldehydes (C2-pathway) or Hibbert’s ketone monomers (C3-
pathway). 
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Importantly, our group previously found that C2-aldehydes are unstable under acidolysis 
conditions, leading to undesired recondensation reactions (Chapter 1, Figure 1.5).21 
Thus, stabilization strategies via hydrogenation, decarbonylation, or acetal formation 
were introduced 21,22. The stabilization of the reactive C2-aldehydes formed during β–
O–4 bond cleavage as 2-arylmethyl-1,3-dioxolanes (cyclic C2-acetals, G- if from guaiacyl 
unit, S- if from syringyl units) with ethylene glycol (EG) was found especially effective 
(Figure 2.1, c). Successful stabilization was demonstrated for both model compounds 
and several lignin specimens, and a maximum of 35 wt% of C2-acetals was obtained 
from walnut lignin.23 This study also highlighted that technical lignins characterized by 
low β–O–4 content (up to 11 per 100 aromatic units for beech lignin) were not suitable 
to achieve high monomer yields. Specifically, Fe(OTf)3 and 1,4-dioxane were employed 
as a catalyst and a solvent. However, Fe(OTf)3 is expensive and 1,4-dioxane is pricy and 
toxic.24  

Figure 2.1. Lignin depolymerization strategies: (a) starting from organosolv lignin (two-
step) procedure; (b) RCF starting from lignocellulose (one-step); (c) Acidolysis starting 
from organosolv lignin (two-steps); (d) Acidolysis starting from lignocellulose (one-step). 
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Starting from the previously developed methodology, we first studied the C2-acetals 
production from hardwood and softwood lignins extracted with ethanol using two 
procedures differing in harshness (80 and 120 °C). This provided a systematic study on 
the effect that lignin extraction conditions and thus lignin structural properties have on 
C2-acetals delivery. Organosolv lignocellulose pretreatment in a variety of solvents 
(ethanol, methanol, glycerol, ethylene glycol, acetic acid, formic acid), usually in 
combination with water and acid catalysts (H2SO4, HCl) have been widely studied in a 
range of temperature of 85-220 °C, reaching 40-92% of lignin removal.25,26 
Next, we looked for an effective system that would deliver C2-acetal from lignocellulose, 
skipping lignin isolation step and so making it more efficient in terms of time and energy 
(Figure 2.1, d). It is challenging to apply a system previously developed for lignin to 
lignocellulose. In fact, lignin needs to be efficiently removed and depolymerized to 
monomers while the remaining carbohydrates fraction (hemicellulose and cellulose) 
should be preserved for further conversion (e.g., enzymatic hydrolysis to sugar 
monomers) in order to achieve full lignocellulose valorization. Cellulose is relatively 
stable due to its semi-crystalline structure while hemicellulose can be solubilized together 
with lignin and, therefore, a consecutive separation step is required. Moreover, the 
chosen solvent system should promote both the delignification process and the desired 
depolymerization.  
One example is reported in literature by Watanabe et al.27 where a system of toluene as 
a solvent, methanol as a trapping agent, and H2SO4 as a catalyst were employed to 
produce non-cyclic G-C2-acetal from Japanese cedar wood with monomers yield of 
approximately 5 wt% to lignin. However, due to a different focus of this study in 
polymer chemistry28, the effectiveness of the depolymerization method was not evaluated 
and no information regarding the quality of cellulosic residue was provided in this case.  
In our study, different catalysts (sulfuric acid, para-toluenesulfonic acid and Bi(OTf)3) 
as well as various solvents (alcohols, acetone, carbonates) were tested to produce G-C2-
acetal from pinewood in order to give insight into correlations between solvent 
parameters (e.g. dielectric constant) and the effect of catalyst type on monomer yield. A 
systematic study on ethylene glycol influence was conducted and the process was 
evaluated in terms of G-C2-acetal yield and delignification degree. Additionally, the 
application to different softwood species was tested to expand the method applicability. 
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2.2. Results and discussion 

2.2.1. C2-acetals from lignin acidolysis with ethylene glycol stabilization 

Lignin extraction following two procedures differing in harshness was performed from 
walnut, pine, beech and cedar lignocellulose (Figure 2.2). The extraction method 
involved the use of a mixture 80:20 ethanol/water as solvent (leading to a partial 
etherification of β-O-4 moiety indicated as β’-O-4), hydrochloric acid as catalyst, and 
two selected reaction temperatures: 80 °C for method A and 120 °C for method B, 
making method B harsher. The extracted lignins were characterized by HSQC-NMR in 
order to estimate β-O-4 (Table 2.1), β’-O-4 (Table 2.1), β-β (Experimental section 
2.4.2, Table 2.9) and β-5 linkages (Experimental section 2.4.2, Table 2.9). 

Figure 2.2. General scheme for lignin extraction from lignocellulose. Conditions: A) 80 
˚C, 0.24 M HCl, B) 120 ˚C, 0.24 M HCl. 

Source 
Lignin 
Yield 
[%] 

Extraction 
efficiency 

[%][a] 

S/G/H 
ratio 

Total 
β-O-4 

β-O-4 β’-O-4 

Walnut (A) 5.0 12.4 45/46/9 75±2.5 36±2.6 39±3.1 
Walnut (B) 15.2 37.7 59/37/4 74 20 54 

Pine (A) 3.5 12.2 0/>99/<1 59 22 37 
Pine (B) 4.0 14.0 0/>99/<1 46 7 39 

Beech (A) 5.4 28.7 63/37/0 82 43 39 
Beech (B)[b] 13.9 73.9 83/17/0 45 11 35 
Cedar (A) 6.4 18.2 0/>99/<1 64 28 36 
Cedar (B) 11.5 32.8 0/>99/<1 41 7 34 

Table 2.1. Obtained lignin yields, aromatic distribution, and β-O-4 linkages for the 
used sources. [a] Yield of lignin (wt%)/Lignin content in the feedstock as determined by 
Klason lignin determination. [b] 32% of the S-units are condensed: C-C bond 
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formation in position 2 or 6 from HSQC-NMR analysis (proton range, ppm)(carbon 
range, ppm): (6.35-6.65)(106-109). 

The results from the extraction at different conditions from various biomass sources 
reveal how the optimal conditions for lignin extraction with a relatively high content of 
β-O-4 linkages can vary depending on the source. The yield did increase for all the 
extractions performed under harsher conditions (method B) compared to milder 
conditions (method A) (Figure 2.2, Table 2.1). This effect was much more profound for 
walnut (10.2% increase), beech (8.5% increase) and cedar wood (5.1% increase) 
compared to pinewood (only 0.5% increase). Based on the lignin content of the biomass 
before extraction (40.3% for walnut, 28.6% for pine16, 18.8% for beech16 and 35.1% 
for cedar16), the lignin extraction efficiency of beech wood was especially high (73.9%), 
whereas for the other sources lower extraction efficiency was obtained.  
From the NMR analysis of the different lignins (example shown in Figure 2.3), the 
H/G/S ratio and amount of linkages were estimated (Table 2.1 and 2.9 in Experimental 
section 2.4.2). The ratios obtained from NMR show that in general extractions with 
method B provides lignin with higher S content compared to those with method A in 
the case that the native material contains S units. This can be related to the fact that G-
units are more prone to degradation reactions which are more pronounced in harsher 
extraction conditions.29 Also, the extractions with method B provide lignin with a lower 
amount of total β-O-4 linkages compared to method A, indicating increased degradation 
upon increase in temperature. An exception is the walnut lignin obtained from methods 
A and B for which the amount of total β-O-4 linkages was very similar. Additionally, 
NMR revealed that all the lignins obtained after ethanol extraction showed a degree of 
structural modification of the β-O-4 linkage. These have at least ~50% substitution at 
the α-OH group, resulting in the α-ethoxylated β'-O-4 linkage. Overall, some form of 
optimization has to be involved to get the correct balance between lignin yield and 
quality in the form of retention of the amount of β-O-4 units in the obtained lignin 
material, as observed previously.23,30 

The formation of β'-O-4 linkage is undesired for some applications, for example, when 
applying depolymerization methods that rely on the oxidation of the benzylic (α) 
hydroxyl group31–33. The transformation of β'-O-4 linkage of ethanosolv lignin to regular 
β-O-4 linkages was previously reported30 and was performed with a lignin batch obtained 
from walnut shells that is comparable to the lignin obtained from walnut shells reported 
in this work (Experimental section 2.4.6). This lignin consisted of 30 native β-O-4 
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linkages and 39 α-ethoxylated β'-O-4 linkages (34 and 38 linkages, respectively for our 
lignin). De-etherification converted almost all the α-ethoxylated linkages to the native 
structure as the obtained lignin consisted of 57 β-O-4 linkages and only 3 α-ethoxylated 
β'-O-4 linkages, showing a small loss in the total number of β-O-4 units (from 72 to 57 
total β-O-4). The mass of the lignin was 72% of the original lignin, which is primarily 
caused by the loss of the ethyl group. 

