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Abstract 
In the world’s transformation towards a bioeconomy, lignocellulosic biomass plays a key role 

as a substitute to fossil based resources. Lignin is the most abundant source of renewable and 

naturally occurring aromatics and it constitutes 15-30% of lignocellulosic biomass. The 

technical lignin currently available on the market is limited in its applications because of its 

complex and poorly understood chemical structure. In an effort to contribute to the lignin-

first biorefinery concept, this work investigates the effect of urea and carboxymethylation 

pretreatments on the yield as well as the chemical and physical properties of lignin. 

Characterization techniques such as Fourier-transform infra-red and nuclear magnetic 

resonance spectroscopy were utilized to analyze the molecular structure of the lignin product 

after extraction. It was shown that both pretreatment methods resulted in higher yields 

between 1% and 16%. The urea pretreatment had no effect on the chemical structure of the 

fibers nor on the lignin. However, carboxymethylation altered the chemical structure of the 

lignin by adding carboxymethyl groups in both the aliphatic and phenolic region. While 

increasing the pretreatment time increased the yield for both pretreatment methods, in the 

case of carboxymethylation it reduced the amount of quantifiable inter-unit linkages. Overall, 

the pretreatment methods discussed have potential use for lignin valorization.  
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Sammanfattning 
I världens omvandling mot en bioekonomi kommer lignocellulosa material spela en stor roll i 

ersättningen av fossila resurser. Lignin är den mest tillgängliga källan av förnybara och 

naturligt förekommande aromatiska ämne och den utgör 15–30% av ved. Det lignin som är för 

nuvarande tillgängligt i marknaden är begränsat i sina appliceringar på grund av ämnets 

komplexa och outforskade kemisk struktur. I ett försök att bidra till ’lignin-först’ bioraffinaderi 

konceptet, undersöker detta arbete effekten av urea och karboxymetylering som 

förbehandlingsmetoder på utbyte av lignin såväl som de kemiska och fysiska egenskaperna av 

lignin. Karaktäriseringstekniker som Fourier-transform infra-red och nuclear magnetic 

resonance spectroscopy används för att analysera den kemiska strukturen av ligninet efter 

extraktion. Det resulterade i att båda förbehandlingsmetoder ökade utbytet av lignin med 

mellan 1% och 16%. Urea förbehandlingen hade ingen effekt på den kemiska strukturen av 

varken fibrer eller lignin. Men, karboxymetylering förbehandlingen ändrade i kemiska 

strukturen av lignin genom att lägga till karboxymetyl-grupper i både den alifatiska och den 

fenoliska regionen. Medan att öka förbehandlingstiden ökade utbyte i båda 

förbehandlingsmetoder, hade detta effekten att minska mängden kvantifierbara bindningar 

mellan enheterna för karboxymetylering förbehandlingen. Dessa diskuterade metoder har 

potential att användas i valorisering av lignin. 
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Introduction 

Lignin Biorefinery 

There is an ongoing worldwide transition of changing our fossil dependency to the usage of 

renewable biomass as feedstocks as a goal to reduce the environmental impact. [1] Several 

biorefinery technologies have been proposed which follow the United Nations Sustainable 

Development Goals (SDGs) [2]. Biorefineries contribute to several of these goals, with a 

primary focus on “Industry, Innovation and Infrastructure”, “Responsible Consumption and 

Production” and “Climate Action” [3]. Additionally, biorefineries follow a more Circular 

BioEconomy with the use of a renewable feedstock compared to traditional refineries and 

their corresponding linear economy [4]. The modern biorefinery concept is based upon using 

lignocellulosic biomass because of its abundance and relatively low price [5]. Lignocellulosic 

material is made of three main constituents, namely cellulose (35–50%), hemicellulose (20–

30%) and lignin (15–30%) [6]. They all have different roles within the plant and make up its 

chemical structure. 

Lignin is the most abundant natural aromatic polymer and it acts as a natural adhesive within 

the plant that provides mechanical strength and rigidity to the plants cell walls. Lignin is the 

second most abundant organic polymer on earth, surpassed only by cellulose [6]. Despite 

lignin’s abundance, it has been traditionally considered a waste product by the pulp and paper 

industry, and has been burned for energy recovery as a byproduct of cellulose production [7]. 

The high complexity of lignin as a heterogenous polymer and that it being so tightly bound to 

cellulose fibers makes it difficult to extract from plants without modifying its chemical 

structure [8]. In traditional biorefineries such as the pulp mill, lignin is modified irreparably, 

thus limiting its use to be modified into high value products [9]. Due to the modification of 

lignin during the process, the structure of native lignin is not yet fully known. However, recent 

research has shown that lignin has potential as a valuable feedstock to produce chemicals, 

fuels, and materials [8]. The further valorization of lignin has the potential to turn it into a 

sustainable resource that can function as a replacement for fossil-based ones. Lignin contains 

high amounts of phenolic groups which are of interest in lignocellulosic biorefineries when it 

comes to production of green aromatic compounds [10]. A new ‘lignin-first’ biorefinery 

concept using reductive catalytic fractionation has been developed recently where the 

extraction of high-quality lignin as the main product is the priority.  
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Figure 1. The three monolignols in the lignin polymer. 

The lignin polymer is composed of three monomers, as can be seen in Figure 1; namely 

coniferyl, p-coumaryl, and sinapyl alcohol [6]. The chemical structure of lignin varies 

depending on the source, e.g softwood is mostly coniferyl alcohol while hardwood is a mix 

between coniferyl and sinapyl alcohol. The chemical structure is also affected by the 

extraction method, e.g kraft and soda cook, which makes lignin challenging to valorize [9]. The 

harsh conditions of the aforementioned methods produce lignins with lower amounts of the 

commonly known native lignin inter-units. 

