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Abstract

Over the past decade, advances in lignin characterization methods have led to a better 

understanding of lignin structure and reactivity. Novel chromatographic and spectrometric 

techniques, especially NMR, are now essential and routine for lignin analysis. Among these methods, 

quantitative 31P NMR spectroscopy proved itself as a powerful technique for the qualitative and 

quantitative analyses of diverse types of hydroxyl groups in lignin. Nevertheless, 31P-NMR 

spectroscopy is typically accomplished using high-field NMR equipment that necessitates substantial 

investment and operational cost, limiting its ability to be employed as a routine tool for analysis and 

quality control in a production environment. In this work 31P-NMR experiments were performed on 

several lignins, including technical, depolymerized, and modified lignins, using both an 80 MHz 

benchtop NMR and a 400 MHz high-field conventional NMR. Both NMR spectrometers showed 

similar results for both non-functionalized and modified lignins. This work demonstrates that low-



2

field benchtop NMR is an excellent alternative to the conventional high-field NMR equipment to 

analyze the hydroxyl content of lignins.

31P

Lignin

Keywords: lignin, benchtop, 31P NMR, hydroxyl groups.

1. Introduction

Lignin is one of the three main components of biomass together with cellulose and hemicellulose. 

Interest in lignin has been rising during the last decade since it is the most abundant natural source 

of aromatics on earth and the second largest biomacromolecule after cellulose.(Baral et al., 2019; 

Liu et al., 2019) Lignin is made of three different monomers (monolignols), namely p-coumaryl, 

coniferyl and sinapyl alcohols (H, G and S units respectively), that are linked together through ether 

(e.g. β-O-4 and 4-O-5) and carbon-carbon (e.g. β-5 and 5-5) linkages resulting from a radical 

polymerization Figure 1. (Ralph et al., 2019) A growing number of companies are currently 

commercializing lignin using different extraction and processing technologies such as Kraft, sulfite, 

and organosolv processing.(Van Nieuwenhove et al., 2020) Indeed, lignin production is growing fast, 

and this trend is expected to continue for the coming years to overcome the dependence on non-

renewable resources and abide by the increasing stricter environmental legislation. (Dessbesell et 
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al., 2020) Nonetheless, lignin valorization to produce biobased chemicals and materials is still a 

challenge due to its highly heterogeneous nature. Therefore, universities and research institutes are 

currently joining forces along with companies to offer lignin-based chemicals and materials as 

alternatives to fossil-based resources. (Gosselink et al., 2020)
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Figure 1 Monolignols of the G, S and H units and a representative structure of lignin with the most 
common bonds such as β-β, 4-O-5 and β-O-4.

The first crucial phase towards efficient lignin valorization is the understanding of the reactivity of 

lignin through in-depth characterization of its structure. Yet, analyzing a highly heterogeneous 

material that exhibits a complex structure and properties that are highly dependent on the 

extraction process is challenging. For example, lignin solubility is a critical factor that may hamper its 

characterization by certain methods such as GPC and NMR.(Meng et al., 2019; Tolbert et al., 2014)

A range of different spectroscopic and chromatographic techniques was developed to elucidate the 

physicochemical characteristics of lignin. Methods such as GC–MS, ToF-SIMS, near-infrared 

spectroscopy (NIR), and NMR significantly improved our understanding of lignin.(Hu et al., 2016; 

Serrano et al., 2018; Stark et al., 2016) Yet, only NMR could offer advanced insights into lignin 

structure.(Balakshin and Capanema, 2015; Jiang et al., 2018) Amongst the common NMR 

spectroscopic techniques, 31P-NMR and 2D 1H-13C Heteronuclear Single-Quantum Coherence (HSQC) 

NMR outperform 1D 1H and 13C NMR when it comes to lignin characterization. 31P-NMR is used to 
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determine the amount (in mmol/g) of reactive OH groups along with their types (i.e., aliphatic, 

aromatic condensed and uncondensed, and carboxylic acid) in lignin(Meng et al., 2019)Figure 2. 

While 2D 1H-13C HSQC is mostly used to study the interlinkages between lignin units and 

lignin–carbohydrate complexes (LCCs).(Wen et al., 2013; Yuan et al., 2011) However, despite all 

efforts made by several research groups working on 2D 1H-13C HSQC, there is still a need for a 

universally accepted standardized protocol (pulse program) to follow while performing HSQC 

analyses.(Crestini et al., 2011; Talebi Amiri et al., 2019; Van Aelst et al., 2020; Zeng et al., 2013; Zhao 

et al., 2019; Zijlstra et al., 2019) Accordingly, the comparison of different 2D 1H-13C HSQC spectra of 

lignin could be difficult or even impossible unless the same pulse programs are used. On the other 

hand, a standard protocol exists in the case of 31P analysis. This protocol is widely accepted by the 

scientific community for lignin analysis(Meng et al., 2019) and the characterization of tannins or 

tricin-related compounds.(Li et al., 2017) This protocol was developed by the group of Argyropoulos 

in the ’90s based on the phosphitylation of lignin with different phosphorus reagents.(D. S. 