Figure 2.3. Assignment of all lignin linkages measured with 2D-HSQC of lignin 
obtained from walnut shells using mild treatment (method A). The signals for HKγ and 
S’2/6 are magnified to make them visible. No signals for condensed structures were 
observed.  

Size exclusion chromatography (SEC) (Experimental section 2.4.2) was performed to 
provide insight into the molecular weight (Experimental section 2.4.2, Table 2.10). 
These reveal that when harsher extraction conditions (method B) are applied, both the 
weight average molecular weight (Mw) and the polydispersity are increasing for all 
sources. The number average molecular weight (Mn) between the extraction conditions 
is comparable for each source. Overall, these results show that harsher extraction 
conditions have a two-fold effect, and larger fragments are extracted in addition to 
further breakdown of such fragments. 
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To demonstrate the potential of the lignin for the production of aromatic monomers 
through mild depolymerization, acidolysis reactions with Fe(OTf)3 in the presence of 
ethylene glycol were performed23 (Figure 2.4). This reaction yields three different 
phenolic C2-acetals that relate to the H, G and S units present in the lignin. Table 2.2 
shows the yield of the S, G and H acetals and the total yields are shown in Figure 2.5. It 
is visible that the lignin extraction method has a major effect being the yield of acetals 
lower for lignin extracted using harsher conditions (method B). This is likely due to a 
more modified (higher percentage of α-ethoxylation) condensed structure as described 
in the previous paragraph. 

Figure 2.4. Schematic representation of lignin depolymerization to C2-acetals. If 
R1=R2=H the molecule is referred as H-C2-acetal, if R1=H and R2= OCH3 as G-C2-
acetal, if R1=R2=OCH3 as S-C2-acetal. 

Source 
Total 
β-O-4 

S-C2-
acetal
[wt%]

G-C2-
acetal
[wt%]

H-C2-
acetal
[wt%]

Total 
C2-

acetals 
yield 

[wt%] 

Overall 
C2-

acetals 
yield to 
wood 

[wt%][a] 

Overall 
C2-

acetals 
yield to 
lignin 

[wt%][b] 
Walnut 

(A) 
72 4.5 5.9 2.1 12.5 0.63 1.6 

Walnut 
(B) 

74 3.6 4.7 1.0 9.3 1.41 3.5 

Pine(A) 59 0 9.9 0.3 10.2 0.36 1.2 

Pine(B) 46 0 1.1 0 1.1 0.04 0.2 

Beech(A) 82 7.7 6.7 0 14.4 0.78 4.1 

Beech(B) 45 3.6 3.4 0 7.0 0.96 5.2 

Cedar(A) 64 0 8.1 0.1 8.2 0.52 1.5 

Cedar(B) 41 0 4.7 0 4.7 0.54 1.5 

Table 2.2. Yields of C2-acetals obtained from depolymerization of lignin from different 
sources. Conditions: 50 mg lignin, 60 wt% ethylene glycol, 10 wt% Fe(OTf)3, 1,4-
dioxane (1 mL total volume), 140 oC, 15 minutes; [a] Yield corrected for lignin 
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extraction yield. Calculation: (lignin yield*total acetal yield)/100; [b] Yield corrected for 
lignin extraction efficiency. Calculation: (lignin extraction efficiency*total acetal 
yield)/100. 

Walnut Pine Beech Cedar
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         method B

Figure 2.5. Yields of phenolic C2-acetals obtained from depolymerization of lignin from 
different sources. 

The importance of the β-O-4 units is reflected by providing correlations to monomer 
yield in depolymerization such as presented in the protocol (Figure 2.6). A trend is visible 
considering the total β-O-4 content (Figure 2.6, a) and the non-etherified β-O-4 
linkages (Figure 2.6, b), where a higher β-O-4 content generally results in higher yield 
of phenolic C2-acetals which is in line with previous results23,30. When considering the 
etherified β'-O-4 linkages, the trend is also clear, showing that the depolymerization 
yield is not related to the number of β'-O-4 linkages. Under reaction conditions, the 
etherified β-O-4 linkages can be de-etherified, but this additional step results in the loss 
of material, as described earlier. 
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Figure 2.6. Yields of phenolic C2-acetals obtained from lignin depolymerization 
compared to β-O-4 content in the lignin feedstock. (a) Total β-O-4 content (b) not-
etherified β-O-4 (c) etherified β-O-4. 

As previously mentioned, the reported results point out how finding optimum 
conditions can vary depending on the source in order to obtain the maximum monomer 
yield. When walnut was used as starting material the overall total acetal yield increases 
around two times if harsher conditions (method B) were employed for lignin extraction. 
However, this is mainly due to the great difference in lignin extraction yield. Differently, 
when pine is used, milder extraction conditions (method A) are preferable. In fact, lignin 
extraction results in very similar yields in the two cases but harsher conditions cause a 
drop in β-O-4 units especially considering the not-etherified β-O-4 linkages, which can 
be the reason for such a low monomers yield, as indicated in the previous paragraph. So, 
retention of the β-O-4 structure is preferred for this wood type to give higher overall 
phenolic C2-acetals yields. A significant loss of not-etherified β-O-4 linkages can be 
observed also in the cases of beech and cedar if conditions B were applied for extraction 
which possibly leads to a lower monomer yield. However, the overall acetal yield does 
not differ that much depending on the extraction conditions. In fact, an approximately 
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two-fold increase in lignin extraction yield is observed for both biomass sources switching 
from conditions A to B which compensates for the roughly two-fold decrease in 
monomer yield. This issue was already observed before23. In fact, the best total C2-acetals 
yield (35.5 wt%) was reached with walnut extracted lignin where however lignin yield 
was 6% which gives an overall C2-acetals yield of 2.1%. 

In order not to be dependent on lignin structural features, we set out to investigate the 
application of our previously developed method to lignocellulose directly, skipping the 
lignin isolation step. In fact, such strategy would not differ much from a classical 
organosolv lignocellulose fractionation process except the reaction conditions, catalyst, 
and added stabilization agent (EG) should be specifically tailored to deliver the desired 
monophenolic C2-acetals instead of organosolv lignin. 

2.2.2. G-C2-acetal from lignocellulose acid catalyzed in situ lignin depolymerization 
with EG stabilization 

The two key factors necessary to obtain high yield of monophenolic products from raw 
lignocellulose are: a) efficient delignification and b) rapid β–O–4 bond cleavage. Since 
both of these steps depend on multiple factors, an extensive optimization of reaction 
parameters (catalyst type and amount, ethylene glycol amount, solvent, reaction time, 
and temperature) was carried out in order to maximize G-C2-acetal yield (the method 
was optimized for pinewood) and at the same time maintain high cellulose quality. 

2.2.2.1. G-C2-acetal production from pinewood: evaluation of catalysts and solvents 

First, benchmark conditions previously developed for organosolv lignin 
depolymerization (catalyst: Fe(OTf)3, solvent: 1,4-dioxane) were evaluated processing 
pine lignocellulose in the catalyst concentration range of 0.075-0.3 mmol (Table 2.3, 
Entry 1–5) whereby 0.15 mmol were found to be the minimum requirement to obtain 
G-C2-acetal yield of 4.8 wt% (Table 2.3, Entry 3). Then H2SO4, Bi(OTf)3, and p-
TsOH were screened as alternatives for Fe(OTf)3

34
 (Table 3, Entry 6–8). The use of

Bi(OTf)3 provided a similar yield of G-C2-acetal (5.0 wt% vs 4.8 wt% for Fe(OTf)3),
while with p-TsOH no G-C2-acetal was obtained. Interestingly, sulfuric acid, as a much
cheaper alternative, performed slightly better than Fe(OTf)3 with 5.7 wt% G-C2-acetal
yield and therefore it was chosen for the further optimization. Importantly, it is visible
already how beneficial is the direct use of pinewood since G-C2-acetal raised from 0.2-
1.2 wt% (section 2.2.1, Table 2.2) when pine extracted lignin was used to 4.8 wt% when
pinewood was employed as starting material.
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Our next goal was to find greener alternatives for 1,4-dioxane that is classified as a solvent 
with major known issues24 at the same time maintaining a high product yield. 
Dimethoxyethane (monoglyme) and toluene performed similar to 1,4-dioxane (G-C2-
acetal yield 6.1 wt% and 5.3 wt% respectively, Table 2.3, Entry 9 and 10) while acetone 
gave slightly lower yield (4.3 wt%). Very poor G-C2-acetal yield was obtained in alcohols 
(Table 2.3, Entry 12,13 and 19) as was demonstrated before for model compounds21. 
Previously, etherification of the β–O–4 motifs at the α-OH position was reported when 
alcohols were used as reaction media under similar conditions30. It is likely that the 
resulting ethers are less reactive under these conditions, as mentioned in the paragraph 
before. Treatment of lignin with EG under acidic conditions was previously reported by 
Jasiukaityte-Grojzdek et al.35, showing EG incorporation into the lignin structure in α 
and γ positions of the β-O-4 linkage, even leading to cross-linking of lignin moieties. 
Additionally, Ono et al.36 studied incorporation of EG moieties into lignin during 
softwood acid solvolysis to produce modified lignin, potentially applicable as 
amphiphilic polymer and/or functional gels.  

