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Lignin-first pinewood fractionation: 
structural insights, fate of the carbohydrates 
and mass balance evaluation 

This chapter was published as part of: 
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Abstract 

The valorization of the three main components of lignocellulose (cellulose, 
hemicellulose and lignin) is fundamental for the development of sustainable 
biorefineries. A lignin-first softwood fractionation using a mild dimethyl carbonate and 
ethylene glycol organosolv process was developed in Chapter 2. At optimized 
conditions (140 °C, 40 min, 400 wt% EG and 2 wt% H2SO4 to pinewood) up to 
9 wt% of aromatic monophenol (G-C2-acetal) was produced reaching a degree of 
delignification in pinewood of 77%. In this Chapter 3, an in-depth analysis of the 
depolymerization oil was conducted using GC-MS, HPLC, 2D-NMR and SEC 
providing structural insights into lignin derived dimers and oligomers and the 
composition of sugars and derived molecules. Additionally, it was found that the 
cellulose structure in the solid residue was preserved during the process as evidenced by 
an 85% glucose yield after enzymatic digestion. Mass balance evaluation showed that 
56% of the initial biomass was valorized resulting in aromatic monomers and dimers, 
acetal-functionalized lignin-derived oligomers, monomeric sugars modified with 
methanol and ethylene glycol and glucose. This work provides a wide understanding of 
the metal-free lignin-first system developed, which is essential for further improvement 
in future biorefinery applications and potential upscaling.
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3.1. Introduction 

Lignocellulosic biomass is widely considered as promising renewable carbon resource 
and possible feedstock for fuels, materials, and chemical intermediates1. In order to do 
so, the three main components of lignocellulose (cellulose, lignin and hemicellulose) 
need to be separated and all valorized into useful product maximizing the efficiency of 
fractionation with minimum chemical degradation.2 Thus, the method would not 
change much from a traditional petroleum refinery, where oil is refined into 
marketable products, being the main difference the starting material and the outcome 
in terms of chemicals.3 In fact, when lignocellulose is used as starting material, two 
main platforms are created: C6 and C5 carbohydrates (and derivatives) deriving from 
cellulose and hemicellulose, respectively, and aromatics from lignin. In the cell wall, 
cellulose and hemicellulose and lignin are strongly linked via hydrogen-bonds while 
covalent bonds are also present between lignin and hemicellulose.3 Given the chemical 
heterogeneity of the starting material and the complex network naturally built by the 
components, their separation/fractionation without structural degradation has proven 
challenging.4 Several elegant approaches have been introduced in order to solve this 
problem, resulting in many biorefineries classified based on platforms, products, 
feedstock and process.5 
Traditionally, the carbohydrate fraction has been mainly exploited in order to produce 
glucose and xylose as well as derivatives such as 5-hyroxymethylfurfural, furfural or 
sugars alcohols6 while lignin was considered a low-value by-product.7 Realizing that 
lignin is an important source of aromatics, new strategies for its  isolation and 
valorization emerged.8 In particular, as also mentioned in Chapter 1 (Section 1.4), the 
so-called “lignin-first” approach that takes advantage of the native lignin skeleton 
which is characterized by a high β-O-4 content, is considered very promising. During 
this method process conditions are tuned so that lignin is depolymerized first, leaving a 
cellulose-rich solid residue which can be further converted through chemo- or 
biochemical methods (e.g., enzymatic hydrolysis) (Figure 3.1), as explained in Chapter 
2. In this context, it is important to identify and quantify the different
products/streams and to propose or demonstrate applications for all of them.
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Figure 3.1. Schematic representation of a “lignin-first” process.8,9 

As mentioned in Chapter 2, most of the “lignin-first” methodologies rely on reductive 
catalytic fractionation while the resulting “lignin oil” composition is reported to consist 
of aromatic monomers, lignin dimers and oligomers (Figure 3.1).10 Lignin 
depolymerization strategies focus on β-O-4 bond cleavage. However, given the 
heterogenous nature of lignin bonds (Figure 3.2), not all will be cleaved during the 
reaction, resulting in high molecular weight fragments in the final mixture.11  

Figure 3.2. Common linkages and occurrence in softwood lignin (%).11,12 

While aromatic monomers are relatively easy to analyze using common gas 
chromatography-mass spectrometry (GC-MS) and/or nuclear magnetic resonance 
spectroscopy (NMR), dimeric and oligomeric species are more difficult to characterize 
because of the variety of possible structures and their typically low concentration, 
which renders mass spectroscopic analysis especially tedious. Further difficulties are 
related to the lack of authentic standards and the high polarity and boiling point of 
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these aromatics. In order to more reliably detect some of these molecules (mainly 
dimers) by GC-MS, derivatization techniques (e.g. silylation) that enhance their 
volatility were  employed.13 
Since no commercial standards are available, effort has been devoted to the synthesis of 
complex, representative dimeric lignin linkage models, as well as possible 
depolymerization products. Ralph and coworkers14 synthetized 12 guaiacyl-type 
thioacidolysis dimers (after Raney-Ni desulfurization) which are expected to be present 
after lignocellulose hydrogenolysis, showing their match with actual softwood 
treatments. Considering lignin acidolysis, Barta and Westwood15 designed scalable 
synthetic methodologies to access advanced dimers deriving from a β-O-4/β-5 units 
which are realistic models for methodology development and provide reactivity 
insights. Upon subjecting these to the specific catalytic treatment of choice, the 
corresponding dimer products are isolated and can be thus used as authentic standards 
for the unambiguous verification of dimers in lignin depolymerization mixtures.  
Furthermore, Watanabe and coworkers16 reported the characterization of the interunit 
bonds of lignin oligomers released by toluene-methanol acid-catalyzed treatment17 of 
Cryptomeria japonica (softwood) and Eucalyptus globulus (hardwood) indirectly via 
dimers identification. In fact, they subjected the obtained oligomeric fraction to 
thioacidolysis followed by Raney-Ni desulfurization providing valuable structural 
information on the relative distribution of the interunit linkage patterns. 
As mentioned, the carbohydrate fraction of biomass needs also to be analyzed and 
valorized. In reductive catalytic fractionation, a heterogeneous metal catalyst is often 
used and its separation from the cellulosic residue has proven to be problematic, 
making a following conversion step potentially difficult. However, this issue was 
smartly overcome using a magnetic catalyst18,19, a microporous cage20,21 or continuous 
set-ups,22,23 which generally allow to obtain a catalyst-free residue, although variable 
carbohydrates yield. Sels et al.24 has shown the subsequent conversion of the residual 
pulp to sugar alcohols. Barta and coworkers25 proposed a  unique strategy that allowed 
for the complete conversion of the solid residues mixed with the catalyst in the 
presence of supercritical methanol, creating suitable hydrothermal conditions. This 
allowed for full catalyst recovery and efficient catalyst recycling. The mixture of 
aliphatic alcohols obtained this way was converted to long chain cyclic alkanes via 
chain-elongation and extensive hydrodeoxygenation.25  
Generally, when a homogeneous catalyst is used, the carbohydrate-rich residue can be 
evaluated via enzymatic hydrolysis to glucose to demonstrate the cellulose structure 
preservation.26  
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In Chapter 2, the metal-free lignin-first fractionation of softwood lignocellulose using a 
mild dimethyl carbonate and ethylene glycol organosolv process to produce G-C2-
acetal was developed. Here, we report the in-depth analysis of the depolymerization oil 
to identify lignin dimers and oligomers, as well as carbohydrates or derived compounds 
in order to have a full understanding of our system. Additionally, the carbohydrate-rich 
solid residue was studied and successfully subjected to enzymatic hydrolysis. A good 
mass balance was reached. 