Argyropoulos, 1994; Granata and Argyropoulos, 1995) The method permits the differentiation and 

quantification of distinct types of hydroxyl groups, in particular aromatic OHs, which are the pivotal 

functionalities that influencing lignin reactivity.(Meng et al., 2019) Nevertheless, the required 31P 

analysis was always done using high-field (HF) NMR equipment that necessitates considerable 

investment and operational costs which is limited to large research facilities. A minimal spectral 

resolution is required to distinguish between aliphatic, condensed and uncondensed phenol 

hydroxyl groups for the correct quantification of the hydroxyl content in lignin (Figure 3). Within this 

contribution we want to show to the scientific community, both from industrial and academic sides, 

that low field benchtop NMR provides sufficient spectral resolution for the correct quantification of 

the different hydroxyl groups of technical, depolymerized and modified lignin’s. This can be an 

important practical and economic barrier that restrains the use of such characterization techniques 

in spinoffs and small to medium enterprises (SME) working on the valorization of lignin for routine 

analyses and quality control in a production setting.
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Figure 2Lignin 31P-NMR derivatization with 2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane 
(TMDP). UnAr: Uncondensed Aromatics, AlOH: Aliphatic OH, 5-S-Ar: 5-substituted aromatics or 
condensed aromatics, COOH: carboxylic acids.

Low-field (LF) benchtop NMR developments have evolved over the recent decade.(Castaing-Cordier 

et al., 2021; Giberson et al., 2021; Grootveld et al., 2019) Although the employed magnets and 

respective fields strengths are much lower than typical high field magnets used in conventional NMR 

machines, the capital investment, maintenance and support cost are also significantly lower than 

traditional high-field NMR equipment. Furthermore, low-field benchtop NMR is attractive since for 

most routine sampling and quality control the resolution and multiplicity of signals are not crucial for 

the 31P-NMR analysis of lignin and lignin-derived components. What matters in a quantitative 31P-

NMR is to have a reliable integration of the different hydroxyl moieties present in lignin, namely, 

aliphatic OH, aromatic OH (condensed and uncondensed), and carboxylic acids (COOH) Figure 3. Few 

papers reported in the literature highlight the advantages of using low-field benchtop NMR for lignin 

characterization(Rönnols et al., 2020) or reaction monitoring,(Kim et al., 2019) but none of which 

deals with 31P-NMR analysis. In this study, we prove that low-field benchtop NMR can offer a 

qualitative and quantitative lignin analysis with an accuracy and a precision comparable to that of 

high-field 31P-NMR techniques but with much lower investment in capital and maintenance cost.
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Figure 3 Standard lignin 31P-NMR spectra using TMDP as phosphorylating reagent and NHND as IS.

2. Materials and Methods

Dihydroconiferyl alcohol (DCA),(Pepper et al., 1971) dihydrosinapyl alcohol (DSA),(Hoover et al., 

2013) and propyl guaiacol dimer (PGD)(Lahive et al., 2020) were prepared according to existing 

protocols. Tyrosol, 3-phenyl-1-propanol (PP), sebacic acid, phthalic acid, catechol, phenol, propyl 

guaiacol (PG), N-Hydroxy-5-norbornene-2,3-dicarboxylic acid imide (NHND), 2-Chloro-4,4,5,5-

tetramethyl-1,3,2-dioxaphospholane (TMDP), dry pyridine, dry CDCl3, dry DMF, and chromium (III) 

acetylacetonate (Cr(acac)3) were bought from Merck Life Sciences, Across or TCI and used as such 

without subsequent purification or treatment. Kraft lignin (KL1) obtained from softwood was 

supplied by the LignoBoost plant of RISE (Sweden). KL2 is Kraft lignin derived from softwood as well. 

KL3 is a Kraft lignin derived from hardwood and supplied by Vertoro (The Netherlands). OS1 is an 

organosolv lignin extracted from hardwood (beech) provided by Fraunhofer following the procedure 

described in the literature.(Rossberg et al., 2019) OS2 is an organosolv lignin obtained from wheat 
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straw and supplied by Fortum (Finland). HL1-P is purified hydrolysis lignin derived from a hardwood 

mix purified as reported.(Corderi et al., 2021), EpOS1 was prepared according to described protocol 

by dissolving lignin in epichlorohydrin in the presence of tetrabutylammonium bromide.(Zhao and 

Abu-Omar, 2017) EMK-KL1 was prepared using KL-1 and a lignin modification method described in 

the literature.(Vendamme et al., 2020) Silylated modified lignin, Si-EMK-KL1, was obtained by 

reacting EMK-KL1 with tert-butyldimethylchlorosilane under basic conditions as described by Habibi 

et al.(Buono et al., 2016) Allyl-KL3 was obtained by treating KL3 with allyl bromide under basic 

conditions as described by Johansson et al.(Jawerth et al., 2016) LS1, is a sodium lignosulfonate. 