Carbonates were identified as benign solvents for organic synthesis,37–39 and can be 
synthetized via sustainable pathways directly from CO2.39 Previously these solvents have 
proven successful in extracting lignin from sugarcane bagasse while preserving a good 
cellulose quality (up to 90% glucose yield after enzymatic digestion).40,41 Gratifyingly, in 
our system, dimethyl carbonate and diethyl carbonate appeared to be outstanding 
solvents reaching 8.0 wt% G-C2-acetal yield (Table 2.3, Entry 14 and 15). Ethylene 
carbonate (EC) was also considered as valuable option (Table 2.3, Entry 18). However, 
the system was found to be challenging since EC would solidify on cooling down, 
clogging the reactor. Thus, lower boiling point carbonates were considered easier to work 
with. 
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Entry Catalyst 
Catalyst 
[mmol] 

Yield G-
C2-

acetal 
[wt%] 

Solvent 
δ 

[MPa0.5] 

EG + 
solvents 

δ 
[MPa0.5] 

εr 

1 Fe(OTf)3 0.075 1.5 1,4-dioxane 20.5 20.8 2.21 

2[a] Fe(OTf)3 0.075 1.3 1,4-dioxane 20.5 20.8 2.21 

3 Fe(OTf)3 0.150 4.8 1,4-dioxane 20.5 20.8 2.21 

4 Fe(OTf)3 0.210 4.3 1,4-dioxane 20.5 20.8 2.21 

5 Fe(OTf)3 0.300 4.4 1,4-dioxane 20.5 20.8 2.21 

6 Bi(OTf)3 0.150 5.0 1,4-dioxane 20.5 20.8 2.21 

7 p-TsOH 0.150 0.0 1,4-dioxane 20.5 20.8 2.21 

8 H2SO4 0.150 5.7 1,4-dioxane 20.5 20.8 2.21 

9 H2SO4 0.150 6.1 Dimethoxyethane 17.6 18.0 7.3 

10 H2SO4 0.150 5.3 Toluene 18.2 18.5 2.38 

11 H2SO4 0.150 4.3 Acetone 20.3 20.6 21.01 

12 H2SO4 0.150 1.1 t-Amyl alcohol - - - 

13 H2SO4 0.150 0.0 n-Butanol - - - 

14 H2SO4 0.150 8.0 
Dimethyl

carbonate (DMC) 
20.3 20.6 3.1 

15 H2SO4 0.150 8.0 
Diethyl carbonate 

(DEC) 
18.0 18.4 2.83 

16 H2SO4 0.150 2.0 Heptane 15.3 15.7 1.92 

17 H2SO4 0.150 2.8 GVL 23.1 23.3 36.5 

18 H2SO4 0.150 n.d.[b]
Ethylene 
carbonate 

- - - 

19 H2SO4 0.150 1 Ethylene glycol - - - 

Table 2.3. Catalyst and solvent screening for G-C2-acetal production in lignin-first 
acidolysis with EG stabilization using pinewood. Reaction conditions: Pine 
lignocellulose (1.5 g), EG (0.9 mL, 66 wt% to pine), solvent (29.1 mL), 140 °C, 30 
minutes (excl. 10 minutes to reach 140 °C from room temperature); G-C2-acetal yield 
based on GC-FID calibration curve with octadecane as internal standard and based on 
lignin content of pine lignocellulose; [a] 90 minutes; [b] not determined. Solvents 
parameters42: δ= Hildebrand solubility parameter, εr= dielectric constant. EG δ = 29.9 
MPa0.5. 

To rationalize the role of the solvent, additional analysis was performed. It was previously 
demonstrated that solvent properties play a key role in solubilization of biopolymers, as 
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well as liquid-phase reaction rates of biomass-derived compounds. Therefore, we take 
into account the following parameters: formation/yield of G-C2-acetal and Hildebrand 
solubility parameter to see the effect of the solvent solubilization properties. 

Earlier studies elucidating solvent effects on biomass pretreatment and on solubility of 
lignins,43–47 employed the Hildebrand solubility parameter (δ-value)48. According to the 
Hildebrand solubility theory, materials with similar δ-values will be able to interact with 
each other, resulting in solvation, miscibility, or swelling. Solvents employed in this 
study and their corresponding δ-values are listed in Table 2.3, while for lignin, δ-values 
can vary from 20 to 28 MPa0.5 depending on origin and processing history.49–51 As 
benchmark δ-value for the lignin in our study we use the value (25.8 MPa0.5) previously 
calculated for softwood organosolv lignin by Le et al.52. Furthermore, δ values for 
mixtures of solvents with EG (Table 2.3) were calculated by averaging the Hildebrand 
values of the individual solvents by volume.53 Interestingly, the δ-values for all screened 
mixtures were lower than that of lignin and displayed no obvious correlation with the 
G-C2-acetal yield, suggesting that G-C2-acetal formation is independent of the lignin
release from the lignocellulose matrix, while several factors can effect G-C2-acetal yields.
In the study of Brønsted acid catalyzed reactions the role of solvents in accelerating
reaction rates has been implicated in a number of ways. It was shown that the appropriate
choice of solvent can result in reduced activation energy for dehydration reactions
through improved stabilization of transition state resulting from improved proton
availability.47,54 In our case, dehydration of the α-position of the β–O–4 moiety is the
first step towards the formation of the G-C2-acetal product where the acid catalyzed
reaction in non-aqueous solvents proportionally depends on the relative permittivity of
the solvent.55

The highest G-C2-acetal yields can be obtained using solvents with low relative
permittivity (εr < 5) and moderate dipole moments (µ). A volcano-shaped plot (Figure
2.7) of the solvent properties (relative permittivity and dipole moment) vs G-C2-acetal
yields demonstrates that both too polar and nonpolar solvents have a degenerative effect
on the G-C2-acetal yield. Likely, too polar solvents raise the acid strength leading to
both condensation of native lignin and/or product decomposition while nonpolar
solvents are likely ineffective at stabilizing the transition state. In this figure protic
solvents were not added because they would likely react with the lignin itself and change
the mechanism due to alpha position incorporation in β-O-4 motif as well as altering
acid strength.
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Future studies in this direction could be accelerated by quantifying solvation effects in 
terms of initial and transition state contributions using experimental and computational 
methodologies, thereby elucidating the fundamental basis for predicting solvent effects 
and rational solvent design. 

Figure 2.7. Dependence of G-C2-acetal yield on solvent properties (dipole moment, µ 
and relative permittivity, εr). Aprotic solvents considered. 

2.2.2.2. Optimization of reaction conditions for pine lignocellulose 

Further reaction parameter optimization was conducted including EG to H2SO4 ratio, 
time, and temperature. Dimethyl carbonate was chosen for further optimization due to 
its lower boiling point (91 °C vs 126 °C for DEC), which potentially facilitates its 
recovery. 
At first, EG content was varied in the range of 66 to 400 wt% with respect to pine 
lignocellulose using 0.15 mmol and 0.3 mmol H2SO4 (1 wt% and 2 wt% to pinewood 
respectively, Figure 2.8). When 1 wt% H2SO4 was used together with 66 to 400 wt% 
EG, G-C2-acetal yield decreased drastically from 8 wt% to 2.7 wt%.  
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Figure 2.8. Ethylene glycol amount influence on C2-acetal yield using 0.15 or 0.3 mol 
catalyst. Reaction conditions: pine lignocellulose (1.5 g), EG (indicated amount), 
solvent: DMC (total volume 30 mL), 140 °C, 30 minutes (excl. 10 minutes to reach 140 
°C from room temperature); catalyst: H2SO4; G-C2-acetal yield based on GC-FID 
calibration curve with octadecane as internal standard and based on lignin content of 
pine lignocellulose. 

This can be due to the presence of higher EG concentration and its incorporation into 
the α-position of β–O–4 motifs that leads to a less effective β–O–4 cleavage30. In order 
to verify this, an arylglycerol β-aryl ether lignin model compound (MC) was subjected 
to the same conditions (DMC, 140 °C) with 4, 8, 16, and 32 equivalents of EG (Figure 
2.9, Figure 2.10 a-d) leading to a markedly slower cleavage reaction. With increasing EG 
content from 4 to 32 equivalents, the G-C2-acetal yield decreased from 40% to 10% 
while EG-adduct formation was favored. This is in line with previously observed EG 
incorporation in α-position of β–O–4 motifs of lignin.30,35,36 

Figure 2.9. β-O-4 model compound (MC) reaction to EG-incorporated product (X), 
guaiacol (G) and G-C2-acetal. 
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Figure 2.10. Time course analysis for the reaction of the phenolic β-O-4 model 
compound (MC) with 2 mol% H2SO4 and 4-32 equivalents EG in DMC at 140 °C; ■: 
MC conversion (mol%); ●: Ethylene glycol adduct (X) yield (mol%); ▲: guaiacol yield 
(mol%); ▼: G-C2-acetal yield (mol%); the curves are nonlinear curve fits. 