3.2. Results and discussion 

The previously developed process (Chapter 2) to produce G-C2-acetal from pinewood 
was analyzed in terms of structural insights into the obtained lignin dimers and 
oligomers, cellulose and hemicellulose products and enzymatic digestibility of the 
carbohydrate-rich solid. To this end, an appropriate fractionation procedure was 
developed, the schematic representation of which is shown in Figure 3.3. After 
filtration of the solid residue (carbohydrate-rich solid), which was then subjected to 
enzymatic hydrolysis, the organic phase was extracted with water in order to separate 
the water-soluble carbohydrate products (aqueous phase, Fraction 2) from lignin 
depolymerization products (organic phase, Fraction 1). In order to better separate 
possible lignin derived oligomeric products from the monomer and dimer range 
compounds, further fractionation of Fraction 1 was necessary. Therefore Fraction 1 
was additionally extracted with toluene to give toluene solubles (Fraction 3) and 
toluene insolubles (Fraction 4). 

Figure 3.3. Fractionation of depolymerization oil in order to provide structural 
insights. Reaction conditions: Pine lignocellulose (1.5 g), EG (5.4 mL, 400 wt% to 
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pine), DMC (24.6 mL), H2SO4 (30 mg, 2 wt% to pinewood), 140 °C, 30 minutes 
(excl. 10 minutes to reach 140 °C from room temperature). 

3.2.1. Lignin derived products characterization: Fraction 1, 3 and 4 

Fraction 1 was characterized in detail as follows. After evaporation of the solvent, 
Fraction 1 was subjected to GC-MS analysis (before and after derivatization via 
silylation, Figure 3.5), HSQC and HMBC NMR (Figure 3.4) as well as SEC analysis 
(Figure 3.5).  In the absence of silylation, the GC-MS trace (Figure 3.5, a, black) 
showed G-C2-acetal as dominant signal together with traces of 2-methoxy-4-(3-
methyl-5,6-dihydro-1,4-dioxin-2-yl)phenol27 (dioxene HK2, Figure 3.5) deriving from 
the C3-pathway of lignin acidolysis. Formation of acetals originating from the 
reactions of carbohydrates with EG could be observed even though their identification 
was not possible. Also, ethylene carbonate could be detected meaning that DMC and 
EG are partially reacting. Derivatization of the sample by silylation enhanced the 
volatility of product allowing for the detection of additional signals in the higher 
temperature range of the GC-MS trace, attributable to higher molecular weight 
compounds, mainly dimers (Figure 3.5, a, pink). Here also, G-C2-acetal-TMS was the 
main component together with 2 ((trimethylsilyl)oxy)ethyl acetate (ethylene glycol 
monoacetate). These findings were also confirmed by 2D NMR analysis of the crude 
reaction mixture (Figure 3.4 and Experimental section 3.5.1, Figure 3.14). Fraction 1 
(from an extra experiment) was subjected to column chromatography and G-C2-acetal 
could be isolated in 7.9 wt% yield (GC-FID purity: 90%). 
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Figure 3.4. HSQC NMR of Fraction 1 in DMSO-d6. 

In order to better separate possible lignin derived oligomeric products from the 
monomer and dimer range compounds, further fractionation of Fraction 1 was 
necessary. Therefore Fraction 1 was additionally extracted with toluene to give toluene 
solubles (Fraction 3) and toluene insolubles (Fraction 4) and both fractions were 
subjected to size-exclusion chromatography analysis (SEC, Figure 3.5, d) followed by 
HSQC and HMBC NMR studies and GC-MS analysis after silylation (Figure 3.5, b 
and c). 
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Figure 3.5. GC-MS analysis of: (a) Fraction 1 before (black) and after silylation (pink); 
(b) Fraction 3 after silylation; (c) Fraction 4 after silylation. Hibbert’s ketone
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derivatives and dimers region of Fraction 3 are highlighted with related proposed 
structures; (d) SEC analysis of crude (Fraction 1, solid red line), toluene soluble 
(Fraction 3, dashed green line) and toluene insoluble (Fraction 4, dot black line) 
fractions. 