However, recent research using analytical techniques such as mass spectrometry and NMR, 

have provided insights into the chemical composition of lignin and have expedited the 

development of new extraction methods [11]. By improving the extraction methods for lignin 

there will be less waste which will in turn have environmental benefits because the products 

made can be used to replace fossil-based materials and fuels [2]. 

The process of making products out of lignin can be achieved through various methods of 

depolymerization such as thermal or chemical [12]. Pyrolysis, is thermal decomposition in the 

absence of oxygen, can be used to produce biochar and bio-oil which can be used as soil 

amendments and fuels. Depolymerization methods, such as acid-catalyzed hydrolysis, can be 

used to break down lignin into small molecules, such as phenols and carboxylic acids, which 

can be used as precursors for the production of chemicals and materials. Solvolysis methods, 

such as organosolv, can be used to dissolve lignin and separate it from cellulose and 

hemicellulose, which can then be used as feedstock for the production of aromatic fuels and 

chemicals [13]. Some of the important parameters in solvolysis are the temperature, solvent 

system and the choice of catalyst. By choosing favorable conditions for the system, lignin 

depolymerization can be achieved with minimal repolymerization giving a high lignin yield and 

high yield of specific aromatic compounds.  
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It has been shown that mild conditions during the extraction, such as those in solvolysis, can 

yield higher quality lignin compared to Kraft and Alcell [9]. Higher quality meaning that the 

lignin contains more quantifiable inter-unit linkages, the most important being the β-O-4′ 

bond. The higher β-O-4′ can be achieved with physical and chemical protection utilized with 

the use of a cyclical extraction method and using ethanol as a solvent respectively. The reason 

the β-O-4′ bond is sought after is because it is easier to chemically alter and use as a platform 

chemical compared to other units containing C-C bonds. The C-C bonds can be formed by 

condensation reactions which occur when nucleophiles attack carbocations in acidic 

conditions. [14] If the residual lignin contains high amounts of condensed bonds then it is less 

reactive compared to its native form and can only be used as a cheap energy source [15, 16]. 

A compromise between yield and quality can be achieved by adjusting the following variables: 

temperature, acid concentration and solvent [9, 13]. 

Biomass Pretreatment 

The compact and rigid structure of lignocellulosic plants makes it difficult to chemicals to 

access the different parts of the biomass.  Among the different components, lignin contributes 

the most to the recalcitrance of the material [17]. This is due to its capability to increase the 

rigidity of the structure and also the hydrophobic properties of lignin. These properties also 

lead to protection of the polysaccharides from microbial degradation. To reduce the 

recalcitrance of the biomass, pretreatment methods are utilized to then make subsequent 

conversion steps more effective. This is done by weakening the physical and chemical barriers 

to increase accessibility to the desired compounds. Pretreatments can improve conversions 

by for instance improving yield, making the process more selective and changing the chemistry 

of the product.  

 
Figure 2. A representation of the impact of physical and chemical pretreatments on 

lignocellulosic biomass [18]. 
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Pretreatments can be categorized in 3 approaches; physical, chemical and biological. Within 

each category there are multiple methods that can be applied and methods from different 

pretreatment categories can be combined from optimal results [18]. Physical pretreatments 

aim to mechanically reduce the particle size which results in an increase of surface area and 

pore size. Physical pretreatments, such as milling and chipping, lower the crystallinity and 

degree of polymerization in lignocellulosic material [19]. Both the chemical composition and 

structure of the biomass are affected by physical pretreatments but there is limited 

information as to how they are affected. Depending on the intended application of the 

biomass, different physical pretreatments are be applied. It is common within the pulping 

industry to use chipping as a physical pretreatment when the biomass requires to be a specific 

size [20]. By reducing the size of the feedstock, the process is not bottlenecked by mass and 

heat transfer limitations. One of the shortcomings of physical treatments is that it does not 

separate lignin from the lignocellulosic material. Another drawback of physical pretreatments 

is that their energy consumption on a commercial scale becomes exorbitant, making the entire 

process economically infeasible.  

The aim of chemical pretreatment is to target the characteristics that contribute to the 

chemical recalcitrance of wood such as the structural complexity, the crystallinity of cellulose 

and the heterogeneity of the lignocellulosic biomass [18]. In chemical pretreatments, organic 

or inorganic compounds can alter the chemical structure of the material by interacting with 

intra- and inter bonds of the polymers. This leads to the decrease of degree of polymerization 

as well as reduction of the crystallinity of cellulose and the degradation of lignin. The results 

of chemical pretreatment on lignocellulosic material can be the increase of accessibility to 

cellulose, alteration of lignin structure and hydrolyzation of hemicellulose [19]. The drawbacks 

are the consumption of chemicals and the long reactions times of chemical pretreatments.   

Carboxymethylation 

Carboxymethylation is done by the addition of a carboxymethyl group to a molecule. The 

carboxymethylation reaction is based on the Williamson ether synthesis in which a primary 

and secondary alcohol can be etherified with the addition of a carboxymethyl group. The 

reaction can occur in alkaline conditions in the presence of monochloroacetic acid. The first 

step is the hydroxyl group from the alcohol is deprotonated to an alkoxide group by sodium 

hydroxide. The alkoxide group is more reactive than its previous state and can undergo an SN2 

reaction with monochloroacetic acid to form the carboxymethyl group, as seen in Figure 3. A 

lot of carboxymethylation reactions have been done in polysaccharides, which needed 

suitable conditions and methods to obtain a high degree of substitution [21]. One of the 

methods for the carboxymethylation procedure is the aqueous method. In the aqueous 

method, the reaction starts after the polysaccharides have dissolved in a dilute alkaline 

solution. 