In order to promote the β–O–4 cleavage reaction in lignin, we raised the amount of 
catalyst to 2 wt%. At this catalyst concentration, a constant G-C2-acetal yield (9 wt%) 
was seen when EG was increased form 66 wt% to 400 wt% to pinewood. Probably, α-
etherification being a reversible process,30 the EG-incorporated adduct became less stable 
in the presence of 2 wt% H2SO4 rendering the subsequent bond scission easier. Then, 
the effect of EG was studied systematically in terms of G-C2-acetal yield and degree of 
delignification, going from 66 wt% to 590 wt% EG in the presence of 2 wt% H2SO4 
(Table 2.4). As shown, G-C2-acetal yield was constant (about 9 wt%) within the studied 
EG concentration range. However, when EG concentration was increased further to 
500-590 wt%, a decrease in monomer yield to 7 wt% was observed, likely due to
inefficient cleavage reaction as previously explained. Poor G-C2-acetal yield was found
when pure EG was used as solvent (1.1 wt%).
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Entry 
EG [wt% to 
pinewood] 

G-C2-
acetal
yield

[wt% to
lignin]

Degree of 
delignification 

[%] 

EG + 
DMC 
δ 

[MPa0.5] 

Solid 
residue 

yield [wt%] 

Solid residue 
purity 

[wt%][b] 

1 66 8.7 33.9 20.6 56.8 69.7 

2 170 8.9 34.6 21.0 59.3 71.3 

3 220 8.3 41.8 21.3 58.2 73.4 

4 300 8.9 56.1 21.6 59.6 80.8 

5 400[a] 8.8±0.1 77.3 22.0 44.2 86.6 

6 500 6.9 66.6 22.5 47.8 81.8 

7 590 7.3 78.7 22.9 45.1 87.7 

8 
2220 (pure 

EG) 
1.1 62.5 29.9 65.1 85.0 

Table 2.4. EG effect on C2-acetal yield, degree of delignification (DD) and solvent 
mixture Hildebrand solubility parameter (δ). Reaction conditions: pine lignocellulose 
(1.5 g), EG (indicated amount), DMC (to reach a total volume 30 mL), 140 °C, 30 
minutes (excl. 10 minutes to reach 140 °C from room temperature); H2SO4 (0.3 mmol, 
2 wt% to pinewood); [a] the reaction was repeated twice and G-C2-acetal yield was 
found 8.8±0.1; [b] based on ASL+AIL. 

The degree of delignification (DD) increased from 34% to 77% following the increase 
in EG concentration from 66 to 400 wt%, and from there remained constant up to 590 
wt% (Table 2.4). The addition of EG was previously shown to be effective for lignin 
removal from lignocellulose.56 Taking into consideration the Hildebrand solubility 
parameter, the δ-value of the used EG-DMC mixtures increased from 20.6 to 22.9 
MPa0.5 as the EG fraction of the reaction mixture increased from 3 to 27 vol% (66 to 
590 wt% with respect to pinewood) approaching the lignin δ-value of 25.8 MPa0.5. 
Accordingly, the DD increased in line with the increase in δ-value of the mixtures. 
However, when EG was maintained in the range of 66-400 wt%, G-C2-acetal yield was 
independent of the degree of delignification. This supports the idea that G-C2-acetal 
formation is independent of lignin release from the lignocellulose matrix.  

As mentioned, β–O–4 linkages are the most labile and they are likely the first to be 
cleaved, releasing the desired G-C2-acetal monomer. Considering our previous findings 
on the effect of EG concentration, we postulate that increasing the EG content to 500 
and above promotes delignification but lignin is likely extracted in a more stable form 
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(α-etherified with EG), which does not cleave in the timescale of the reaction. Hence, 
400 wt% ethylene glycol concentration was considered optimal to reach maximum DD 
and a G-C2-acetal yield close to theoretical maximum (98%) based on Derivatization 
Followed by Reductive Cleavage (DFRC) theoretical monomer yield calculations 
(Experimental section 2.4.3). Interestingly, this G-C2-acetal yield (7.6 mol% to Klason 
lignin) is also comparable, but slightly lower than the total monophenol yield of 10.4-
8.7 mol% (to Klason lignin content), previously obtained by RCF method for the same 
pinewood.16 This slightly lower yield is expected, as this particular product is the result 
of the cleavage of a β-O-4 moiety by the C2-pathway, while the minor C3-pathway would 
release Hibbert ketones as additional products (see for example Chapter 1, Figure 1.5). 
It is also important to mention that DFRC typically delivers monomers yield about 20% 
lower than from thioacidolysis,57 which is another common method to determine the 
theoretical monomer yield.58 
Nonetheless, this method delivers G-C2-acetals generally not accessible by RCF, giving 
access to potentially important alternative lignin platform chemicals. Overall, the 
presented results were found comparable to reductive catalytic fractionation methods 
applied to softwood (Table 2.5). In fact, DD of 54–84% were reported previously with 
aromatic monomers yield of 9–23 wt%. Since softwood contains only G-units, 
selectivity to a single aromatic monomer of 86–93% was reported.9,11,17 

Entry Lignocellulose 
Monomers 

yield 
[wt%] 

Monomers selectivity [%] 
DD 

[%][a] 

DE 
[%][b] 

ref 

1 Pinewood 22 
4-n-propyl guaiacol (7.2); 

dihydroconiferyl alcohol (92.8) 
79[c] n.d. 17

2 Pinewood 23 2-methoxy-4-propenylphenol (100) 54[c] 92 9

3 Pinewood 9 
2-methoxy-4-propylphenol(86);

2-methoxy-4-(propenyl)-phenols(14)
84 75 11

4 Spruce 12 
2-methoxy-4-propylphenol(91);

2-methoxy-4-(propenyl)-phenols(9)
84 93 11

Table 2.5. Monomers yield and selectivity in reductive catalytic fractionation. [a] DD: 
Delignification Degree; [b] DE: Depolymerization Efficiency; [c] Based on lignin oil 
yield to initial lignin content. 

Subsequently, reaction time (Figure 2.11, a) and temperature (Figure 2.11, b) were 
investigated. Reaction times of longer than 30 minutes did not improve the G-C2-acetal 
yield. Interestingly, DD did not improve with time either. With respect to temperature, 
140 °C appeared optimal since 120 °C was found to be too low to give satisfactory 
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delignification and monomer yield (52.7% and 4.7 wt% respectively) on the other hand, 
160 °C resulted in lower monomer yield likely due to decomposition of the product (6.5 
wt%). 
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Figure 2.11. Time (a, 140 °C) and temperature (b, 30 minutes) influence on G-C2-
acetal yield and degree of delignification (DD %). Reaction conditions: pine 
lignocellulose (1.5 g), EG (5.4 mL, 400 wt% to pine), DMC (24.6 mL), H2SO4 (30 mg, 
2 wt% to pinewood). 

Overall, the system can be controlled by tuning the EG and H2SO4 content (Figure 
2.12). The favorable properties of the solvent DMC would facilitate the first dehydration 
step in acidolysis by stabilization of the formed carbocation intermediate, as previously 
discussed. Then, in the absence of EG or at higher acid concentration, undesired 
condensation reactions take place, leading to low target monomer yield. However, in the 
presence of EG, the G-C2-aldehyde formed upon acidolysis is stabilized in the form of 
its cyclic G-C2-acetal and in optimum, 400 wt% EG amount, maximum DD is reached 
as well. Nevertheless, α-etherification occurs when EG amount increases or H2SO4 is too 
low delivering a more stable lignin and lower yield of monophenols. 
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Figure 2.12. Tuning the system: schematic representation of the main parameters 
influencing G-C2-acetal yield and degree of delignification (EG, H2SO4). 

The optimum conditions found (400 wt% EG to pinewood, 140 °C, 2 wt% H2SO4, 40 
minutes) were applied to three softwood species (cedar, spruce, and Douglas fir) in order 
to expand the scope of the method (Table 2.6) and depolymerization efficiency (DE) 
was determined based on the theoretical maximum monomer yield using the DFRC 
method as benchmark59 (Experimental section 2.4.3, Table 2.11). Spruce and Douglas 
fir were found to need half of the acid content in order to perform efficient 
depolymerization to G-C2-acetal (Table 2.6, Entry 4 and 6). Importantly, the method 
resulted in high depolymerization efficiency (77–98%) for all tested wood species. The 
obtained results were found comparable to reductive fractionation methods applied to 
softwood where a DE of 75-93% was reported (Table 2.5).9,11,17 Hardwood was also 
tested and it is reported in Chapter 5. 