According to SEC analysis (Figure 3.5, d), Fraction 4 (Figure 3.5, d, dotted black line) 
mainly consisted of oligomers (Mn= 1000 g∙mol-1; Mw= 1800 g∙mol-1, Ð=1.8). This was 
also confirmed by the absence of monomers in GC-MS after silylation of Fraction 4 
(Figure 3.5, c). Fraction 4 was found to account for 31 wt% of initial lignin when 
gravimetrically determined. Interestingly, 2D NMR showed signals in the region of 
4.9/105 ppm and 2.7/40 ppm attributable to the α and β positions of G-C2-acetal 
(Experimental section 3.5, Figure 3.13 and 3.15). It is plausible that these signals 
belong to lignin oligomers bearing the stabilized acetal residue on one end after β–O–4 
linkage cleavage, while the other end would represent a phenolic moiety not cleavable 
under these conditions. In this case, the molecular weight would include the acetal 
functionality. This acetal group could be further functionalized during possible 
valorization of the oligomeric fraction.  
According to the SEC analysis, Fraction 3 (Figure 3.5, d, dashed green line) consisted 
primarily of low molecular weight species and no species with molecular weight higher 
than 1000 g∙mol-1 were found. Indeed, when this fraction was subjected to silylation 
(Figure 3.5, b), G-C2-acetal was shown to be the major product. Analysis of oligomeric 
fragments was performed based on GC-MS fragmentation patterns and previously 
reported data.28,29 Based on combined data from NMR and GC-MS analysis we 
suggest the presence of structures related to Hibbert’s ketones (C3-pathway of β–O–4 
cleavage, Figure 3.5 and 3.8, and Experimental section 3.5.2, Table 3.4) and dimeric 
species (various pathways from β–O–4/β–5 units, Figure 3.5 and 3.8, and 
Experimental section 3.5.3, Table 3.5), consistently with previous literature.28,29 Due to 
the presence of Cα/Hα and Cβ/Hβ signals in 2D-NMR analysis, which appeared 
analogue to the ones belonging to G-C2-acetal (Figure 3.6 and 3.7, Figure 3.13 for G-
C2-acetal reference, Cα/Hα=C1, Cβ/Hβ=C2) it is reasonable to propose structures such 
as D4, D9 or D10 (Figure 3.8), as also reported previously by Lahive et al.28 
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Figure 3.6. HSQC NMR of Fraction 3 in DMSO-d6. 

Figure 3.7.  Superimposition of HSQC and HMBC NMR of Fraction 3 in DMSO-d6 
(HSQC: brown [-CH/-CH3]/blue [-CH2]; HMBC: green). 
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Figure 3.8. Proposed structures for lignin derived monomers and dimers based on 
GC-MS and 2D-NMR analysis (blue: β–O–4 moiety, C2 and C3 pathway; green/red: 
β–5/β–O–4 unit, combination of C2 and C3 pathways) in accordance with literature 
data.28 

3.2.2. Carbohydrates derivatives: Fraction 2 

The aqueous phase (Fraction 2) was subjected to HSQC NMR analysis, SEC and GC-
MS analysis, following derivatization via acetylation procedure. According to SEC 
analysis, Fraction 2 mainly consisted of low molecular weight sugars and EG 
(Experimental section 3.5.4, Figure 3.22) and HSQC NMR indicated the presence of 
carbohydrates (Figure 3.10, a). Hence, we focused on the anomeric carbon region (3.9-
4.7 ppm and 90-105 ppm) considered as the fingerprint region for carbohydrate 
derivatives (Figure 3.10, a). In fact, previous work has shown that during lignocellulose 
fractionation in butanol, the anomeric carbons in glucose and xylose displayed a 
characteristic shift compared to native glucose and xylose.30,31 In order to understand 
whether modification at the anomeric carbon occurred in our system, native 
hemicellulose monomers xylose and mannose (usually in a 1:3 ratio xylose to mannose 
in pinewood32) and cellulose monomer glucose were tested under the previously 
established reaction conditions for comparison (Figure 3.9). Indeed, a modification of 
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the native monomers at the anomeric carbon (indicated as 1 in Figure 3.9) by both EG 
and methanol was seen by combined HSQC and HMBC NMR experiments (example 
for glucose is given in Figure 3.10, b, see also Experimental section 3.5.4, Figures 3.16, 
3.17 and 3.19). In fact, DMC was partially reacting with EG releasing ethylene 
carbonate and methanol, as mentioned in section 3.2.1 (Figure 3.9 and section 3.2.4).  
Furthermore, NMR signals detected in Fraction 2 were found to match the model 
reactions of glucose, xylose, and mannose (example for glucose is given in Figure 3.10, 
b, for xylose and mannose see Figures 3.18 and 3.20 in Experimental section 3.5.4). 
The presence of these modified sugars in Fraction 2 was also suggested by GC-MS 
analysis (Figure 3.10, c).  

Figure 3.9. Compositional study of Fraction 2: (a) partial transformation of DMC 
with EG to yield EC and methanol. (b) Subsequent methanol and ethylene glycol 
incorporation into glucose, xylose and mannose via the Fisher glycosidation; reaction 
conditions: substrate (1 mmol), solvent: DMC (3 mL), EG (10 eq), H2SO4 (1 mol %), 
140 °C, 20 minutes. 
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Figure 3.10. (a) HSQC NMR of Fraction 2 in DMSO-d6 (blue: -CH2, red: -CH/-
CH3); (b) HSQC-NMR of Fraction 2 (grey) and water phase of reaction between 
glucose and DMC in acid environment displayed in Figure 3.9 (red: -CH and –CH3, 
blue –CH2).; (c) GC-MS analysis of Fraction 2 after derivatization via acetylation 
procedure.  
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To conclude, part of the carbohydrates was hydrolyzed during the biomass treatment 
resulting in xylose, mannose, and glucose modified by methanol or EG (Figure 3.10). 
EG-modification of xylose was reported before by Doherty et al.33 when treating 
sugarcane bagasse in a system consisting of EC/EG/H2SO4.  
In order understand the role of DMC in transformation of carbohydrates under our 
established conditions, a test reaction with glucose was performed (DMC, H2SO4, 
140 °C, 20 minutes) in the absence of EG, showing only native glucose by NMR 
analysis (Experimental section 3.5.4, Figure 3.21). However, considering as previously 
discussed that DMC partially reacts with EG to release methanol, in our system, sugars 
can undergo Fisher glycosidation both with EG as well as methanol at the anomeric 
carbon (Figure 3.9). Quantification of the sugars in the aqueous phase (Fraction 2) by 
HPLC analysis found a combined mannose and xylose yield of 29.8% compared to 
initial hemicellulose and a glucose yield of 16.3% to initial cellulose. Since 
approximately 70% of purified cellulose in softwood was found to be crystalline34 it is 
plausible that the sugar monomers originate mainly from the amorphous fraction of 
carbohydrates, which were partially dissolved and hydrolysed during our fractionation 
process. 