LHO1 and LHO2 are lignin hydrogenolysis oils produced using lignin first conditions.(Torr et al., 2011; 

Van den Bosch et al., 2015)

Phosphorus NMR sample preparation was done inside a glove box or under nitrogen flow in the 

fume hood as follows. A stock solution of CDCl3/Pyridine containing an internal standard (IS) and a 

relaxation reagent was prepared by dissolving 269.57 mg of NHND as internal standard and 24 mg of 

Cr(acac)3 in a mixture composed of 8 mL of CDCl3 and 12.8 mL of pyridine. About 100 mg of pre-dried 

molecular sieves (4 Å) were added to the glass container containing the stock solution.

The 31P-NMR sample preparation was done using the following protocol.(Meng et al., 2019) In a 1.5 

mL vial, about 30 mg of sample (for lignins, or about 10 mg for model compounds) were added. 

Afterward, 0.75 mL of the previously prepared stock solution were transferred to the sample’s vial 

with a glass gastight syringe (1000 µl). Then the sample was stirred until complete dissolution. 

Afterward, 100 µl of phosphorylating agent (TMDP) were added to the vial with a glass gastight 

syringe (100 µl) and stirred for a few minutes. Finally, all the content of the vial was transferred into 

the NMR tube. For the analysis of lignosulfonate (LS), CDCl3 was replaced by DMF-d7/DMF as 

reported before.(Stücker et al., 2018)
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The benchtop NMR used in this study is an 80 MHz Spinsolve Ultra series magnet from Magritek, 

equipped with a dual probe for 31P detection. Standard parameters for the 31P lignin analyses 

experiments were: 512 scans, D1 of 10 s, bandwidth of 154 ppm center frequency at 140 ppm, pulse 

angle of 90° with standard 1H decoupling. 

High field (HF) 31P-NMR spectra were measured on a 400 MHz Varian/Agilent spectrometer equipped 

with a 5 mm OneNMR probehead and using the s2pul pulse sequence. Standard acquisition 

parameters were: a 65° pulse of 9.0 μs, a spectral width of 17 kHz, an acquisition time of 1.2 s, a 

preparation delay of 10 s and 256 accumulations with 256 scans and standard 1H decoupling. 

The chemical shift scale () in ppm was always calibrated relative to the peak resulting from the 

reaction between TMDP and water at 132.2 ppm.

Theoretical OH values were calculated by dividing 1 by the molar mass of each compound and then 

multiplying by the number of OH specific to the studied lignin model compound.

Where Mw is the molecular weight of a given model compound and  represents the number of 

hydroxyl groups present in the molecule (e.g. catechol: 2 aromatic OHs).

Relative error was calculated using the following formula:

1. Results and Discussion

It is well known that the selection of the internal standard (IS) is crucial while performing 

quantitative analysis. Avoiding any peak overlapping between the IS and any other peaks is one of 

the main targets.(Zawadzki and Ragauskas, 2001) Furthermore, the stability of the internal standard 

commonly used in the 31P-NMR analysis of lignin is a very important factor that has been the subject 
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of several studies.(D. Argyropoulos, 1994; Balakshin and Capanema, 2015; Korntner et al., 2015) The 

most common internal standards are cholesterol, cyclohexanol, and NHND. Although this last is only 

stable for 3 h. after derivatization, its signal does not overlap with any OH functionalities of 

lignin.(Meng et al., 2019)

On the other hand, the phosphorylating reagent, which is a powerful electrophile, reacts with any 

traces of water, potentially compromising its reactivity with the OH groups in lignin samples or 

model compounds.(Meng et al., 2019) Consequently, sample preparation was done in a glovebox to 

avoid any trace of water or oxygen that contributes to the degradation of the phosphorylating 

reagent. Yet, since the use of a glovebox can increase the overall cost of 31P-NMR analysis and in a 

tentative to make the procedure attractive for spinoffs and small to medium enterprises (SME), 

some samples were prepared and analyzed under the fume hood and nitrogen flushing without any 

significative influence on the outcome of the analysis.

First, the reliability of the low field benchtop for 31P-NMR analysis of lignin was checked using some 

selected lignin model compounds Figure 4. These compounds were chosen in a way to cover 

different classes of hydroxyl groups so that one can have a better assessment of the accuracy of 31P-

NMR analysis using a low field magnet. Then, the results were compared with the calculated 

theoretical values (in mmol/g). 
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Figure 4 Model compounds employed concerning the hydroxyl group types they represent. UnAr: 
Uncondensed Aromatics, AlOH: Aliphatic OH, 5-S-Ar: 5-substituted aromatics or condensed 
aromatics, COOH: carboxylic acids.