Entry Softwood 
G-C2-acetal yield

[wt% to lignin]
DE [%][a] 

1 Pine 8.8 98 
2 Cedar 7.1 92 
3 Spruce 4.0 42 
4 Spruce[b] 6.7 77 
5 Douglas Fir 3.7 44 
6 Douglas Fir[b] 6.7 80 

Table 2.6. Testing the generality of the method by using softwood (cedar, spruce, and 
Douglas Fir) as substrate. Reaction conditions: lignocellulose (1.5 g), EG (5.4 mL, 400 
wt% to pine), DMC (24.6 mL), H2SO4 (15-30 mg, 1-2 wt% to pinewood), 140 °C, 30 
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min (excl. 10 minutes to reach 140 °C from room temperature); G-C2-acetal yield based 
on GC-FID calibration curve with octadecane as internal standard and based on lignin 
content of pine lignocellulose; [a] DE (Depolymerization efficiency) based on DFRC 
analysis (Experimental section 2.4.3); [b] 1 wt% H2SO4 to lignocellulose. 

2.3. Conclusions 

First, this Chapter showed how C2-acetals can be obtained from organosolv lignins 
extracted from beech, walnut, cedar and pine with relatively high β-O-4 content. The 
link between lignin quality and depolymerization potential into C2-acetals was 
demonstrated. Overall, the extraction and depolymerization displays a trade-off between 
lignin extraction yield and retention of the native aryl-ether structure and thus the 
potential of the lignin to be used as substrate to produce chemicals for higher-value 
applications. In order not to be dependent on lignin extraction conditions, the method 
was applied and adapted directly to lignocellulose. Hence, a new mild ‘lignin first’ 
process to obtain G-C2-acetal from softwood was developed. In fact, the use of pinewood 
resulted to give higher overall G-C2-acetal yield than the extracted lignins. The ‘lignin 
first’ process was optimized resulting in the use of sulfuric acid as catalyst and ethylene 
glycol as stabilization agent/solvent in the green solvent DMC. A high aromatic 
monomer yield of 77-98% to theoretical yield (based on DFRC) was achieved. The 
relationship between G-C2-acetal yield and solvent parameters was investigated, showing 
that solvents with low relative permittivity (εr < 5) and moderate dipole moments (µ) 
are most beneficial. The system was found to be tunable depending on EG and catalyst 
content resulting in an EG optimum of 400 wt% (to pine wood), which maximized both 
delignification and G-C2-acetal yield. In summary, the method delivers a promising 
single aromatic compound (G-C2-acetal) with potential application in areas such as 
polymer chemistry, as previously reported by Watanabe and co-workers for their 
monophenolic acetal product.28 
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2.4. Experimental section 

2.4.1. Chemicals and materials 

Pine lignocellulose was purchased from Bemap Houtmeel B.V., cedar was obtained from 
a local wood shop (Dikhout, Groningen, the Netherlands), spruce was obtained from an 
Italian wood shop (Bricocenter), douglas fir was purchased from Hot Smocked (UK). 
Solvents: toluene, ethanol, dichloromethane (DCM), ethylacetate (EtOAc), acetone, and 
heptane were purchased from Macron Fine Chemicals. Dimethyl carbonate (99%, 
DMC), iso-propanol, diethyl carbonate (DEC), ethyelene glycol (EG, 99.5%), and 1,4-
dioxane (99%) were purchased from Acros Organics. Monoglyme, tert-amyl alcohol, 
gamma-valero lactone (GVL), and normal-butanol were purchased from Sigma Aldrich. 
Iron(III) triflate (Fe(OTf)3), bismuth triflate (Bi(OTf)3), p-toluenesulfonic acid were 
purchased from Sigma Aldrich. Sulfuric acid (95-97%, H2SO4) was purchased from 
BOOM B.V. Hydrochloric acid was purchased from Acros Organics. Octadecane 
(internal standard, 99%) was purchased from Sigma Aldrich. 

2.4.2. Analytical techniques 

2D-NMR analysis of isolated lignins 

For lignin analysis 60 mg of lignin was dissolved in 0.7 mL of d6-acetone. A few drops 
of D2O were added to ensure that lignin did fully dissolve. NMR analysis was performed 
on a Bruker Ascend™ Neo 600 (F2 = 11 to -1 ppm, F1 = 160 to -10 ppm, nt = 4, ni = 
512). Analysis was performed with MestReNova. The spectra was adjusted by manual 
phase corrections on both axis. No baseline corrections were performed. Due to the 
overlap of the β and γ-protons of the β-O-4 and the β'-O-4 linkage, the amount of 
linkages was quantified using the α-protons. Additionally, the G5/6 and H3/5 signals 
overlap but these can be corrected by adjusting the ratios accordingly using the H2/6

signals. Also, a signal corresponding to the γ-protons of the Hibbert Ketones and a signal 
for oxidized S units, which likely are caused by lignin end-groups, were identified. 

The aromatic region gives 7 signals that correspond to the three different aromatic units 
(proton numbering as per figure 4). These signals are in the following regions: 



 Towards a new lignin-derived platform chemical (G-C2-acetal) 

63 
 

2 

Signal Proton range (ppm) Carbon range (ppm) 

S2/6 6.48-6.90 104-109 
S’2/6 7.17-7.50 105-109 

Scondensed 6.35-6.65 106-109 
G2 6.78-7.14 111.5-116 
G5 6.48-7.06 115-120.5 
G6 6.65-6.96 120.5-124.5 

H2/6 7.05-7.29 128.5-133 
Table 2.7. Proton and Carbon signals for aromatic region. Note that H3/5 overlaps with 
the G5 signal, it is assumed that H2/6 has the same intensity as H3/5.  

The amount of aromatic units can be calculated with the formula:     

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑇𝑇𝑎𝑎𝑇𝑇𝑜𝑜𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜 = ��
𝑆𝑆2 6⁄  + 𝑆𝑆′2 6⁄  

2
�+ 𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� +

𝐺𝐺2 + 𝐺𝐺5 + 𝐺𝐺6 − 𝐻𝐻2 6⁄

3
+
𝐻𝐻2 6⁄

2
 

The percentage of G, H and S units can be calculated by the following formula’s: 

𝑅𝑅𝑇𝑇𝑇𝑇𝑜𝑜𝑇𝑇 𝑆𝑆 =
��
𝑆𝑆2 6⁄  + 𝑆𝑆′2 6⁄  

2 � + 𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑇𝑇𝑎𝑎𝑇𝑇𝑜𝑜𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜
 × 100 

𝑅𝑅𝑇𝑇𝑇𝑇𝑜𝑜𝑇𝑇 𝐺𝐺 =
(𝐺𝐺2+𝐺𝐺5+𝐺𝐺6−𝐻𝐻2 6⁄ ) 3⁄

𝑇𝑇𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇 𝑇𝑇𝑎𝑎𝑐𝑐𝑎𝑎𝑇𝑇𝑇𝑇𝑎𝑎𝑐𝑐
 × 100      

𝑅𝑅𝑇𝑇𝑇𝑇𝑜𝑜𝑇𝑇 𝐻𝐻 =
𝐻𝐻2 6⁄

2
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑇𝑇𝑎𝑎𝑇𝑇𝑜𝑜𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜

 × 100 

In the aliphatic region signals corresponding to the β-O-4, β-β and β-5 linkages and 
Hibbert Ketones are present. These are in the following regions: 
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Signal Proton range (ppm) Carbon range (ppm) 

β-O-4α 4.76-5.10 73-77.5 
β’-O-4α 4.44-4.84 81.5-86 

β-O-4β and β’-O-4β 4.03-4.48 85-90.5 
β-O-4γ and β’-O-4γ 3.10-4.00 58.5-62 

β-5α 5.42-5.63 88-92 
β-5β 3.36-3.56 53-54.5 
β-5γ 3.50-4.00 62-64.5 
β-βα 4.59-4.77 86.5-89.5 
β-ββ 2.98-3.20 55.5-59 
β-βγ 3.75-3.96 and 4.10-4.31 72.5-76 
HKγ 4.20-4.30 66-68 

Table 2.8. Proton and Carbon signal for aliphatic region. Note that the β-protons of 
the β-O-4 and β’-O-4 linkages overlap.  

The total number of linkages per 100 C9 units are all based on the signal of the α proton 
of the corresponding linkage. The total number of linkages can be calculated with the 
following formulas: 

β − O − 4 linkages =
β − O − 4  α + β′ − O − 4  α

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑇𝑇𝑎𝑎𝑇𝑇𝑜𝑜𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜
× 100 

β − 5 linkages =
β − 5 α

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑇𝑇𝑎𝑎𝑇𝑇𝑜𝑜𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜
× 100 

β − β linkages =
β − β α

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑇𝑇𝑎𝑎𝑇𝑇𝑜𝑜𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜
× 100 

 
Source Method β-β β-5 Source Method β-β β-5 
Walnut A 12 7 Beech A 12 5 
Walnut B 9 6 Beech B 9 2 

Pine A 0 14 Cedar A 0 6 
Pine B 0 8 Cedar B 0 7 

Table 2.9. β-β and β-5 linkages for lignin extracted from walnut, pine, beech and cedar 
using method A and B. 