3.2.3. Carbohydrate-rich solid analysis and enzymatic hydrolysis 

The carbohydrate-rich solid residues (Figure 3.3) obtained from experiments using 
different amount of EG (0, 66, 300, 400 wt% to pinewood, as reported in Chapter 2) 
were characterized in terms of lignin, cellulose, and hemicellulose content (Table 3.1) 
and tested for enzymatic digestibility. Table 3.1 shows how increasing EG led to an 
increase in cellulose retention and lignin content decrease. In the case of no or 66 wt% 
EG used, the lignin content appears higher than expected for native pine. This is likely 
due to the formation of humins,35 which may be contributing to the Klason lignin 
value. In fact, in these cases the solid residue appeared black and cooked.  
Interestingly, EG was also found in the reaction mixture after hydrolysis with sulfuric 
acid indicating its incorporation into carbohydrates. The EG concentration was 
broadly constant (0.130-0.154 wt% relative to the solid residue) and independent of 
the amount of the EG used for the parent fractionation experiment (66 to 400 wt%), 
thus it seems very likely that a saturation of carbohydrates’ reactive groups with EG 
takes place. In fact, following our previous findings on the composition of Fraction 2, 
EG should also be able to react with the anomeric carbon of polysaccharides according 
to the Fischer glycosylation mechanism. The incorporation of EG in the solid residues 
contributes to EG solvent loss (Table 3.1 and Section 3.2.4, Table 3.2). 
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Entry 
EG [wt% to 
pinewood] 

[mL] 

AIL+ASL 
[wt%] 

Cellulose 
[%] 

Hemicellulose 
[%] 

EG 
[wt%] 

EG loss 
compared to 

initial EG 
[%] 

1 0 [0.0] 50.9 39.4 0.2 0 0 

2 66 [0.9] 30.3 54.9 6.0 0.130 6.9 

3 300 [3.8] 19.2 58.1 9.2 0.146 1.9 

4 400 [5.4] 13.4 65.8 7.9 0.154 1.1 

5 Native Pine 27.4 43.7 17.2 - - 

Table 3.1. Composition of residual pulp from experiments with different amount of 
EG (0-400wt % to pinewood). 

The characterized dry residual pulps (0, 66, 300 and 400 wt% EG to pinewood) were 
used to screen the enzymatic digestibility (Figure 3.11, a), where the residue treated 
with the highest EG amount (400 wt%) provided the highest glucose yield (28.8%). 
This is reasonable given it had the lowest lignin content (13.4%) since lignin is known 
to deactivate enzymes36. 
However, subjecting dry pulps to enzymatic digestion faces the problem that the 
surface is less accessible for the enzyme. Thus, enzymatic hydrolysis of the freshly 
treated feedstock using 400 wt% EG was also performed resulting in 40% glucose yield 
(Figure 3.11, b). However, when 50 FPU (instead of 25 FPU) Cellic CTec2 was used, 
a maximum glucose yield of 84.7% was reached, comparable with previous results 
reported on residual pulp from lignin extraction under similar conditions.31,37 Due to 
the EG incorporation in the solid residue, the fresh pulp was tested for enzymatic 
digestion after EG removal via hydrolysis with aqueous sulfuric acid in order to have 
“free” cellulose available. No significant difference in glucose yield was observed after 
72 hours enzymatic digestion when EG was hydrolyzed prior to experiment. This 
indicates that EG incorporation into carbohydrates has negligible effect on the activity 
of the enzymes (Figure 3.11, b). 
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Figure 3.11. Enzymatic digestion of: (a) dry pulps treated with different amount of 
EG (0, 66, 300 and 400wt % to pinewood), 25 FPU/g of dry pulp were used; (b) fresh 
pulps (treated with 400 wt% EG to pinewood) not hydrolysed (25 and 50 FPU/g dry 
pulp) and hydrolysed (50 FPU/g dry pulp). 

3.2.4. Solvent reactivity evaluation 

Evaluation of solvent reactivity is an important parameter to consider, especially since 
the solvent should be at least partially recycled. As mentioned, 2D-NMR and GC 
analysis of Fraction 1 (Figures 3.4 and 3.5 and Experimental section 3.5.1, Figure 
3.14) indicated the presence of ethylene carbonate, proving that DMC and ethylene 
glycol are partially reacting, releasing methanol38(Figure 3.9). In our system, 2.2% of 
the original DMC was converted to ethylene carbonate, as quantified by GC-FID 
measurement. Similar solvent losses were found by Smit et al.39 while fractionating 
wheat straw with acetone-water and they were considered limited. However, 2D-NMR 
suggested the presence of unidentified carbonates (Figure 3.4 and Experimental section 
3.5.1, Figure 3.14) which would contribute to the solvent loss. Also, EG 
oligomerization products were detected even though their precise quantification and 
identification was not possible. In fact, EG was found to be a reactive component in 
the system. First, it was used as stabilization agent for our target monomer (G-C2-
acetal) but also to tune the solvent properties in order to reach optimal degree of 
delignification (Chapter 2). Then, EG was found to be distributed in many fractions 
(Table 3.2) such as the carbohydrate-rich solid residue (Table 3.2, entry 2) and as 
ethylene carbonate (Table 3.2, entry 4). The amount of unreacted EG present in the 
system (Fraction 2) was calculated based on HPLC analysis resulting in a final 52.4% 
of unreacted EG to initial EG. Importantly, EG was also found incorporated in lignin 
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oligomers (Fraction 4) even though its quantification was not possible. Overall, 60.2 % 
of the initial EG introduced in the system could be identified. 