3-phenyl-1-propanol (PP) was arbitrarily selected to optimize the parameters of the benchtop NMR 

for the 31P-NMR experiments, especially to get to know the minimum scans needed to have a proper 

integral value (obtained vs theoretical). It was found that 256 scans were adequate for the model 

compounds to have a suitable integration with no significant difference from 512 scans Figure 5. 

Thus, reducing experimental time and lowering the time-lapse between sample preparation and 

spectra acquisition. An overestimation of the experimental OH values versus the theoretical was 

observed in all cases (between 2% and 5%), from the first scan to scan 512. A constant integration 

value was observed from 200 scans onwards. Only when 100 scans or less are used a deviation of 5% 

was found, which might be because of a bad signal-to-noise ratio. Upon scans accumulation, the 
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difference was reduced with a factor of two and stayed stable up to 512 scans (Table S1). A D1 of 10s 

was found to be the right one also for the LF magnet. 
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Figure 5 Quantification of OH value (mmol/g) versus the number of scans (NS) used for the 80MHz 
benchtop NMR PP analysis. Relative errors are included for 80, 256 and 512 scans.

Once the number of scans was optimized on PP, these were applied to analyze the other lignin 

model compounds. The results obtained when 31P analyses were performed on the benchtop NMR 

are shown in Figure 6. The percentage of error was quite constant and independent of the hydroxyl 

group type (Figure 6, Table S2) which implies that the measured hydroxyl values are in agreement 

with those obtained by calculation regardless of the OH type. In every case, an overestimation of 

around 2 to 4% was obtained, which is an acceptable margin of error within the limits of a typical 

NMR analysis and the multistep protocol for the sample preparation. This permits us to conclude 

that 31P-NMR analysis performed using an 80 MHz benchtop NMR offers a good alternative for 

hydroxyl group quantification in the lignin models with reference to classical high-field NMR. 
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After testing the reliability of the 31P analysis on lignin model compounds using a low field magnet, 

some lignins with different botanical and process origins were analyzed using both high field (HF) 

NMR and low field (LF) benchtop NMR to allow a comparison. These lignin compounds can be 

classified into three distinct categories: 

1) Technical (or polymeric) lignins that include: Kraft lignin (KL), lignosulfonate (LS), hydrolysis lignin 

(HL), organosolv lignin (OS) and soda lignin (SL). It is to be noted that in this work two KL, two OS, a 

(purified) HL and a LS were used.

2) Lignin hydrogenolysis oils (LHOs) including LHO1 and LHO2 which are metal-catalyzed 

depolymerized low molecular weight lignin oils obtained under lignin first conditions(Abu-Omar et 

al., 2021) using a Palladium and Ruthenium catalyst, respectively. 

3) Modified lignins that refer to lignins whose structure has been modified under a certain reaction 

process like allylation, epoxidation and silylation, respectively allyl-KL3, EpOS1, Si-EMK-KL1, as well 

as EMK-KL1 which is a solvent extracted KL.
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As per the case of lignin model compounds, here lignin KL1 was used to determine the suitable 

amount of scans required to get reliable analysis results. Based on the OH values obtained after 

given scans (from 1 to 1024) it was concluded that for lignins 512 scans were sufficient to get a 

suitable signal-to-noise ratio and therefore reliable OH values (See SI, Table S3).

Upon analyzing technical lignins with both high field NMR and low field benchtop NMR, it was seen 

that the total OH values differed by 2 to 6% between both instruments except for LS, for which the 

deviation was 10% Figure 7. Particularly, an overestimation of the total OH value was found with the 

benchtop NMR analysis, in every case except for LS, following the trend observed for model 

compounds. These close results obtained with the two NMR instruments are quite impressive 

considering the difference in magnetic field strength and the complexity of the sample preparation 

involving several steps and a sample reactivity depending on time. To assess the precision and 

repeatability of the experiments on the benchtop NMR, samples KL1 and OS1 were analyzed three 

times. Standard deviations of total OHs value were 0.15 and 0.04 mmol/g respectively (Figure 7, 

Table S4) which shows an exceptional reproducibility of the 31P-NMR analyses. In addition, 31P-NMR 

experiments of KL1 and OS1 were performed with the sample preparation under the fume hood and 

not inside the glovebox. In those cases, an underestimation of 5% and 1% of total OH value was 

respectively observed to HF magnet (Table S4). Comparing those results to the average value for the 

experiments done in the LF NMR, and sample preparation inside the glove box, the underestimation 

was for both lignin samples, KL1 and OS1, 4%. These results demonstrated that even for sample 

preparation with standard laboratory facilities the total OH values obtained in the LF magnet are 

valid. 
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Figure 7 Comparison between the OH values of technical lignins using HF magnet vs LF magnet. KL1-
LF and OS1-LH include error bars on the total OH value that were obtained upon the analyses of three 
replicates. UnAr: Uncondensed Aromatics, AlOH: Aliphatic OH, 5-S