Note: HSQC NMR is an important informative tool to provide comparative data on 
the quality of different lignins. It should be noted that in this procedure a standard 
HSQC experiment is performed, this is great for obtaining comparative data but is not 
necessarily quantitative due to differences in relaxation times. The high amount of 
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linkages displayed for some lignins in Table 2.1 and 2.9 are overestimated. Quantitative 
HSQC experiments provide better results but cost significantly more NMR time, 
although alternatives exist. In our experience, based on HSQC0 experiments, the 
numbers in Table 2.1 and 2.9 should be divided by a factor of a 1.3 to more realistically 
represent the actual amount of β-O-4 units per 100 aromatic units. 

Size exclusion chromatography analysis (SEC) of isolated lignins 

SEC analyses were performed using an 1100 Hewlett Packard system. 0.01 g of lignin 
was dissolved in 1 mL of THF together with 15 µL of toluene as the flow marker and 
filtered (PTFE filter, pore size of 0.45 µm) prior to injection. These lignins were fully 
soluble in THF. 

Source Conditions Mn (g/mol) Mw (g/mol) Ð 

Walnut A 1000 1800 1.8 
Walnut B 1100 2900 2.6 

Pine A 1300 3100 2.4 
Pine B 1300 3600 2.8 

Beech A 1600 3700 2.3 
Beech B 1400 4300 3.0 
Cedar A 800 1600 2.0 
Cedar B 1200 3300 2.8 

Table 2.10. Average molecular weights and polydispersity (Ð) of the obtained lignins. 

Volatile products analysis and characterization by GC-FID and GC-MS 

The liquid phase was analyzed by a Shimadzu GC-2014 equipped with a FID detector 
using helium as a carrier gas. Standard settings: 1 µL injection (260 °C), split ratio 50:1, 
helium flow 0.95 mL·min-1. The GC apparatus was equipped with a HP5 column (30 
m x 0.25 mm x 0.25 µm). The following temperature profile was used: 5 min 60 °C 
isotherm followed by a 10 °C·min-1 ramp for 20 minutes to 260 °C. Detector 
temperature was 260 °C. The quantification of G-C2-acetal was based on a calibration 
curve performed using G-C2-acetal synthetized and purified via a modified reported 
procedure60 versus an internal standard (octadecane). 
G-C2-acetal yield was calculated as follows (wt% to lignin content): 

𝑌𝑌𝑜𝑜𝑌𝑌𝑇𝑇𝑌𝑌𝐺𝐺−𝐶𝐶2−𝑇𝑇𝑐𝑐𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇 =  𝑎𝑎𝐺𝐺−𝐶𝐶2−𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎𝑏𝑏𝑏𝑏𝑤𝑤𝑎𝑎𝑏𝑏𝑙𝑙𝑙𝑙𝑏𝑏𝑙𝑙𝑤𝑤𝑎𝑎𝑒𝑒𝑎𝑎𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑏𝑏𝑒𝑒𝑎𝑎𝑏𝑏 𝑎𝑎𝑎𝑎 105 °𝐶𝐶

× 100                                  (eq. 1) 
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The calculated G-C2-acetal yield includes the weight added by EG. The same method 
was used for H and S-C2-acetals using 1.82 and 2.19 as response factor respectively.  
The liquid phase was analyzed by Shimadzu GC-MS equipped with a HP5 column (30 
m x 0.25 mm x 0.25 µm) using the same method as described for GC-FID. 

High performance liquid chromatography analysis (HPLC) for lignin β-O-4 model 
compound (MC) study 

HPLC analysis was performed using an Agilent Eclipse XDB-C18 5 Column (5 µm 4.6 
x 150 mm). All samples were analyzed using a CH3CN (0.1 vol % TFA) (A)/H2O(0.1 
vol % TFA) (B) gradient follow with a flow rate of 1.0 mL·min-1. HPLC Method: 5% 
A/95% B for 10 minutes followed by gradient to 95% A/5% B over 30 minutes followed 
by 10 minutes at 95% A/5% B followed by a gradient to 5% A/95% B over 5 minutes 
followed by 5 minutes at 5% A/95% B a flow rate of 1.0 mL·min-1. HPLC analysis was 
used to determine lignin model compound (MC), G-C2-acetal, guaiacol and EG-
incorporated product according to the calibration versus 1,2,4,5 tetramethylbenzene 
which was used as internal standard. In the case of EG-incorporated product, the same 
response factor as for the starting material (MC) was used. 

2.4.3. Lignocellulose characterization (pinewood, Douglas fir, cedar and spruce) 

Water content determination (extractives at 105 °C)  

Lignocellulose was placed in oven at 105 °C overnight; then cool down to RT in 
desiccator and water content was determined gravimetrically. 

Toluene-ethanol extractives determination 

Lignocellulose was put into a Soxhlet extraction apparatus. The sample was extracted 
with about 100 mL of 1:2 ethanol-toluene mixture (v/v) overnight. After this period, the 
solvent was evaporated in vacuo and extractives determined gravimetrically after constant 
weight was reached. Results are in accordance with the literature.61,62 

Lignin content determination  

After extracting with toluene-ethanol mixture, lignocellulose was dried and used for 
lignin content determination according to NREL method (TP-510-42618)63. To the 
sample (50 mg) in a 20 mL MW vial 0.5 mL 72% H2SO4 was added. The mixture was 
manually stirred with a glass rod for 1 h at 30 °C (every 5 to 10 minutes). Then, 14 mL 
of deionized water was added in order to reach 3% H2SO4 and the mixture was refluxed 
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for 4 hours. The mixture was filtered, and an aliquot of the filtrate was taken for acid 
soluble lignin (ASL) determination measuring UV absorption at 240 nm (absorptivity 
at 240 nm: 12 L·g-1 cm-1). Then, the solid was washed with 200 mL of deionized water 
and the filter was dried until constant weight for acid insoluble lignin (AIL) 
determination. Lignin content determination was conducted in duplicate. Total lignin 
content was calculated as AIL+ASL. Results are in accordance with the literature.61,62 

Derivatization Followed by Reductive Cleavage (DFRC) procedure for monomers 
theoretical yield and β-O-4 content determination  

After extracting with toluene-ethanol mixture, lignocellulose was dried and sieved 
(particles size: between 500 and 200 µm) and used for β-O-4 content determination and 
calculation of theoretical monomer yield and following DFRC reported procedure59. To 
a 10 mL round bottom flask with around 20 mg of wood cell material 3 mL of acetyl 
bromide solution was added (20/80 AcBr/Acetic acid v/v). The mixture was stirred at 
130 rpm, 50 °C for 3 hours. Then, the solvent was completely removed by rotary 
evaporation below 50 °C (bath temperature). The residue was dissolved in 3 mL of stock 
solution (5/4/1 dioxane/acetic acid/ water v/v/v). Zinc dust (50 mg) was added to a well-
stirred solution and stirred for 60 minutes. Then, the mixture was quantitatively 
transferred to a separating funnel with DCM (10 mL) and saturated NH4Cl (10 mL) 
and IS (tetracosane, 0.2 mg; 0.1 mL of a solution 2 mg·mL-1) were added. The pH of 
aqueous phase was adjusted to less than 3 by adding 3% HCl aqueous solution. The 
water phase was extracted with 5 mL DCM. The combined DCM fractions were dried 
over MgSO4 and the filtrate was evaporated under reduced pressure. The residue was 
dissolved in 1.1 mL DCM and then 0.4 mL stock solution (1/1 dry pyridine/acetic 
anhydride v/v) was added under nitrogen. The solution was vortexed and stirred for 1 h. 
All volatiles were co-evaporated with EtOH (twice) and the residue was dissolved in 0.5 
mL DCM for GC-FID analysis. Theoretical monomer yield was calculated using 
response factors and retention time from literature using an internal standard 
(tetracosane).  

 Gcis Gtrans 
Relative retention time 0.59 0.68 

Response factor 1.85 1.85 
 

The liquid phase was analysed by a Shimadzu GC-2014 equipped with a FID detector 
using helium as a carrier gas. Standard settings: 2 µL injection, a split ratio of 30:1, a 
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helium flow of 1 mL·min-1. The GC apparatus was equipped with a HP5 column (30 m 
x 0.25 mm x 0.25 µm) and run with a temperature profile starting with a 1 min 140 °C 
isotherm followed by a 3 °C·min-1 ramp to 240 °C (hold time: 1 min). Then, the 
temperature was raised to 300 with a 30 °C·min-1 ramp and 12 minutes hold time. GC 
injector temperature: 220 °C, detector: 300 °C. 