Entry Fraction 
EG in each 
fraction [g] 

EG in each fraction 
[%] 

1 Initial EG 5.99 - 

2 EG in solid residue 0.06 1.1 

3 EG in G-C2-acetal 0.01 0.2 

4 EG in ethylene carbonate 0.39 6.6 

5 
EG in Fraction 2 (unreacted in aqueous 

phase) 
3.14 52.4 

6 SUM 60.2 

Table 3.2. EG mass balance at optimized reaction conditions (1.5 g pinewood, 5.4 mL 
EG, 24.6 mL DMC, 140 °C, 30 min, catalyst: 2 wt % to pinewood H2SO4). 

3.2.5. Mass balance at optimized conditions 

The mass balance was evaluated using results obtained under optimized conditions 
(Figure 3.12). Lignin was converted to a single monophenolic product (G-C2-acetal) 
in 9 wt% yield (Fraction 3), while 31 wt% of lignin ended up as lignin-derived 
oligomers (Fraction 4) and around 23 wt% of lignin remained in the solid residue. 
This shows that delignification should be improved to better exploit lignin even 
though this value was found comparable with previous literature for softwood.40–42 
Hemicellulose was preserved in almost 52% of its initial content, of which 30% was 
found in water solution as modified xylose and mannose and 22% remained in the 
solid residue. Additionally, sugar derivatives found in the organic phase (Fraction 1) 
most likely stem from hemicellulose. Cellulose also underwent partial dissolution since 
the water phase was found to contain 16% of initial cellulose as glucose derivatives. 
The main part of cellulose, almost 72%, stayed in the solid residue. The solid residue 
was converted to glucose in 85% yield. Overall, this signifies 77% cellulose conversion. 
Taking into account the initial biomass composition and the yields of all the fractions, 
56% of the lignocellulose was valorized. 
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Figure 3.12. Product distribution, including mass balance for lignin and 
carbohydrates. Numbers are reported as percent to pinewood. Optimized 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), 140 °C, 30 minutes (excl. 10 minutes to 
reach 140 °C from room temperature). 

Depending on the fractionation process, the mass balance can be quite different (Table 
3.3). For instance, when Luterbacher et al.43 isolated lignin from high-syringyl 
transgenic poplar acetal-protected with propionaldehyde, 89% of lignin was found in 
the reaction liquor while 11% stayed in the solid residue (Table 3.3, entry 1) . The 
isolated lignin was then converted to phenolic monomers through hydrogenolysis in 
70% yield for a total of 62% monomers yield to initial lignin. Also, most of the 
hemicellulose (77%) was found in the liquor as propionaldehyde-protected xylose. The 
cellulose-rich solid residue was subjected to enzymatic hydrolysis reaching 80% glucose 
yield for a total of 73 % glucose yield to initial cellulose. In total, 71 % of the starting 
material was valorized. Differently, Abu-Omar21 subjected miscanthus biomass to 
“lignin-first” hydrogenolysis process using Ni/C as catalyst (Table 3.3, entry 2). In this 
case, the reaction liquor was found to contain 69% of lignin monomers, 18% of glucan 
and 26% of hemicellulose all respectively to the parent component. Interestingly, the 
solid residue was found to retain most of the cellulose (82%) and hemicellulose (67%) 
and it was used to be converted to levulinic acid (76% yield) and furfural (55% yield) 
using FeCl3 as catalyst in a H2O/MeTHF biphasic system. In the end, 70% of initial 
starting lignocellulose was valorized. In different conditions, Samec et al.23 processed 
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birch using organosolv pulping followed by transfer hydrogenolysis  with Pd/C (Table 
3.3, entry 3). Here, the liquor was found to contain lignin monomers in 37% yield 
together with 7% of hemicellulose as modified xylose while the solid residue was 
composed by cellulose (90% yield to the initial composition) and lignin (6% to inital). 
A total of 47% initial biomass was valorized in this case. The reported examples are just 
some of the explored in literature, but it is clear how different conditions can lead to 
quite various final products distribution.  

Entry Liquor 
Solid 

residue 

Total 
mass 

balance 
[%][a]

ref 

Lignin or 
lignin 

monomers 
(%) 

Cellulose 
(%) 

Hemi 
(%) 

Lignin 
(%) 

Cellulose 
(%) 

Hemi 
(%) 

1 89[b](70)[c] 1 77 11 92 (80)[d] - 71 43

2 69 18 26 - 82 (76)[e] 
67 

(55)[f] 
70 21

3 37 - 7 6 90 - 48 23

4 40[g] 16 30 23 72 (85)[d] 22 56 
this 

work 

Table 3.3. Mass balance calculation for different processes. [a] Total mass balance 
calculated on starting lignocellulose; [b] soluble lignin in the liquor; [c] phenolic 
monomers after hydrogenolysis; [d] in brackets: glucose yield after enzymatic 
hydrolysis; [e] in brackets: levulinic acid yield after treatment in FeCl3; [f] in brackets: 
furfural yield after treatment in FeCl3; [g] 9% G-C2-acetal plus 31% lignin oligomers. 