When analyzing lignin hydrogenolysis oils, LHO1 and LHO2 with the LF benchtop NMR, the results 

were even closer to the values obtained using an HF NMR spectrometer compared to the results 

obtained for the technical lignins. Indeed, the relative deviation was around 2-3%, with a similar 

overestimation of the OH values when using the LF benchtop NMR (Figure 8, SI Table S5). The 

smaller deviation between the LF and HF NMR results for the LHOs could be due to the lower 

heterogeneity of LHO compared to technical polymeric lignins, which results in sharper signals and 

therefore an easier integration of the peaks of the hydroxyl groups.
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Uncondensed Aromatics, AlOH: Aliphatic OH, 5-S-Ar: 5-substituted aromatics or condensed 
aromatics, COOH: carboxylic acids

In addition, some modified lignins were measured with both LF and HF magnets. The influence of the 

chemical modifications on the hydroxyl groups quantification using the LF benchtop NMR with 

reference to the HF NMR is represented in Figure 9. In the case of EMK-KL1 which is modified lignin 

resulting from the fractionation of KL1 using ethyl methyl ketone (EMK), the results show a 7.3% 

overestimation of the total OH content in the case of the LF NMR in comparison with the HF NMR. 

Reactions to realize allylated Kraft lignin (allyl-KL3) and epoxidized organosolv lignin (EpOS1) are 

more reactive towards aromatic OHs and carboxylic moieties than to aliphatic OHs. Therefore, the 

31P analysis in both HF and LF magnets did not show any aromatic unit and only the HF spectrometer 

showed a small COOH peak. The overestimation of the total OH content (mostly aliphatic OHs) was 

14.6% and 16% respectively. In the case of silylated Kraft lignin (Si-EMK-KL1), the modification was 

effective on both aromatic and aliphatic OH moieties. Indeed, a difference of 25% was obtained on 

aromatic OHs, 18% on aliphatic OHs and 27.5% overall. Another 31P NMR observation for modified 

lignins using LF benchtop NMR is that when the total OH value is low (≈ 1 mmol/g), the relative 

deviation from the HF NMR results for OH group quantification is high (up to 27.5%) (Figure 9, SI 
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Table S6). Still, the results obtained with the benchtop LF NMR are good enough to be able to assess 

and optimize some lignin modifications taken into consideration the easiness and low-cost of the 

analysis method.
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Figure 9 Comparison of OH values of certain modified lignins using a HF magnet vs a LF magnet. 
UnAr: Uncondensed Aromatics, AlOH: Aliphatic OH, 5-S-Ar: 5-substituted aromatics or condensed 
aromatics, COOH: carboxylic acids. Relative errors are included between t

2. Conclusion

The effectiveness of LF benchtop NMR for the quantification of OH groups in lignin models and 

different lignin types using 31P-NMR has been assessed. As compared to conventional 400 MHz HF 

NMR, no significant differences were observed in total OH for the model compounds, technical 

lignins, and lignin hydrogenolysis oils. In case of modified lignins the error found was above 10%. 

These results highlight the capabilities of a benchtop NMR as a routine analytical and quality control 

tool as it offers quantification of hydroxyl groups within short measurement times (90-180 min), 

using low sample amounts (±30 mg) along with a reasonable investment in infrastructure and 

maintenance.



17

CRediT authorship contribution statement

Jaime Gracia-Vitoria: Conceptualization, Methodology, Analysis, Writing. Maarten Rubens: 

Conceptualization, Methodology, Writing. Elias Feghali: Writing - review & editing. Peter 

Adriaensens: Analysis, Writing – review. Karolien Vanbroekhoven: Writing - review & editing. 

Richard Vendamme: Writing - review & editing. 

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships 

that could have appeared to influence the work reported in this paper

Acknowledgment:

The authors wish to acknowledge COST Action CA17128 “Establishment of a Pan-European Network 

on the Sustainable Valorization of Lignin (LignoCOST)”. VITO would like to acknowledge the province 

of Noord-Brabant (The Netherlands) for the financial support in the framework of the activities at 

the Shared Research Center Biorizon. VITO would like to acknowledge Catalisti ICON project 

(HBC.2018.0481) BIORESAL (BIO-based RESins from Aldehydes and Lignin) funded by Flanders 

Innovation & Entrepreneurship (VLAIO). Peter Adriaensens would like to thank UHasselt University 

and FWO Vlaanderen the support via the Hercules project AUHL/15/2 - GOH3816N.