The calculations for theoretical monomers yield were done as follows: 

𝑜𝑜𝐺𝐺𝑐𝑐 𝑐𝑐𝑎𝑎 𝐺𝐺𝑇𝑇 = 𝑎𝑎𝑌𝑌𝑟𝑟𝑟𝑟𝑇𝑇𝑟𝑟𝑟𝑟𝑌𝑌 𝑓𝑓𝑇𝑇𝑜𝑜𝑇𝑇𝑇𝑇𝑎𝑎 × 𝐴𝐴𝑎𝑎𝑐𝑐𝑇𝑇𝐺𝐺𝑎𝑎 𝑏𝑏𝑒𝑒 𝐺𝐺𝑎𝑎
𝐴𝐴𝑎𝑎𝑐𝑐𝑇𝑇𝐼𝐼𝐼𝐼

× 𝑜𝑜𝐼𝐼𝐼𝐼   (eq. 2) 

𝑜𝑜𝑇𝑇𝑇𝑇𝐺𝐺𝑐𝑐+𝐺𝐺𝑇𝑇 = 𝑎𝑎𝐺𝐺𝑎𝑎+𝑎𝑎𝐺𝐺𝑎𝑎
264.277

    (eq. 3) 

𝑇𝑇ℎ𝑌𝑌𝑇𝑇𝑎𝑎𝑌𝑌𝑇𝑇𝑜𝑜𝑜𝑜𝑇𝑇𝑇𝑇 𝑜𝑜𝑇𝑇𝑟𝑟𝑇𝑇𝑜𝑜𝑌𝑌𝑎𝑎 𝑦𝑦𝑜𝑜𝑌𝑌𝑇𝑇𝑌𝑌 (𝑜𝑜𝑇𝑇𝑇𝑇𝐺𝐺𝑐𝑐+𝐺𝐺𝑇𝑇 · 𝑜𝑜𝑇𝑇𝑎𝑎𝑙𝑙𝑐𝑐𝑎𝑎𝑐𝑐
−1 )[𝐸𝐸] = 𝑎𝑎𝑐𝑐𝑇𝑇𝐺𝐺𝑎𝑎+𝐺𝐺𝑎𝑎

𝑎𝑎𝑎𝑎𝑏𝑏𝑙𝑙𝑙𝑙𝑏𝑏𝑙𝑙
    (eq. 4) 

𝐷𝐷𝑌𝑌𝑟𝑟𝑇𝑇𝑇𝑇𝑦𝑦𝑜𝑜𝑌𝑌𝑎𝑎𝑜𝑜𝐷𝐷𝑇𝑇𝑇𝑇𝑜𝑜𝑇𝑇𝑟𝑟 𝑌𝑌𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑌𝑌𝑟𝑟𝑜𝑜𝑦𝑦 [𝐷𝐷𝐸𝐸] = [�𝑎𝑎𝑐𝑐𝑇𝑇𝐶𝐶2−𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑎𝑎𝑎𝑎𝑏𝑏𝑙𝑙𝑙𝑙𝑏𝑏𝑙𝑙

� 𝐸𝐸� ] × 100   (eq. 5) 

𝑀𝑀𝑇𝑇𝑟𝑟𝑇𝑇𝑜𝑜𝑌𝑌𝑎𝑎𝑟𝑟 𝑦𝑦𝑜𝑜𝑌𝑌𝑇𝑇𝑌𝑌 (𝑜𝑜𝑇𝑇𝑇𝑇𝐺𝐺𝑐𝑐+𝐺𝐺𝑇𝑇 · 𝑜𝑜𝑇𝑇𝑇𝑇𝑇𝑇𝑎𝑎𝑙𝑙𝑐𝑐𝑎𝑎𝑐𝑐−1 )[𝑌𝑌] = 𝑎𝑎𝑐𝑐𝑇𝑇𝐺𝐺𝑎𝑎+𝐺𝐺𝑎𝑎
𝑎𝑎𝑐𝑐𝑇𝑇𝑎𝑎𝑏𝑏𝑙𝑙𝑙𝑙𝑏𝑏𝑙𝑙

  (eq. 6) 

𝑜𝑜𝑇𝑇𝑇𝑇𝑇𝑇𝑎𝑎𝑙𝑙𝑐𝑐𝑎𝑎𝑐𝑐 =
𝑎𝑎𝑎𝑎𝑏𝑏𝑙𝑙𝑙𝑙𝑏𝑏𝑙𝑙

𝑀𝑀𝑀𝑀𝐴𝐴
 with MWA=196,202 g/mol       (eq. 7) 

A = 3-hydroxy-1-(4-hydroxy-3-methoxyphenyl)propan-1-one 

𝐹𝐹𝑎𝑎𝑌𝑌𝐹𝐹𝐹𝐹𝑌𝑌𝑟𝑟𝑜𝑜𝑦𝑦 𝛽𝛽 − 𝑂𝑂 − 4′ 𝑜𝑜𝑇𝑇𝑜𝑜𝑌𝑌𝑇𝑇𝑦𝑦 (%) = �(𝑌𝑌/100) × 100    (eq. 8) 

Figure 2.13. GC-FID chromatogram of DFRC monomers from pinewood. 
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Lignocellulose 

Water 
content 

[extractives 
at 105 °C] 

Extractives 
[Toluene/EtOH 

mixture] 

AIL 
[wt%] 

ASL 
[wt%] 

Lignin 
[wt%] 

β-O-4 
contenta

Theoretical 
monomer 
yield [E, 

mol/glignin] 

Pinewood 6.8 2.3 25.8 1.6 27.4 28.9 4.27*10-4 

Cedar 6.6 7.8 33.5 3.0 36.5 26.5 3.64*10-4 

Spruce 5.5 1.5 27.4 2.8 30.2 28.5 4.14*10-4 

Douglas Fir 4.0 5.0 30.3 2.5 32.8 27.0 3.71*10-4 

Table 2.11. Lignocellulose characterization. [a] Results are in accordance with 
literature.11 

2.4.4. Carbohydrate-rich solid (pulp) characterization 

Lignin content, degree of delignification (DD), solid residue yield and solid residue 
purity determination 

AIL and ASL were determined as previously described for feedstock characterization. 
Degree of delignification (DD) was calculated as follows: 

𝑜𝑜𝐴𝐴𝐼𝐼𝐴𝐴+𝐴𝐴𝐼𝐼𝐴𝐴 𝑎𝑎𝑐𝑐 𝑝𝑝𝑝𝑝𝑇𝑇𝑝𝑝 =  𝑜𝑜𝑝𝑝𝑝𝑝𝑇𝑇𝑝𝑝 × 𝑤𝑤𝐴𝐴𝐼𝐼𝐴𝐴+𝐴𝐴𝐼𝐼𝐴𝐴 𝑎𝑎𝑐𝑐 𝑝𝑝𝑝𝑝𝑇𝑇𝑝𝑝   (eq. 9) 

𝐷𝐷𝐷𝐷 =
𝑎𝑎𝐴𝐴𝐼𝐼𝐴𝐴+𝐴𝐴𝐼𝐼𝐴𝐴 𝑏𝑏𝑙𝑙 𝑤𝑤𝑏𝑏𝑏𝑏𝑤𝑤−𝑎𝑎𝐴𝐴𝐼𝐼𝐴𝐴+𝐴𝐴𝐼𝐼𝐴𝐴 𝑏𝑏𝑙𝑙 𝑝𝑝𝑝𝑝𝑎𝑎𝑝𝑝

𝑎𝑎𝐴𝐴𝐼𝐼𝐴𝐴+𝐴𝐴𝐼𝐼𝐴𝐴 𝑏𝑏𝑙𝑙 𝑤𝑤𝑏𝑏𝑏𝑏𝑤𝑤
 × 100  (eq. 10) 

𝑜𝑜𝐴𝐴𝐼𝐼𝐴𝐴+𝐴𝐴𝐼𝐼𝐴𝐴 𝑎𝑎𝑐𝑐 𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐 =  𝑜𝑜𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐 × 𝑤𝑤𝐴𝐴𝐼𝐼𝐴𝐴+𝐴𝐴𝐼𝐼𝐴𝐴 𝑎𝑎𝑐𝑐 𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐 × 𝑤𝑤𝑐𝑐𝑒𝑒𝑇𝑇𝑎𝑎𝑇𝑇𝑐𝑐𝑇𝑇𝑎𝑎𝑒𝑒𝑐𝑐𝑐𝑐 𝑇𝑇𝑇𝑇 105 °𝐶𝐶     (eq. 11) 

𝑟𝑟𝑇𝑇𝑇𝑇𝑜𝑜𝑌𝑌 𝑎𝑎𝑌𝑌𝑟𝑟𝑜𝑜𝑌𝑌𝐹𝐹𝑌𝑌 𝑦𝑦𝑜𝑜𝑌𝑌𝑇𝑇𝑌𝑌 = 𝑎𝑎𝑏𝑏𝑏𝑏𝑎𝑎𝑏𝑏𝑤𝑤 𝑒𝑒𝑎𝑎𝑏𝑏𝑏𝑏𝑤𝑤𝑝𝑝𝑎𝑎
𝑎𝑎𝑤𝑤𝑏𝑏𝑏𝑏𝑤𝑤

× 100      (eq. 12) 