5 
 

 
Figure 3. Carboxymethylation reaction of monolignol in para position. 

It is possible to perform carboxymethylation reaction on lignin. The reaction mechanism and 

conditions needed are similar to that of polysaccharides. It has been shown that using a 1.5 M 

NaOH concentration is optimal for maximal charge density from carboxymethylation of 

hardwood Kraft lignin. Other important parameters to consider is the temperature, reaction 

time and concentration of lignin and reagent. [22] 

The addition of carboxylic groups can change the properties of the material. In the case of 

cellulose, carboxymethylated cellulose is used in multiple areas such as the food, 

pharmaceutical and cosmetic industry [21]. Besides carboxymethylated cellulose, the food 

industry also uses other carboxymethylated polysaccharides, such as chitosan. These 

carboxymethylated polysaccharides have shown potential to be used for prevention of food 

spoiling and food poisoning due to its anti-microbial properties. It has been shown that the 

degree of substitution is directly proportional to the water solubility and can therefore 

increase the bioactivity of polysaccharides. Carboxymethylated polysaccharides have also 

shown to be potent antioxidant properties making it usable as a food preservative. Technical 

lignin such as kraft lignin suffers from having poor water solubility which limits its industrial 

applications. By increasing the water solubility by addition of carboxymethyl groups it is 

possible to broaden the application of lignin to more industries. By increasing the water 

solubility of hardwood Kraft lignin, it can be used e.g. as a dispersant for a clay suspension or 

as an absorbent. 
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Experimental Section 

Material and chemicals 

Norway spruce (Picea abies) wood chips were used in all exepriments. Chloroacetic acid 

(≥99.0%), Sodium Hydroxide (NaOH; (≥97.0%, pellets), Urea (99.0%), [D6] DMSO (99.9% D), 

N,N-dimethylformamide (anhydrous, 99.8%), CDCl3 (≥99.8% D), Pyridine (anhydrous, 99.8%), 

endo-N-hydroxy-5-norbornene-2,3-dicarboximide (eHNDI; 97%), chromium(III) 

acetylacetonate (Cr(acac3); 99.99%), 2-chloro-4,4,5,5-tetra-methyl-1,3,2-dioxaphospholane 

(Cl-TMDP; 95%) were purchased from Sigma-Aldrich. Sulfuric acid (>95%, analytical grade) was 

purchased from Fischer Chemicals. Acetic Acid (≥99.7%) was purchased from Honeywell. 

Ethanol absolute (≥99.5%) was purchased from VWR.  

Sample milling 

The wood chips were milled to a size of 40 mesh with a Wiley mini-mill (3383L70, Thomas 

Scientific). The Wiley milled wood (WMW) was further milled with a Retch PM-400 planetary 

ball mill to ball milled wood (BMW). A ratio of, jar volume (L) : grinding balls (kg) : sample 

weight (g) of 0.5 : 0.4 : 40 was used. The ball milling procedure was two hours at 300 rpm.  

Pretreatment 

The Urea pretreatment was performed with four varying parameters between the samples. 

The material used was either WMW or BMW, the urea concentration was between 2-6 M, the 

time was either 3 or 18 hours and the L:W (liquor:wood) ratio was either 4 or 10. The 

pretreatment was done by adding 5 g of material to the urea solution and stirring it with a 

magnetic stirrer for the given time at room temperature. After the treatment the samples 

were centrifuged for 20 min at a speed of 4800 rpm a total of three times. Between 

centrifugations the residue was washed with de-ionized water. The parameters for each 

sample are given in Table 1 

Table 1. Parameters of all urea pretreatments. 

SAMPLE MATERIAL UREA CONC. [M] TIME [h] L:W RATIO 

U1 WMW 2 3 10 

U2 WMW 4 3 10 

U3 WMW 6 3 10 

U4 WMW 2 18 10 

U5 WMW 4 18 10 

U6 WMW 6 18 10 

U7 BMW 2 18 4 

U8 BMW 4 18 4 

U9 BMW 6 18 4 

 

For the carboxymethylation pretreatment, a 1.5 M NaOH solution was prepared with a 70:30 

ethanol:water ratio and added to 10 g of WMW in a round bottom flask. Afterwards, 14.175 
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g of chloroacetic acid was dissolved and then added to the mixture. The total amount of 

solvent used was 160 ml giving a L:W ratio of 16. The temperature was raised to 60 °C and 

kept under stirring for the given time. The L:W ratio used for the carboxymethylation samples 

was 16. The reaction was stopped by adding acetic acid until pH was measured neutral using 

pH paper. The samples were filtered and washed three times with 180ml of 70:30 

ethanol:water using a Buchner funnel and a glass fiber filter paper. The two 

carboxymethylation samples had a reaction time of 24 and 48 hours respectively, and were 

named CM24 and CM48 thereafter.  

Extraction 

The extraction equipment used was a Accelerated Solvent Extractor 350 (Dionex, Sunnyvale, 

CA, USA) instrument together with 66 ml Dionium zirconium extraction cells (Dionex). The 

software for controlling the ASE 350 was Chromeleon 7.2.10 (Dionex, Sunnyvale, CA, USA). 