References

Abu-Omar, M.M., Barta, K., Beckham, G.T., Luterbacher, J.S., Ralph, J., Rinaldi, R., Román-Leshkov, Y., 

Samec, J.S.M., Sels, B.F., Wang, F., 2021. Guidelines for performing lignin-first biorefining. 

Energy Environ. Sci. 14, 262–292. https://doi.org/10.1039/D0EE02870C

Argyropoulos, D., 1994. Quantitative Phosphorus-31 NMR Analysis of Lignins, a New Tool for the 



18

Lignin Chemist. J. Wood Chem. Technol. 14, 45–63. 

https://doi.org/10.1080/02773819408003085

Argyropoulos, D.S., 1994. Quantitative Phosphorus-31 NMR Analysis of Lignins, a New Tool for the 

Lignin Chemist. J. Wood Chem. Technol. 14, 45–63.

Balakshin, M., Capanema, E., 2015. On the Quantification of Lignin Hydroxyl Groups With 31 P and 

13 C NMR Spectroscopy. J. Wood Chem. Technol. 35, 220–237. 

https://doi.org/10.1080/02773813.2014.928328

Baral, N.R., Sundstrom, E.R., Das, L., Gladden, J., Eudes, A., Mortimer, J.C., Singer, S.W., 

Mukhopadhyay, A., Scown, C.D., 2019. Approaches for More Efficient Biological Conversion of 

Lignocellulosic Feedstocks to Biofuels and Bioproducts. ACS Sustain. Chem. Eng. 7, 9062–9079. 

https://doi.org/10.1021/acssuschemeng.9b01229

Buono, P., Duval, A., Verge, P., Averous, L., Habibi, Y., 2016. New Insights on the Chemical 

Modification of Lignin: Acetylation versus Silylation. ACS Sustain. Chem. Eng. 4, 5212–5222. 

https://doi.org/10.1021/acssuschemeng.6b00903

Castaing-Cordier, T., Bouillaud, D., Farjon, J., Giraudeau, P., 2021. Recent advances in benchtop NMR 

spectroscopy and its applications. pp. 191–258. https://doi.org/10.1016/bs.arnmr.2021.02.003

Corderi, S., Renders, T., Servaes, K., Vanbroekhoven, K., De Roo, T., Elst, K., 2021. Strategies for the 

Removal of Polysaccharides from Biorefinery Lignins: Process Optimization and Techno 

Economic Evaluation. Molecules 26, 3324. https://doi.org/10.3390/molecules26113324

Crestini, C., Melone, F., Sette, M., Saladino, R., 2011. Milled Wood Lignin: A Linear Oligomer. 

Biomacromolecules 12, 3928–3935. https://doi.org/10.1021/bm200948r

Dessbesell, L., Paleologou, M., Leitch, M., Pulkki, R., Xu, C. (Charles), 2020. Global lignin supply 

overview and kraft lignin potential as an alternative for petroleum-based polymers. Renew. 

Sustain. Energy Rev. 123, 109768. https://doi.org/10.1016/j.rser.2020.109768

Giberson, J., Scicluna, J., Legge, N., Longstaffe, J., 2021. Developments in benchtop NMR 

spectroscopy 2015–2020. pp. 153–246. https://doi.org/10.1016/bs.arnmr.2020.10.006



19

Gosselink, R.J.A., Kurek, B., Bruijnincx, P.C.A., Vanbroekhoven, K., Tomani, P., Koutinas, A., Barreiro, 

F., Triantafyllidis, K.S., Tamminen, T., Goliszek, M., Slaghek, T.M., 2020. LignoCOST - Pan-

European Network on the Sustainable Valorisation of Lignin, in: Nordic Wood Biorefinery 

Conference.

Granata, A., Argyropoulos, D.S., 1995. 2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane, a 

Reagent for the Accurate Determination of the Uncondensed and Condensed Phenolic Moieties 

in Lignins. J. Agric. Food Chem. 43, 1538–1544. https://doi.org/10.1021/jf00054a023

Grootveld, M., Percival, B., Gibson, M., Osman, Y., Edgar, M., Molinari, M., Mather, M.L., Casanova, 

F., Wilson, P.B., 2019. Progress in low-field benchtop NMR spectroscopy in chemical and 

biochemical analysis. Anal. Chim. Acta 1067, 11–30. https://doi.org/10.1016/j.aca.2019.02.026

Hoover, J.M., Stahl, S.S., Carreira, E.M., 2013. Air Oxidation of Primary Alcohols Catalyzed by 

Copper(I)/TEMPO. Preparation of 2-Amino-5-bromo-benzaldehyde. Org. Synth. 90, 240–250. 

https://doi.org/10.15227/orgsyn.090.0240

Hu, Z., Du, X., Liu, J., Chang, H., Jameel, H., 2016. Structural Characterization of Pine Kraft Lignin: 

BioChoice Lignin vs Indulin AT. J. Wood Chem. Technol. 36, 432–446. 