𝑟𝑟𝑇𝑇𝑇𝑇𝑜𝑜𝑌𝑌 𝑎𝑎𝑌𝑌𝑟𝑟𝑜𝑜𝑌𝑌𝐹𝐹𝑌𝑌 𝑟𝑟𝐹𝐹𝑎𝑎𝑜𝑜𝑇𝑇𝑦𝑦 = 100 − (𝐴𝐴𝐴𝐴𝐴𝐴% 𝑎𝑎𝑐𝑐 𝑐𝑐𝑐𝑐𝑇𝑇𝑎𝑎𝑐𝑐 𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐𝑝𝑝𝑐𝑐 + 𝐴𝐴𝑆𝑆𝐴𝐴% 𝑎𝑎𝑐𝑐 𝑐𝑐𝑐𝑐𝑇𝑇𝑎𝑎𝑐𝑐 𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐𝑝𝑝𝑐𝑐)  (eq. 13) 

2.4.5. General procedure for lignin extraction and isolation 

Pretreatment of the walnut feedstock before lignin extraction 

Walnut shells were cut and sieved obtaining less than 2 mm particles. Then, fatty acids 
were extracted using the following procedure: 150 g of cut walnut shells and 200 mL 
toluene were added to a 500 mL round bottom flask equipped with stirring bar and 
reflux condenser. The mixture was heated at reflux (111 °C) for 2 hours, cooled to room 
temperature and filtered. The resulting walnut shells were dried overnight in a vacuum 
oven at 80 ˚C and 50 mbar to remove toluene residues. Then, walnut particles (40 g), 
ZrO2 grinding balls (7 with a 20 mm diameter) and isopropanol (60 mL) were added 
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into a 250 mL grinding bowl (made of ZrO2) and grinded with rotary ball mill (grind 
in 4 cycles of 2 min grinding at 27 x g followed by a 4 min pause, T < 80 ˚C) to obtain 
very fine particles. Then, isopropanol was removed by rotary evaporation and the walnut 
shells were dried overnight in a vacuum oven at 50 ˚C and 50 mbar. Finally, walnut 
shells were sieved with 1 mm sieve. Iso-propanol was not found incorporated in the final 
lignin after extraction. 

Preparation of the wood feedstocks before lignin extraction 

Beech and cedar particles were prepared as follows. The wooden planks were cut into 
wooden shavings using a drill. Wooden shavings were cut into smaller pieces using a 
coffee grinder. Pine particles were already available. Fatty acids were extracted from all 
feedstocks following the same procedure described for walnut. 

Extraction of high β-O-4 ethanosolv lignin: method A 

25 g of the feedstock were added into a 500 mL round-bottom flask together with an 
80:20 ethanol/water mixture (200 mL), 4 mL of 37% HCl solution (0.24 M) and a 
magnetic stirring bar. A reflux condenser was attached to the round-bottom flask and 
the mixture was heated at reflux temperature with an oil bath for 5 h with vigorous 
stirring. Then, the mixture was cooled to room temperature and filtered. The residue 
was washed 4 times with 25 mL of ethanol. In order to isolate the lignin, the liquor was 
concentrated by rotary evaporation. The obtained solid was dissolved in 30 mL of 
acetone and the lignin was precipitated by adding the mixture to 600 mL of water (if no 
precipitation occurs, add a small amount of saturated aqueous Na2SO4 solution to 
flocculate the lignin). Lignin was filtered and washed 4 times with 25 mL of water in 
order to remove residual carbohydrates. Lignin was air-dried first overnight and further 
in a vacuum oven (overnight at 50 ˚C and 50 mbar).  

Extraction of high β-O-4 ethanosolv lignin: method B 

15 g of the feedstock were added into a 250 mL autoclave together with an 80:20 
ethanol/water mixture (120 mL), 2.4 mL of 37% HCl solution (0.24 M) and a magnetic 
stirring bar. The mixture was heated at 120 °C for 5 h with a stirring speed of 600 rpm. 
Then, the mixture was cooled down using an ice-bath and filtered. The residue was 
washed 4 times with 15 mL of ethanol. The isolation procedure was the same as 
described in method A. 
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2.4.6. General procedure for de-etherification of the lignin 

1000 mg of lignin were dissolved in a 24 mL of 1:1 1,4-dioxane/water mixture in a 100 
mL round-bottom flask. 1 mL of a 37% HCl solution was added to the mixture together 
with a stirring bar and a reflux condenser was attached to the round-bottom flask. The 
mixture was heated to 100 ˚C with an oil bath for 5 h with vigorous stirring. Then, the 
mixture cooled down to room temperature by removing it from the oil bath. The mixture 
was added to 160 mL of water to precipitate the lignin which was collected by filtration 
(185 mm diameter, 10 µm pore size) and washed with 25 mL of water 2 times. The 
lignin was dried in air overnight and dried further in a vacuum oven (overnight at 50 ˚C 
and 50 mbar). The obtained lignin was found to present a small loss in the total number 
of β-O-4 units compared to the initial lignin (from 72 to 57 total β-O-4). 

2.4.7. General procedure for depolymerization of lignins to C2-acetals 

In a typical experiment23, a 20 mL microwave glass vial was charged with 50 mg lignin, 
0.85 mL 1,4-dioxane, 50 µL of a stock solution 0.54 mL·mL-1 of ethylene glycol in 1,4-
dioxane, 50 µL of a stock solution 26 mg·mL-1 of octadecane (internal standard) in 1,4-
dioxane and a stirring bar. Then, the reaction vessel was sealed and heated to 140 °C 
while stirring at 550 rpm. When the reaction vessel reached 140 °C, 50 µL of a stock 
solution 0.1 g·mL-1 of Fe(OTf)3 in  1,4-dioxane was added and the reaction was stirred 
for 15 minutes. Then, the mixture was cooled down to room temperature, filtered over 
celite and collected in 2 mL centrifuge tube. The liquid was concentrated at 35 °C 
overnight in a Univapo 150 ECH rotational vacuum concentrator and a thick oil was 
obtained. The oil was extracted as following: the residue was suspended and swelled in 
0.15 mL DCM by extensive mixing (by vortex), 15 minutes of sonication and 30 
minutes in automatic wheel and then centrifuged for up to 10 seconds using an 
Eppendorf minispin tabletop centrifuge to ensure the liquid is at the bottom of the tube. 
Then, 0,75 mL of toluene was added, the residue was mixed extensively (by vortex) and 
10 minutes sonication and then again centrifuged. The system presented two phases: one 
light organic liquid (where the monomers are) and one solid or thick oily residue which 
was separated by centrifugation. The light organic liquid was separated and filtrated on 
celite. This procedure for suspension/washing is repeated three times and in the last 
extraction 0.5 mL of toluene is used. Then, combined organic phases were concentrated 
by rotavapor (40 °C, 20 mbar), dissolved in 1 mL DCM and used for GC-FID analysis. 
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2.4.8. General procedure for in situ lignin depolymerization to C2-acetals from 
lignocellulose 

In a typical experiment, a 100 mL Parr reactor (material: Alloy 20; maximum 
temperature: 350 °C; maximum pressure: 200 bar) with glass insert was charged with 
1.500 g lignocellulose, 0.015 g octadecane as an internal standard (0.50 mL of a stock 
solution in DMC 0.03 g·mL-1), 5.4 mL ethylene glycol as stabilization agent (400 wt% 
to pinewood), 24.6 mL DMC as solvent and 30 mg sulfuric acid (1.6 mL of a stock 
solution in DMC 0.019 g·mL-1, 2 wt% to pinewood). After sealing the reactor, the 
mixture was heated to 140 °C with a heating rate of 12 °C·min-1 under vigorous stirring. 
After cooling 10 minutes with ice-bath, 1 mL of reaction mixture was filtered through 
celite and used for GC-FID or GC-MS analysis or both. The carbohydrate-rich solid 
residue (pulp) was collected via filtration and washed either with only acetone (20 mL) 
and dried at RT (dry pulp) or acetone (20 mL) and then water (20 mL) and kept wet 
(fresh pulp) for enzymatic digestion (Chapter 3). 

2.4.9. Test reactions with lignin model compound (MC) with increasing EG 
amount 

Phenolic β-O-4 lignin model compound (MC) was prepared as previously reported.64 
Substrate (MC, 50 mg, 0.15608 mmol), and ethylene glycol (4, 8, 16 or 32 equivalents) 
was placed in a 20 mL microwave vial and a magnetic stirring bar added. Internal 
standard (1,2,4,5-tetramethylbenzene, 3.0 mL of a 0.1 mmol·mL-1 stock solution in 
DMC) was added. Solvent (DMC), sufficient to make the final reaction volume up to 6 
mL was added and the vial was sealed. The solution was stirred and heated to 140 °C in 
an oil bath. An initial time point sample was taken immediately prior to catalyst addition. 
The catalyst, H2SO4, (e.g., 2 mol%, from a stock solution in DMC) was added by syringe 
with a thin needle through the septum of the microwave vial. Samples (100 µL) were 
taken from the vial through the septum with a thin needle at intervals over a 6 hour 
period and quenched onto HPLC sample vials containing 900 µL of a 60:40 
MeCN:H2O solution basified with Et3N. The samples were then analyzed by HPLC. 
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