The extract was collected in 250 ml bottles and the lignin precipitate was filtered through glass 

microfibers filter (5-13 µm, 90 mm) purchased from VWR. ASE extraction glass fiber filters was 

purchased from Thermo Scientific. 

Samples U1-6 all underwent the same exraction procedure. The treated sample was placed in 

a 66 ml Dionium zirconium extraction cell between two ASE extraction glass fiber filters. The 

extraction used a 70:30 ethanol to water ratio with 1% (w/w) sulfuric acid solution. The 

extraction was performed with 9 static cycles of 5 minutes each at a temperature of 140 °C. 

The parameters between cycles were the following: rinse volume of 100% and a purge time 

of 90 seconds. After extraction, 140 ml of deionized water was added to the solution with the 

extracted material. A rotary evaporator was then used to remove the ethanol. The material 

was centrifuged and the residue was freeze dried overnight. 

The extraction procedure for U7–U9 was performed in a round bottom flask at 80°C for 2 

hours. A L:W ratio of 16 was used and the same solvent ratio and sulfuric acid amount as 

above. The product was filtered using a Buchner funnel. After the extraction 140 ml of ethanol 

was added to the round bottom flask before rotary evaporation was performed. Following the 

rotary evaporation, the material was centrifuged and the residue was freeze dried overnight. 

For CM24 and CM48, the same extraction procedure was used as U1–U6 with the exception 

of a reduced number of cycles from 9 to 6. The sample was mixed with diatomaceous earth in 

a 1:2 (w/w) ratio to prevent clogging in the extraction cell. 

FTIR 

A PerkinElmer Spectrum 100 instrument equipped with a diamond crystal was used to analyze 

the chemical composition of the lignin and residues after extraction. The measurements were 

performed by running 16 scans in the between 600 and 4000 cm-1. The data was analyzed with 

PerkinElmer Spectrum software V10.5.1. 

NMR 

All NMR spectroscopy analysis was performed on Bruker Avance 400 UltraShield (Bruker 

Corporation, Billerica, MA, USA). All NMR data was analyzed using MestreNova (v.9.0.0, 

Mestrelab Research). 
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For HSQC and HMBC, 80 mg of lignin was dissolved in 550 μl DMSO-d6. The program used to 

acquire the spectra was “hsqcetgpsi” and “HMBCGP”. The only parameter changed from the 

standard in the HSQC program was the number of scans to 4. For HMBC the parameter that 

was changed was D6 to 60 µs. Data processing was done using a 90°-shifted square sine-bell 

apodization window in Mestrenova. An automatic phase correction was applied and the 

baseline was corrected using Bernstein polynomial fit of the third order for both 1H and 13C. 

The DMSO-d6 peak was found and set as reference at δC/δH 2.5/39.5 ppm. 

For 31P NMR, an internal standard solution was prepared to achieve the following mixture: 

60 mg ml-1 eHNDI and 5 mg ml-1 Cr(AcAc3) relaxing agent using pyridine as a solvent. Sample 

preparation was done by first dissolving 30 mg of lignin in 100 μl of N-dimethylformamide and 

then adding 100 μl of pyridine. Afterwards the 50 μl of the internal standard solution and 100 

μl of Cl-TMDP was added. Finally, 450 μl of CDCL3 was added dropwise to the sample. The 

following program was used for the analysis “N P31ig”. The parameters that were changed 

was the number of scans to 256 and relaxation delay to 5 s. The data was phase corrected and 

then the baseline was corrected by a Bernstein polynomial fit of the third order. The peak for 

eHNDI was set as a reference point at 132.2 ppm. 
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Results and Discussion 

Extraction 

All pretreated samples were analyzed with multiple methods to gain an understanding of the 

effect of the pretreatment. The samples were distinguished in three categories. The first two 

being urea pretreatment samples, the first one with WMW and the second one with BMW as 

biomass. The third category was the carboxymethylation pretreatment. The lignin yield of all 

samples after pretreatment and extraction was measured as a mass percentage of total 

theoretical lignin, assuming 27% lignin in spruce. Afterwards the lignin and residue were 

analyzed with analytical techniques such as FTIR and different methods of NMR. With these 

analytical techniques the goal is to gain insight on how the pretreatments have affected the 

lignin from a chemical perspective. They are used to gain an understanding on not only what 

changes have occurred but also where in the lignin structure these changes occured. This 

information can then be used to optimize the pretreatment conditions to achieve a lignin of 

preferable chemical and physical properties of lignin that can be tailored based on the relevant 

applications. From a lignin-valorization perspective, the yield of the lignin extraction is of equal 

importance to the properties of the lignin.  

 
Figure 4. Yield of total theoretical lignin of U1–6 after carboxymethylation pretreatment, the 

red line signifies the yield of the reference. 

Urea swelling as a pretreatment had an increase of yield on all samples. As can be seen in 

Figure 4, the non-treated reference sample had a yield of 40.79% lignin from the sample 

weight. The highest yield was from U5 with a pretreatment time of 18 hours with 4 M urea 

solution at 47.79% yield. U1–3 had a lower yield than U4–6, the difference between the groups 

is the pretreatment time. U1–3 had a lower pretreatment time of three hours compared to 18 

hours of the latter samples. From these results it seems that three hours is not enough time 

42,28
43,81 43,30

45,61

47,79
46,67

40,79

U1 U2 U3 U4 U5 U6
0

10

20

30

40

50

Y
ie

ld
 (

%
)



10 
 

to induce maximal swelling because a swelling time of 18 hours resulted in higher yields.  It is 

likely that the effect of swelling as a function of time is similar to a logarithmic function. 