https://doi.org/10.1080/02773813.2016.1214732

Jawerth, M., Lawoko, M., Lundmark, S., Perez-Berumen, C., Johansson, M., 2016. Allylation of a 

lignin model phenol: a highly selective reaction under benign conditions towards a new 

thermoset resin platform. RSC Adv. 6, 96281–96288. https://doi.org/10.1039/C6RA21447A

Jiang, B., Zhang, Y., Guo, T., Zhao, H., Jin, Y., 2018. Structural Characterization of Lignin and Lignin-

Carbohydrate Complex (LCC) from Ginkgo Shells (Ginkgo biloba L.) by Comprehensive NMR 

Spectroscopy. Polymers (Basel). 10, 736. https://doi.org/10.3390/polym10070736

Kim, K.H., Choi, J.W., Kim, C.S., Jeong, K., 2019. Parahydrogen-induced polarization in the 

hydrogenation of lignin-derived phenols using Wilkinson’s catalyst. Fuel 255, 115845. 

https://doi.org/10.1016/j.fuel.2019.115845

Korntner, P., Sumerskii, I., Bacher, M., Rosenau, T., Potthast, A., 2015. Characterization of technical 



20

lignins by NMR spectroscopy: optimization of functional group analysis by 31P NMR 

spectroscopy. Holzforschung 69, 807–814. https://doi.org/10.1515/hf-2014-0281

Lahive, C.W., Kamer, P.C.J., Lancefield, C.S., Deuss, P.J., 2020. An Introduction to Model Compounds 

of Lignin Linking Motifs; Synthesis and Selection Considerations for Reactivity Studies. 

ChemSusChem 13, 4238–4265. https://doi.org/10.1002/cssc.202000989

Li, M., Pu, Y., Tschaplinski, T.J., Ragauskas, A.J., 2017. 31 P NMR Characterization of Tricin and Its 

Structurally Similar Flavonoids. ChemistrySelect 2, 3557–3561. 

https://doi.org/10.1002/slct.201700735

Liu, Y., Nie, Y., Lu, X., Zhang, X., He, H., Pan, F., Zhou, L., Liu, X., Ji, X., Zhang, S., 2019. Cascade 

utilization of lignocellulosic biomass to high-value products. Green Chem. 21, 3499–3535. 

https://doi.org/10.1039/C9GC00473D

Meng, X., Crestini, C., Ben, H., Hao, N., Pu, Y., Ragauskas, A.J., Argyropoulos, D.S., 2019. 

Determination of hydroxyl groups in biorefinery resources via quantitative 31P NMR 

spectroscopy. Nat. Protoc. 14, 2627–2647. https://doi.org/10.1038/s41596-019-0191-1

Pepper, J.M., Sundaram, G.S., Dyson, G., 1971. Lignin and Related Compounds. III. An Improved 

Synthesis of 3-(4-Hydroxy-3-methoxyphenyl)-1-propanol and 3-(4-Hydroxy-3,5-

dimethoxyphenyl)-1-propanol. Can. J. Chem. 49, 3394–3395. https://doi.org/10.1139/v71-564

Ralph, J., Lapierre, C., Boerjan, W., 2019. Lignin structure and its engineering. Curr. Opin. Biotechnol. 

56, 240–249. https://doi.org/10.1016/j.copbio.2019.02.019

Rönnols, J., Danieli, E., Freichels, H., Aldaeus, F., 2020. Lignin analysis with benchtop NMR 

spectroscopy. Holzforschung 74, 226–231. https://doi.org/10.1515/hf-2018-0282

Rossberg, C., Janzon, R., Saake, B., Leschinsky, M., 2019. Effect of process parameters in pilot scale 

operation on properties of organosolv lignin. Bioresources 14, 4543–4559. 

https://doi.org/10.15376/biores.14.2.4543-4559

Serrano, L., Esakkimuthu, E.S., Marlin, N., Brochier-Salon, M.-C., Mortha, G., Bertaud, F., 2018. Fast, 

Easy, and Economical Quantification of Lignin Phenolic Hydroxyl Groups: Comparison with 



21

Classical Techniques. Energy & Fuels 32, 5969–5977. 

https://doi.org/10.1021/acs.energyfuels.8b00383

Stark, N.M., Yelle, D.J., Agarwal, U.P., 2016. Techniques for Characterizing Lignin, in: Lignin in 

Polymer Composites. Elsevier, pp. 49–66. https://doi.org/10.1016/B978-0-323-35565-0.00004-

7

Stücker, A., Podschun, J., Saake, B., Lehnen, R., 2018. A novel quantitative 31 P NMR spectroscopic 

analysis of hydroxyl groups in lignosulfonic acids. Anal. Methods 10, 3481–3488. 