In our case, the final total mass balance is in the range of literature results but could be 
improved (Table 3.3, entry 4). In particular, the use of hardwood would likely favor a 
more extensive delignification44 and also lead to higher aromatic monomer yields 
(combined G + S analogues). Furthermore, the more extensive identification and 
quantification of sugars derivatives in Fraction 1 (Fig. 3.5) would allow a better mass 
balance for hemicellulose. Additionally, even if dimers and Hibbert’s ketone derivatives 
were detected, their quantification would be useful. 
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3.3. Conclusions 

After optimization in Chapter 2, a deep characterization of the system was performed, 
and the total lignocellulose mass balance was calculated. Structures for aromatic dimers 
were proposed and modified sugars dissolved in the liquor were identified. A partial 
loss of DMC due to reaction with EG was detected but the effect of this on 
downstream processing still has to be evaluated. In summary, the method delivers a 
promising single aromatic compound (G-C2-acetal) as well as specific dimers and 
acetal-functionalized oligomers that can be potentially used for the manufacture of 
various bio-based products. One such area could be polymer chemistry, as previously 
reported by Watanabe et al for their monophenolic acetal product.45 Notably, the 
method allows for effective fractionation of softwood biomass maintaining cellulose as 
evidenced by a glucose yield of 84.7% after enzymatic hydrolysis. In terms of mass 
balance, a total glucose yield of 87.8% (77% after enzymatic hydrolysis of solid 
residue) was reached together with 51.7% of hemicellulose and 63.8% of lignin. As 
mentioned, softwood delivers typically low yield of aromatic monomers, albeit with 
high selectivity. Thus, the use of hardwood in order to get higher yield of S- and G-
C2-acetals as a unique C2-class of platform chemicals would be highly beneficial for 
accessing various classes of products ranging from polymers to fine chemicals or 
pharmaceuticals. Moreover, applications for modified sugars can be investigated such 
as intermediate for surfactants or cosmetics.46,47 Furthermore, the actual separation of 
the products can be explored together with further evaluation of solvent loss and 
treatment of the different streams. Additional studies on energy demand of the process 
would be interesting. 
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3.4. Experimental section 

3.4.1. Chemicals and materials 

Pine lignocellulose was purchased from Bemap Houtmeel B.V. Solvents: 
tetrahydrofuran (THF), toluene, dichloromethane (DCM), and acetone were 
purchased from Macron Fine Chemicals. Dimethyl carbonate (99%, DMC) and 
ethyelene glycol (EG, 99.5%) were purchased from Acros Organics. Sulfuric  acid (95-
97%, H2SO4) was purchased from BOOM B.V. Octadecane (internal standard, 99%), 
N,O -Bis(trimethylsilyl)trifluoroacetamide, pyridine (99.8%), acetic anhydride, o-
toluidine, D-xylose, D-glucose, D-mannose, cellulose enzyme blend (CTec2) were 
purchased from Sigma Aldrich. All reagents were used as received. 

3.4.2. Analytical techniques 

GS-MS analysis 

Samples were analyzed using Shimadzu GC-MS equipped with a HP5 column (30 m x 
0.25 mm x 0.25 μm). The method was different depending on the sample as specified 
in Derivatization procedures section. 

Size exclusion chromatography analysis (SEC) 

SEC analyses were performed using an Agilent HPLC 1100 system equipped with a 
refractive index detector. Three columns in series of MIXED type E (length 300 mm, 
i.d. 7.5 mm) were used. Polystyrene was used as a calibration standard (Agilent EasiCal
PS-2 polystyrene kit, 500 - 20000 Da range). 0.02 g of the sample was dissolved in 3
mL of THF together with 15 μL of toluene as the flow marker and filtered (PTFE
filter, pore size of 0.2 μm) prior to injection. The samples were fully soluble in THF.
SEC analysis was intended with comparative purpose in order to understand the
effectiveness of toluene extraction of Fraction 1 (Crude) resulting in Fraction 3
(toluene solubles) and Fraction 4 (toluene insolubles) in terms of relative molar masses.

High performance liquid chromatography analysis (HPLC) for sugars analysis 

HPLC analysis was performed using an Agilent Technologies 1200 HPLC consisting 
of a Bio-Rad column HPX-87H and a refractive index detector. The mobile phase was 
a diluted sulfuric acid aqueous solution (5 mM) at a flow rate of 0.55 mL∙min-1 and the 
column was kept at a temperature of 60 °C. HPLC analysis was used to determine 
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glucose concentration and the combined concentration of xylose and mannose (since 
the two compounds gave overlapping peaks) according to the calibration. 

2D-NMR analysis 

2D NMR analyses (HSQC and HMBC) were performed in (CD3)2SO using a Bruker 
Ascend 600 MHz spectrometer at RT. 

3.4.3. Derivatization procedures 

Lignin depolymerization products (Fraction 1, 3 and 4) derivatization via silylation 
procedure 

In a typical silylation procedure, 20 mg of products mixture from pinewood treatment 
were dissolved in 0.2 mL dry pyridine. After addition of 50 μL of N,O-
Bis(trimethylsilyl)trifluoroacetamide, the mixture was stirred for 45 minutes at 50 °C 
and analyzed by Shimadzu GC-MS using a previously reported method with minor 
modifications.48 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 2 min 60 °C 
isotherm followed by a 10 °C∙min-1 ramp for 20 minutes to 280 °C, a temperature that 
was held for 13 minutes. All reagents were added under nitrogen flow. Standard 
settings: 1 μL injection, a split ratio of 20:1, a helium flow of 1 mL∙min-1, injector and 
detector temperature 300 °C. 