Meaning, the samples swelled fast in the beginning, but the swelling slowed down with time 

when it came to an asymptote of maximal achievable swelling. The recalcitrance of wood 

makes swelling with urea a slow process and requires the pretreatment time to be long. 

The concentration of the urea solution seems to influence the yield. Increasing the 

concentration from 2 M to 4 M (U1–2 and U4–5) increased the yield in both. Further increasing 

the concentration to 6 M seemed to slightly lower the yield. When swelling milled wood with 

urea, some lignin was solubilized in the solution. In the case of swelling unbleached kraft pulp 

with urea, around 10% of the total lignin is solubilized in the solution [23]. If it is possible to 

retrieve the soluble lignin by e.g. precipitation, then the total yield could be even higher by 

combining the soluble and extraction fraction. 

 
Figure 5. Yield of total theoretical lignin of U7–9 after urea pretreatment, the red line signifies 

the yield of the reference.  

By comparing Figure 4 and Figure 5, it was observed that all the BMW samples had a 

significantly lower yield compared to the WMW samples. Nevertheless, the urea pretreatment 

for BMW samples still increased the yield compared to the reference sample. The reasons 

lowered yield is most likely due to the difference in extraction procedure. While the WMW 

samples were extracted using cyclic extraction at 140 °C, the BMW samples were extracted in 

a round bottom flask at a temperature of 80 °C. The temperature used in the BMW samples 

is very low and is doubtlessly the main reason for the difference in yield as there is a strong 

correlation between temperature and yield [9].  

For both materials the implementation of a urea pretreatment increased the yield compared 

to their respective reference. The yield increases for WMW urea samples ranged between 1% 

and 7%. The effect of urea on the yield of the BMW was between 8% and 16%. The difference 
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of the increase in yield can be because of the increased swelling after the ball milling 

pretreatment, because swelling makes the components in wood more accessible for the acid 

catalyst in the extraction. Visually, the BMW samples seemed to swell more than the WMW 

samples and form into a gel-like material. Ball milling increases the surface area and 

accessibility of the wood more even after wiley milling, which could explain the increase in 

swelling. It is possible that another factor for the swelling increase in BMW is because of the 

composition difference in the material induced by ball milling [24]. After ball milling the wood 

particles become fine and it is believed that they could clog and possibly damage the ASE 

instrument if it was used with this material. That is why the extraction procedure between the 

materials was different and therefore it is difficult to compare the effect of urea 

pretreatments depending on the material. It is possible to conclude that using a urea 

pretreatment has a positive effect on the lignin yield. Increasing the concentration to 6 M for 

BMW seemed to further increase the yield but not for the WMW samples. However, it is 

evident that a three-hour pretreatment time is not enough for maximal swelling and 

increasing the time to 18 hours gives better results from a yield viewpoint.  

 
Figure 6. Yield of total theoretical lignin of CM24 and CM48 after carboxymethylation 

pretreatment, the red line signifies the yield of the reference. 

The pretreatment time of the carboxymethylation samples is much higher than that of the 

urea pretreatment samples because of the different goal and mechanism of this 

pretreatment. The goal of the carboxymethylation pretreatment is to chemically modify the 

fibers to activate them for lignin extraction. The wood structure is activated by introduction 

of charged carboxymethyl groups which will then repel each other and introduce swelling in 

the system. Due to the recalcitrance of the wood fibers the expected reaction time is longer 

than the traditional carboxymethylation of cellulose reaction time. Samples that underwent a 
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carboxymethylation pretreatment increased their yield by 11% to 13% in respect to their 

reference. Comparing CM24 and CM48, the only difference is the pretreatment time that went 

from 24 to 48 hours which resulted in a slight increase in yield. It is difficult to compare the 

results of the carboxymethylation pretreatment to the urea as the extraction procedure was 

different for these samples. Both CM24 and CM48 were extracted using the ASE just like U1-

6, but the number of cycles was reduced from nine to six. When trying to extract the 

carboxymethylated wood with nine cycles, the instrument clogged. By using diatomaceous 

earth in a 1:2 (w/w) ratio in the sample and reducing the number of cycles the instrument 

stopped clogging. Unlike the urea pretreatment, carboxymethylation must have changed the 

properties of the wood in such a way as to cause clogging in the instrument. The change in 

properties causing the clogging can be either the swelling of the wood or the introduction of 

charges in the wood surface. 

Figure 7. The first row showing the reference fibers and the fibers after pretreatment. The 

second row showing U6, U9 and CM48 lignins each with their respective reference to the left 

of the sample. 
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Both pretreatment methods changed the color of the fibers and slightly changed the color of 

the lignin product after extraction. While urea pretreatment made the fibers become brown-

red, the carboxymethylation resulted in bright yellow fibers. This is possibly the result of 

chemical modification of the fibers. Both pretreated fibers were also ‘fluffier’ than the non-

treated fibers. For the BMW urea lignin, the lignin was finer than the reference and other 

lignin samples, this is due to the ball milling pretreatment reducing the particle size. 

FTIR 

FTIR is a powerful analytical technique, it enables the identification and characterization of 

chemical compounds based on their unique infrared absorption patterns. By analyzing the 

interaction between infrared radiation and the sample, FTIR provides valuable information 

into the functional groups, molecular structure, and composition of substances. 