https://doi.org/10.1039/C8AY01272E

Talebi Amiri, M., Bertella, S., Questell-Santiago, Y.M., Luterbacher, J.S., 2019. Establishing lignin 

structure-upgradeability relationships using quantitative 1 H– 13 C heteronuclear single 

quantum coherence nuclear magnetic resonance (HSQC-NMR) spectroscopy. Chem. Sci. 10, 

8135–8142. https://doi.org/10.1039/C9SC02088H

Tolbert, A., Akinosho, H., Khunsupat, R., Naskar, A.K., Ragauskas, A.J., 2014. Characterization and 

analysis of the molecular weight of lignin for biorefining studies. Biofuels, Bioprod. Biorefining 

8, 836–856. https://doi.org/10.1002/bbb.1500

Torr, K.M., van de Pas, D.J., Cazeils, E., Suckling, I.D., 2011. Mild hydrogenolysis of in-situ and isolated 

Pinus radiata lignins. Bioresour. Technol. 102, 7608–7611. 

https://doi.org/10.1016/j.biortech.2011.05.040

Van Aelst, K., Van Sinay, E., Vangeel, T., Cooreman, E., Van den Bossche, G., Renders, T., Van Aelst, J., 

Van den Bosch, S., Sels, B.F., 2020. Reductive catalytic fractionation of pine wood: elucidating 

and quantifying the molecular structures in the lignin oil. Chem. Sci. 11, 11498–11508. 

https://doi.org/10.1039/D0SC04182C

Van den Bosch, S., Schutyser, W., Koelewijn, S.-F., Renders, T., Courtin, C.M., Sels, B.F., 2015. Tuning 

the lignin oil OH-content with Ru and Pd catalysts during lignin hydrogenolysis on birch wood. 

Chem. Commun. 51, 13158–13161. https://doi.org/10.1039/C5CC04025F

Van Nieuwenhove, I., Renders, T., Lauwaert, J., De Roo, T., De Clercq, J., Verberckmoes, A., 2020. 



22

Biobased Resins Using Lignin and Glyoxal. ACS Sustain. Chem. Eng. 8, 18789–18809. 

https://doi.org/10.1021/acssuschemeng.0c07227

Vendamme, R., Behaghel de Bueren, J., Gracia-Vitoria, J., Isnard, F., Mulunda, M.M., Ortiz, P., 

Wadekar, M., Vanbroekhoven, K., Wegmann, C., Buser, R., Héroguel, F., Luterbacher, J.S., 

Eevers, W., 2020. Aldehyde-Assisted Lignocellulose Fractionation Provides Unique Lignin 

Oligomers for the Design of Tunable Polyurethane Bioresins. Biomacromolecules 21, 

4135–4148. https://doi.org/10.1021/acs.biomac.0c00927

Wen, J.-L., Sun, S.-L., Xue, B.-L., Sun, R.-C., 2013. Recent Advances in Characterization of Lignin 

Polymer by Solution-State Nuclear Magnetic Resonance (NMR) Methodology. Materials (Basel). 

6, 359–391. https://doi.org/10.3390/ma6010359

Yuan, T.-Q., Sun, S.-N., Xu, F., Sun, R.-C., 2011. Characterization of Lignin Structures and 

Lignin–Carbohydrate Complex (LCC) Linkages by Quantitative 13 C and 2D HSQC NMR 

Spectroscopy. J. Agric. Food Chem. 59, 10604–10614. https://doi.org/10.1021/jf2031549

Zawadzki, M., Ragauskas, A., 2001. N-Hydroxy Compounds as New Internal Standards for the 31P-

NMR Determination of Lignin Hydroxy Functional Groups. Holzforschung 55, 283–285. 

https://doi.org/10.1515/HF.2001.047

Zeng, J., Helms, G.L., Gao, X., Chen, S., 2013. Quantification of Wheat Straw Lignin Structure by 

Comprehensive NMR Analysis. J. Agric. Food Chem. 61, 10848–10857. 

https://doi.org/10.1021/jf4030486

Zhao, C., Huang, J., Yang, L., Yue, F., Lu, F., 2019. Revealing Structural Differences between Alkaline 

and Kraft Lignins by HSQC NMR. Ind. Eng. Chem. Res. 58, 5707–5714. 

https://doi.org/10.1021/acs.iecr.9b00499

Zhao, S., Abu-Omar, M.M., 2017. Renewable Thermoplastics Based on Lignin-Derived Polyphenols. 

Macromolecules 50, 3573–3581. https://doi.org/10.1021/acs.macromol.7b00064

Zijlstra, D.S., de Santi, A., Oldenburger, B., de Vries, J., Barta, K., Deuss, P.J., 2019. Extraction of Lignin 

with High &amp;#946;-O-4 Content by Mild Ethanol Extraction and Its Effect on the 



23

Depolymerization Yield. J. Vis. Exp. https://doi.org/10.3791/58575