Aqueous phase (Fraction 2) derivatization via acetylation procedure 

Acetylation procedure was performed as follows: 0.5 mL of aqueous phase (fraction 2) 
was place in a 20 mL pressure tube where 5 mL of acetic anhydride and 0.5 mL of 
pyridine were added. The mixture was incubated at 120 °C for 45 min. Then, 6 mL of 
water was added and extracted with 3 mL ethyl acetate and 3 mL DCM and the 
bottom layer was collected for GC-MS analysis. 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 14 °C∙min-1 ramp from 100 °C to 300 °C, a temperature that was held 
for 5 minutes. Settings: 1 μL injection, a split ratio of 20:1, a helium flow of 0.96 
mL∙min-1, injector and detector temperature 300 °C. 
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3.4.4. Pinewood fractionation procedure 

In order to have additional insight into the remaining components in the oil residue, a 
fractionation procedure was applied at optimized conditions (Fig. 3.3). After filtering 
off the residual carbohydrate-rich solid, 15 mL of buffer solution K2HPO4/KH2PO4 
pH = 8 was added to the DMC phase (typically 30 mL) to neutralize the catalyst and 
extract water soluble compounds and EG. DCM (5 mL) was added to help the 
separation. Two fractions were obtained: Fraction 1 consisting of the organic phase and 
Fraction 2 - the aqueous phase. Fraction 1 was characterized by GC-MS (before and 
after silylation), HSQC/HMBC NMR, SEC analysis. After characterization, Fraction 1 
was extracted with toluene (5 mL x 3) resulting in 2 additional fractions (Fraction 3: 
toluene soluble, Fraction 4: toluene insoluble) which were analyzed by the same 
techniques. Fraction 2 was characterized by HSQC/HMBC NMR and GC-MS 
analysis after acetylation. In order to quantify carbohydrates, Fraction 2 (aqueous 
phase) was subjected to hydrolysis to release native glucose, xylose, and mannose (5 
wt% aqueous H2SO4, 120 °C, 1 h) and analyzed by HPLC. 

3.4.5. Pinewood and carbohydrates-rich solid residues characterization 

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).49 In the 
case of carbohydrates-rich solid residue the sample was washed with acetone and let dry 
in air. 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 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.50,51  

Carbohydrates determination 

Extractives free lignocellulose was dried and sieved (particles size: between 500 and 200 
μm) and used for sugars determination according to a modified procedure of NREL 



Lignin-first pinewood fractionation 

101 

3 

TP-510-42618.49. Sample (40 mg) was placed in a pressure tube together with 72 wt% 
aqueous sulfuric acid (0.4 mL). The mixture was manually stirred with a glass rod for 1 
h at 30 °C (every 5 to 10 minutes). Water (11.2 mL) was added, and the tube was 
sealed. In parallel, a control reaction was performed in order to estimate the 
decomposition of carbohydrates during analysis process. D-xylose (5 mg), D-glucose 
(20 mg), and D-mannose (10 mg) were dissolved in 3 wt% aqueous sulfuric acid (11.6 
mL). All the samples were incubated at 120 °C for 1 h. After cooling in ice bath, a 
sample was taken and subjected to HPLC analysis. 

3.4.6. Enzymatic digestion of the carbohydrates-rich solid residue 

Glucose calibration 

A calibration curve for the photometric studies was obtained as following: 20 μL of 
standard solutions of glucose in water (0.9-10 mg∙mL-1) were added to 20 mL 
microwave vials containing 3 mL of 6 wt% solution of o-toluidine in glacial acetic acid 
(1.26 mL o-toluidine in 18.8 mL glacial acetic acid). The obtained mixtures were 
heated to 100 °C for 10 minutes and their absorbance was measured at 630 nm versus 
a blank sample. Each measurement was triplicated.  
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R2=0.97015

Measurement of enzymatic activity 

The activity of Cellic CTec2 enzyme used for hydrolysis of pulp was determined using 
a standard procedure from NREL (NREL/TP-510-42628)52. 1 FPU stands for enzyme 
activity where 2 mg (4%) glucose are released from 50 mg of filter #1 paper 
(Whatman, 1cm x 6 cm) in 1.5 mL of citrate buffer (pH = 4.8) at 50 °C in 60 min. To 
5 glass vials, filter #1 paper (50 mg), 1.5 mL of citrate buffer, 20 microL of a 3,5%wt 
sodium azide (to prevent the growth of microorganisms) in water and Ctec2 solution 
(1 μL, 5 μL, 10 μL, 20 μL, 50 μL) were added. The vials were heated at 50 °C in 
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heating block for 60 minutes. After cooling down in ice-bath, 40 μL samples were 
taken and added to 20 mL microwave vials containing 3 mL of a solution 6 wt% of 
o-toluidine in glacial acetic acid. The obtained mixtures were heated to 100 °C for 10
minutes and their absorbance was measured at 630 nm versus a blank sample. Each
measurement was triplicated. 10 μL of CTec2 solution was found to be an appropriate
amount and glucose concentration obtained from the absorption value was used to
calculate the activity of enzyme in filter paper units (FPU): 130 FPU∙mL-1.

Enzymatic hydrolysis of the pulp 

When dry pulp was used the biomass recovered after reaction was washed extensively 
with acetone (about 20 mL) and air dried. When fresh, biomass was washed extensively 
first with acetone (about 20 mL) and then water (about 20 mL) and grounded. After 
determination of the dry weight, the pulp corresponding to 45 mg of dry-weight solid 
was placed in a glass vial together with 20 μL of a 3.5 wt% sodium azide and 1.5 mL of 
citrate buffer (pH=5) containing enzyme (25 or 50 FPU per gram of dry weight pulp). 
The vials were stirred at 50 rpm and kept at 50 °C. Samples were taken after 1, 24, 48 
and 72 hours and glucose concentration was determined using spectrophotometry as 
described above. Experiments with fresh pulp were conducted in duplicate. For the 
experiments with hydrolyzed pulp 0.8 g of wet pulp was treated in 5 mL of aqueous 
sulfuric acid (5 wt% H2SO4) for 1h at 120 °C. 

3.4.7. Test reactions with xylose, mannose and glucose 

Typically, 1 mmol of substrate (D-(+)-xylose, D-(+)-mannose or D-(+)-glucose was 
reacted with 10 equivalents of EG and 1mol % H2SO4 in 3 ml DMC for 20 minutes at 
140 °C. Then, 2 mL of a water solution (buffer K2HPO4/KH2PO4 pH=8) was added 
to the DMC phase in order to neutralize the reaction mixture followed by 1 mL of 
DCM in order to improve the separation. Then, the mixture was vortexed and the 
organic phase was separated. The aqueous phase was extracted with DCM (2 mL x 2). 
The aqueous phase was used for characterization after removing water by rotary 
evaporation. A blank reaction of D-(+)-glucose in DMC/ H2SO4 without EG was 
performed under the same conditions and treated in the same way. 
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3.5. Additional figures 

Figure 3.13. Reference HSQC and HMBC NMR of G-C2-acetal in DMSO-d6 
(HSQC blue: -CH2, red: -CH/-CH3, HMBC: green). 