 

 
Figure 8. FTIR spectra of U6 and CM48 lignin and respective fibers after pretreatment. Blue 

dotted rectangle signifying the carbonyl peak at 1720 nm-1. 

As can be seen in Figure 8, there is no noticeable difference between the reference sample 

and the U6 which is used as a representative for the rest of the urea samples. The same 

conclusion can be drawn for the residues for the urea samples. Meaning that no urea has in 

any way chemically modified the material and there is no urea left in the material after 

washing. This does not necessarily mean that it had no effect as a pretreatment, as it still can 

have physiologically altered the wood by inducing swelling in the fibers. But there is likely no 

addition of new bonds introduced in the system from a reaction with urea.  
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For the carboxymethylation samples, a new carbonyl peak at 1720 nm-1 can be observed. This 

shows that the lignin has been chemically modified and it has been successfully 

carboxymethylated [25]. The residues have a similar peak at 1720 nm-1 and the peak likely 

corresponds to the carboxymethylated lignin in the residue. Other than the aforementioned 

peak, there are no noteworthy differences between the carboxymethylated samples and the 

residues compared to their respective references. FTIR does not give us information regarding 

the location of the added carbonyl peak in the material. With only this information it is difficult 

to conclude whether the carbonyl peak was added to the phenolic or the aliphatic region of 

the lignin groups. To confirm the location of the chemical alteration from the pretreatment, 

more analysis with other methods was implemented.  

NMR 

NMR spectroscopy is a valuable analytical method that is utilized to characterize the chemical 

structure and composition of compounds. All extracted lignins were analyzed by 31P NMR and 

2D NMR techniques such as HSQC and HMBC. These methods were used to identify and 

quantify lignin inter-units and functionalities. P-NMR spectroscopy focuses specifically on the 

analysis of phosphorus-containing compounds providing insights into phosphorus-based 

compounds structure and reactivity. Lignin does not contain phosphorus but it can be 

derivatized with Cl–TMDP so the method is applicable in analyzing lignin. HSQC is a two-

dimensional NMR experiment that correlates proton and carbon chemical shifts. It helps in 

determining how different atoms in a molecule are connected, providing valuable information 

about molecular structure. HMBC is another two-dimensional NMR technique that provides 

information about long-range couplings between protons and carbons. Together these 

techniques allow for a more detailed analysis of complex chemical systems. 
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Figure 9. HSQC spectra of CM48 lignin. f1 corresponds to the 1H dimension and f2 to the 13C 

dimension 

Comparing the 2D NMR spectra of sample to that of the reference, there are two new peaks 

which correspond to the methylene of the carboxymethylated regions of the lignin. These are 

located at δC/δH at 4.7/64.9 and 4.0/67.0 ppm. The lignin molecule in Figure 9 was drawn with 

Chemdraw and used to predict the 1H and C-NMR shifts. Chemdraw predicted the peaks to 

show at δC/δH 4.3/67.4 ppm for the –CH2 the blue region in Figure 9. For the green regions –

CH2, the prediction was δC/δH 4.7/67.8 ppm. The use of Chemdraw gave a good estimation to 

predict which peak corresponds to which region in the HSQC spectra, but more analysis was 

involved to determine for certain the origin of the peaks. In Figure S12 there is a chemical shift 

for Hibbert’s Ketone γ (HK) located in the same area as the predicted carboxymethylation in 

the aliphatic region. However, in the reference, there is also a peak at δC/δH 3.6/44.3 ppm 

which corresponds to HKα which is not visible in CM24 and CM48. But this can be due to it 

being a relatively small peak and difficult to analyze. It is important to note the existence of 

the HKγ as it can interfere with the semi-quantification of the aliphatic carboxymethylation 

group. The results from the HSQC also shows that the lignin is pure in regards to sugars as a 

contaminant from the extraction as there were no peaks in the carbohydrate anomeric region. 
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Figure 10. HMBC spectra of CM48 lignin. f1 corresponds to the 1H dimension and f2 to the 13C 

dimension 

There are two noteworthy peaks in the HMBC spectra which are located at δC/δH 4.6/170 ppm 

and δC/δH 4.1/169 ppm. The first peak likely corresponds to the δC/δH 4.7/64.9 ppm chemical 

shift in the HSQC spectra. The 13C shift at 170 ppm belongs to the carbonyl group in the 

aromatic region which Chemdraw also predicted to be at the same ppm. The other 

noteworthy peak found in HMBC at δC/δH 4.1/169 belongs to the δC/δH 4.0/67.7 ppm 

chemical shift found in the HSQC spectra. The 13C carbonyl shift found in the HMBC is also at 

169 ppm which agrees with the Chemdraw predictions for the carbonyl. With HMBC NMR it 

has been possible to confirm the peaks in the HSQC spectra and ascertain their location in the 

lignin molecules.  

There is a new peak in Figure 9 and Figure S13 that does not exist in the reference spectra. 

The peak is located at δC/δH 4.1/60.0 ppm and is marked in a black circle in Figure 9. It was 

not possible to decide for certain from what group and location in lignin the peak is from. 

However, it most likely is a product of the carboxymethylation pretreatment as it also is in the 

same region as other –CH2 groups and with an intense signal. It is unlikely the peak is from a 

contaminant because of the intensity of the signal and its existence in both CM24 and CM48.  
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Figure 11. Semi-quantification from HSQC spectra and the sum of the common inter-unit 

linkages in the urea pretreatment lignin samples. 

All the extracted samples inter-unit linkages were quantified with HSQC NMR. The results of 

the urea pretreated samples show that there aren’t major differences between the references 

and the samples. Common for all samples is the high amount of β-O-4′ content and a high 

amount of total quantified inter-unit linkages. All urea pretreated samples had a higher β-O-

4′ content compared to their reference with the exception of U8. However, in some cases the 

increase was marginal. The high amount of quantifiable known native-lignin linkages shows 

that the pretreatment method preserves the native lignin structure. This is a great advantage 

for the urea pretreatment method as it is benefit from a valorization viewpoint.  
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Figure 12. Semi-quantification from HSQC spectra and the sum of the common inter-unit 

linkages in the carboxymethylation pretreatment lignin samples. 

Carboxymethylation as a pretreatment method seemed to have an effect on the total amount 

of quantifiable inter-unit linkages. For CM24 and CM48 the amount is 69.55 and 63.88 % 

respectively, which is the lowest of all the samples and references including U1–9. It is 

important to note that HKγ was not measured for CM24 and CM48 because of the aliphatic 

carboxymethylation overlap mentioned previously. Since HKα was not found in CM24 and 

CM48, and the amount of HKγ in all other samples is roughly 1% then it is safe to say that HK 

does not account for the whole difference in the total amount of quantifiable inter-unit 

linkages. The difference does not come from a specific group but instead comes from most 

inter-unit linkages in the samples being slightly lower than the reference. The β-O-4′ content 

of both samples is roughly 40% which is similar to the urea samples. However, compared to 

the reference they are almost 8% lower. Almost all other inter-unit linkages are between 0.5–

4% lower compared to their respective reference content. Of these linkages, the second 

biggest difference is Coumaryl aldehyde with a decrease of around 2,4% for the two samples. 

It is difficult to conclude whether the decrease in the amount of quantifiable inter-unit 

linkages correlates to the increased pretreatment time since there are only two samples. It is 

possible that the reduction of native-lignin linkages is due to the alkaline conditions of the 

pretreatment. The molarity of the NaOH used in the pretreatment was 1.5 M which possibly 

caused some hydrolysis in the lignin during the pretreatment. 
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Figure 13. Semi-quantification from HSQC spectra of the carboxymethylated aliphatic and 

carboxymethylated phenolic regions of CM24 and CM48. 

The addition of phenolic carboxymethyl groups is almost 17% of all aromatic groups. The 

difference between the two samples is minimal and time didn’t seem to have an effect on the 

phenolic carboxymethyl content. However, there exists a big disparity in the aliphatic 

carboxymethyl content between CM24 and CM48. While CM48 contains 15% carboxymethyl 

groups in the aliphatic region of all aromatic groups, CM24 has more than double the content 

with 33%. These results coincide with previous research showing that a longer reaction time 

can results in result in lower amounts of carboxymethyl groups in lignin [22]. For the reference 

sample there were small signals in both the aliphatic and phenolic regions. These signals can 

be attributed to noise and in the aliphatic region it could also be due to overlap with HKγ. This 

information should be taken into consideration when estimating the carboxymethylation 

content and the same regions were therefore quantified in figure 13. 
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Figure 14. Hydroxyl functionalities of CM24 and CM48 lignin. 

Quantitative P-NMR was used to further analyze the results of the carboxymethylation 

pretreatment. The P-NMR from results Figure 14 for CM48 shows that it has a lower aliphatic 

and carboxylic acid OH content than CM24. The results agree with the aliphatic 

carboxymethylation content seen in Figure 9. Although, CM48 has lower content carboxylic 

acid OH than CM24, they both have a much greater amount than the reference. This shows 

that the pretreatment was successful in adding a substantial amount of carboxymethyl 

groups. Another noticeable difference is the lowered content of guaiacyl OH units in the 

carboxymethyl samples. This is likely a result of phenolic carboxymethyl groups replacing the 

guaiacyl units in the para position. In this case, the reduction in guaiacyl OH content for both 

contents is similar which agrees with the results from Figure 9 regarding the two samples 

having similar phenolic carboxymethyl content. The same can be seen for samples p-hydroxy 

phenyl OH content, both have been reduced indicating the addition of the carboxymethyl 

groups in the p-hydroxy phenyl units.   
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Conclusions 
In this work, the effect of using urea and carboxymethylation as a pretreatment to improve 

the extraction of lignin has been evaluated. The properties of the pretreatments that were 

investigated were the chemical properties of the lignin and the total yield of lignin from the 

extraction. It was shown that both pretreatment methods resulted in higher yields. Urea 

pretreatment resulted in an increase of 1-7% increase in yield when WMW as material and 8-

16% with BMW. The results indicate that increasing the pretreatment time from 3 to 18 hours 

increases the yield further. Increasing the urea concentration from 2 to 4 M for WMW had a 

positive effect on yield, but increasing the concentration further reduced the yield. FTIR and 

NMR analysis of the urea pretreated samples shows that the chemical structure of neither the 

fibers or the lignin was altered. 

Carboxymethylation pretreatment increased the yield of lignin from extraction by 11-13%. 

Increasing the pretreatment time from 24 to 48 hours increased the yield further. FTIR 

confirmed the chemical change of the carboxymethylation pretreated samples with the 

introduction of a carbonyl peak found at 1720 nm-1. When the chemical structure was 

investigated further with HSQC combined with HMBC NMR it was shown that three new peaks 

have been introduced, two of them belong to carboxymethylated aliphatic and 

carboxymethylated phenolic units respectively. The last peak was unknown and could not 

pinpointed during this work. Increasing the pretreatment time from 24 to 48 hours reduced 

the carboxymethylated aliphatic groups and also reduced the total amount of quantifiable 

inter-unit linkages. 
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Appendix 

HSQC Tables 

Table S1. Chemical shifts used in HSQC quantification of inter-unit linkages [9]. 