3.5.1. Fraction 1, 3 and 4 

Figure 3.14. HSQC and HMBC NMR of Fraction 1 in DMSO-d6 (HSQC: green [-
CH/-CH3]/pink [-CH2]; HMBC: brown). 
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Figure 3.15. HSQC NMR of Fraction 4 (brown/blue) overlapped with C2-acetal 
reference (purple/green) in DMSO-d6. 

3.5.2. GC-MS analysis of Fraction 3 after derivatization via silylation: Hibbert’s 
ketones region 

Entry Code 
Retention 
time (min) 

m/z Proposed structure (MW) ref 

1 
HK1 

17.1 294 
O
O

O
O

TMS

(294.42 g/mol) 

From 1-hydroxy-3-(4-
hydroxy-3-

methoxyphenyl)-2- 
propanone through Lobry 
de Bruyn–van Ekenstein 

transformation53 

2 
HK2 

17.3 294 O

O

TMS

O

O

(294.42 g/mol) 

HK2-TMS can originate 
from Hibbert’s ketone and 

EG as previously 
reported27,54 

3 
HK3 and  

HK5 
18.4 and 

19.2 
384 

O

OTMS
O

TMS O
O

O

OTMS
O

TMS

O
O

(384.62 g/mol) 

- 

4 
HK4 

18.6 384 
O

O
TMSO TMS

O
O
(384.62 g/mol) 

- 

Table 3.4.  Code, retention time, m/z and proposed structures for Hibbert’s ketones 
derivatives. 
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3.5.3. GC-MS analysis of Fraction 3 after derivatization via silylation: dimers 
region 

Entry Code 
Retention 

time 
(min) 

m/z Proposed structure (MW) ref 

1 
D1 
and 
D3 

21.9 and 
24.8 

416 O

O

TMSO

O
TMS

(416.66 g/mol) 

from β-1 
spirodienone 
structure55 

2 D2 22.4 398 Dimer - 

3 
D4 
and 
D9 

25.3 and 
30.4 

502 

O

O TMS

OTMS
O

O
O

O

O
TMSO

O
TMSO

O

OTMS
O

O
O

TMSO

O

P2

P3

P4

(502.75 g/mol) 

P2 From β-O-
4/β-5: C2/C2 
pathway28,29,56 
P3 from From 
β-β linkages 

28,29,56

P4 would 
originate from 
C2-aldehyde in 

case of aldol 
condensation 

reaction instead 
of EG-

stabilization 

4 D5 26.2 488 OTMS

O
O

TMSO O

(488.77 g/mol) 

From 
tetrahydrofuran 

β-β 
substructures 
in softwood 

lignin57 

5 D6 27.46 562 

OTMS

O
O

O
OTMS

O
O

O
(562.81 g/mol) 

P5 would 
originate for 
condensation 
of 2 G-C2-

acetal 
molecules 

6 D7 27.53 532 Dimer - 

7 
D8 

29.6 500 
OTMS

O

O
O

O
TMSO

(500.74 g/mol) 

Not reported 
but it would 

originate from 
cleaving a unit 
with β-O-4/β-

5:C3/C3 
pathway 
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(Figure 6) 

8 D10 31.5 442 
OTMS

O

O
O

O
O

(442.58 g/mol) 

From β-O-4/β-
5:C2/C3 
pathway 

(Figure 6)28,29,56 

Table 3.5.  Code, retention time, m/z and proposed structures for dimers. 

3.5.4. Fraction 2 

Figure 3.16. HSQC (red –CH and –CH3, blue –CH2) and HMBC (green) NMR of 
water phase of glucose test reaction in DMSO-d6. Reaction conditions: D-(+)-glucose 
(1 mmol), solvent: DMC (3 mL), EG (10 eq), H2SO4 (1 mol %), 140 °C, 20 minutes. 
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Figure 3.17. HSQC (red –CH and –CH3, blue –CH2) and HMBC (green) NMR of 
water phase of test reaction with xylose in DMSO-d6. Reaction conditions: D-(+)-
xylose (1 mmol), solvent: DMC (3 mL), EG (10 eq), H2SO4 (1 mol %), 140 °C, 20 
minutes. 

Figure 3.18. HSQC NMR of Fraction 2 (grey) and water phase of test reaction with 
xylose (red: -CH and –CH3, blue –CH2) in DMSO-d6. Reaction conditions: D-(+)-
xylose (1mmol), solvent: DMC (3 mL), EG (10 eq), H2SO4 (1mol %), 140 °C, 20 
minutes. 
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Figure 3.19. HSQC (red –CH and –CH3, blue –CH2) and HMBC (green) NMR of 
water phase of test reaction with mannose in DMSO-d6. Reaction conditions: D-(+)-
mannose (1mmol), solvent: DMC (3 mL), EG (10 eq), H2SO4 (1mol %), 140 °C, 20 
minutes. 

Figure 3.20. HSQC NMR of fraction 2 (grey) and water phase of test reaction with 
mannose (red: -CH and –CH3, blue –CH2) in DMSO-d6. Reaction conditions: D-(+)-
mannose (1mmol), solvent: DMC (3 mL), EG (10 eq), H2SO4 (1mol %), 140 °C, 20 
minutes. 
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Figure 3.21. HSQC NMR of native glucose (grey) and water phase of glucose test 
reaction in absence of EG (red: -CH and –CH3, blue –CH2) in DMSO-d6. Reaction 
conditions: D-(+)-glucose (1mmol), solvent: DMC (3 mL), H2SO4 (1mol %), 140 °C, 
20 minutes. 

Figure 3.22. SEC analysis of Fraction 2. 
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