Shift C2 β-O-4´α β-O-4´Et, α β-O-4´β DBDOβ β-5´α β-β´α 

β-1´, 

stilbene

α 

β-5´, 

stilbeneβ 

Coumaryl

aldehydeα 
Enoletherα Hky 

1H 7.80-6.05 5.41-4.40 4.77-4.13 4.58-4.00 4.01-3.70 5.80-5.16 4.77-4.5 7.10-6.90 7.44-7.167 7.80-7.40 6.27-6.07 4.26-4.09 

13C 
113.2-

102.0 
73.8-68.7 81.0-77.3 89.0-80.5 87.8-82.9 91.0-83.2 86.4-83.1 

127.8-

124.4 

121.0-

116.9 

156.4-

151.0 

113.7-

110.4 
68.5-64.6 

 

Table S2. Quantification of carboxymethylated content, % per 100 Aromatics. 

Sample 
Carboxymethylated 

Aliphatic 

Carboxymethylated 

Phenolic 

Reference 1,27 0,43 

CM24 33,195 16,845 

CM48 14,985 16,68 
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Table S3. Quantification of inter-unit linkages, % per 100 Aromatics. 

Sample β-O-4´ DBDOβ β-5´ β- β´ 
β-1´, 

stilbeneα 

β-5´, 

stilbeneβ 
CA Enolether α HKγ 

Reference 

1-6 
41,41 0,72 14,02 4,38 11,85 1,49 1,82 0,7 1,51 

U1 46,64 1,25 14,06 5,29 10,4 2,69 2,63 0,41 1,19 

U2 43,55 3,43 13,77 4,86 10,13 1,55 2,17 1,06 1,35 

U3 42,51 1,53 13,58 4,71 12,68 2,11 2,64 0,52 0,91 

U4 43,23 1,09 12,16 4,05 12,8 1,37 2,76 0,43 2,19 

U5 42,62 1,64 12,7 3,74 10,17 1,4 1,58 0,68 1,22 

U6 41,52 2,11 11,93 3,94 11,72 2,14 1,88 0,67 0,64 

Reference 

7-9 
41,23 2,58 11,7 3,41 15,71 3,45 3,12 0,65 1,49 

U7 41,31 1,9 10,65 3,51 11,22 1,43 2,18 0,11 0,66 

U8 38,93 2,5 13,07 3,41 12,99 2,27 0,96 0,28 0,59 

U9 43,09 1,2 13,11 4,28 13,98 1,65 2,62 0,44 1,09 

Reference 

CM 
47,22 1,06 13,62 5,38 9,91 2,47 2,88 0,54 1,5 

CM24 39,67 0,55 13,88 2,48 10,83 3,04 0,7 -1,6  

CM48 39,31 0,55 9,78 4,48 8,57 0,46 0,27 0,46  
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Lignin HSQC Spectra 

Figure S1. HSQC spectra of lignin sample Reference 1-6. f1: 13C, f2: 1H  

 
Figure S2. HSQC spectra of lignin sample U1. f1: 13C, f2: 1H  
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Figure S3. HSQC spectra of lignin sample U2. f1: 13C, f2: 1H  

 
Figure S4. HSQC spectra of lignin sample U3. f1: 13C, f2: 1H  
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Figure S5. HSQC spectra of lignin sample U4. f1: 13C, f2: 1H 

 
Figure S6. HSQC spectra of lignin sample U5. f1: 13C, f2: 1H 
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Figure S7. HSQC spectra of lignin sample U6. f1: 13C, f2: 1H 

 
Figure S8. HSQC spectra of lignin sample Reference 7-9. f1: 13C, f2: 1H 
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Figure S9. HSQC spectra of lignin sample U7. f1: 13C, f2: 1H 

 
Figure S10. HSQC spectra of lignin sample U8. f1: 13C, f2: 1H. 
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Figure S11. HSQC spectra of lignin sample U9. f1: 13C, f2: 1H. 

 
Figure S12. HSQC spectra of lignin sample Reference CM. f1: 13C, f2: 1H. 
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Figure S13. HSQC spectra of lignin sample CM24. f1: 13C, f2: 1H  

P-NMR table 

Table S4. Chemical shifts used in P-NMR quantification of hydroxylic content. 

Sample eHNDI 
Aliphatic 

OH 

C5-condensed 

OH 

Guaiacyl 

OH 

p-hydroxy 

phenyl OH 

Carboxylic 

acid OH 

Chemical 

shift 
152.3-151.7 149.1-145.1 144.7-141.1 

140.6-

138.8 
138.2-137.3 136.6-133.6 

 

Table S5. Quantification of hydroxylic content. 

Sample Aliphatic OH 
C5-condensed 

OH 

Guaiacyl 

OH 

p-hydroxy 

phenyl OH 

Carboxylic 

acid OH 

Reference 4,28549 0,34763 1,04858 0,07978 0,15957 

CM24 4,2684 0,38752 0,29634 0,03419 1,4304 

CM48 3,18562 0,21655 0,24505 0,0228 0,57558 
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P-NMR spectra 

 
Figure S14. P-NMR spectra of lignin sample Reference CM. 

 

 
Figure S15. P-NMR spectra of lignin sample CM24. 
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Figure S16. P-NMR spectra of lignin sample CM48. 


