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Abstract: Lignin analysis using quantitative NMR (qNMR) has received a lot of attention recently and has been the 

topic of a large number of papers. The large majority of them report high-quality research. However, when trying to 

understand what is the accuracy that can be achieved with such analysis and which of the approaches are more 

accurate, it turns out that it is difficult to impossible to compare the accuracy of the methods. The main reasons are 

that different authors use (1) different types of lignin, (2) different measurands and (3) different ways of presenting 

precision and trueness data. Precision is mostly presented as standard deviation between replicate measurement 

results but it is in most cases not specified whether the precision relates to repeatability, intermediate precision or 

some other precision type. Bias is typically termed as “error” and usually expressed as difference from a reference 

value obtained from an artificial model system or difference from results of independent measurements. Again, 

insufficient detail is often given. Accuracy in terms of “measurement uncertainty” is hardly ever presented. Some 

uncertainty sources, most notably variability between subsamples of the same bulk of lignin, are only seldom 

addressed. We present an analysis of the situation on the basis of 21 papers and give some recommendations for 

future workers in the field. We hope that this work will be useful for researchers using qNMR for the analysis of 

lignin, as well as using qNMR for the analysis of natural products more generally. 
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1. Introduction 

Lignin is the second (after cellulose) most abundant natural organic material on Earth [1]. Huge 

amounts of lignin are produced (approximately 50 million tons annually) as a byproduct of the cellulose 

industry [2]. Given its molecular structure – sophisticated phenylpropane-derived polymeric network – 

lignin could be valorized into a range of useful chemicals. Although numerous groups work in this field 

and quite some progress has been achieved [3], currently still, 98-99% of the produced lignin is simply 

burned for energy, instead of conversion into value-added chemicals [2]. 

In the context of lignin valorization, quantitative evaluation of its composition is of high 

importance. Numerous studies are either fully devoted to quantitative analysis of lignin [4–7] or involve 

it as an important part. There are a number of functional groups and structural fragments that are typically 

quantified when quantitative lignin analysis is carried out: methoxyl: aryl ratio [4], syringyl: guaiacyl 

ratio [4], hydroxyl groups [5], the content of β-O-4, β-5, β-β units, etc. [8]. There are also a number of 

different measurands [9] – ratios of contents of different fragments, number of certain fragments per 

aromatic ring, moles of certain fragments per 100 g of lignin, etc. [10]. These two dimensions of diversity 
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– different structural fragments and different measurands – result in a large number of combinations, 

complicating the comparison of results between different reports. The diversity is made even bigger by 

the number of different technologies that are used for producing lignin: Kraft lignin, lignosulfonates, soda 

lignin, and organosolv lignin [11,12]. 

                In the course of our recent work, we have become interested in the quantitative analysis of 

lignin, in terms of abundance of different structural units/linkages/functional groups. Our interest was 

what techniques are available and what accuracy can be achieved. 

                 It seems clear from the analysis of the literature that quantitative NMR (qNMR) is the most 

important analytical tool for both qualitative and quantitative structural analysis of lignin. Out of the 

different NMR approaches, the 13C and 31P (after phosphitylation [7]) NMR, as well as different two-

dimensional approaches (e.g., HSQC), are the most useful [5]. qNMR is the use of NMR spectroscopy to 

determine the concentration or purity of one or more chemical species or structural fragments in samples. 

The basic principle of qNMR relies on the area of an NMR signal being directly proportional to the 

concentration of the particular analyte in the full concentration range [13,14]. qNMR is well applicable to 

the quantitative analysis of natural products due to the intrinsically quantitative nature of NMR, the fact 

that it doesn’t have any concerns with the sample impurities when the impurity peaks aren’t interfering 

with sample peaks or when the impurities possess no peaks, it also does not require standard reference 

materials and the whole process does not destroy to the sample [15]. 

                 As for the possible accuracy/reliability of results, it turns out that the situation is as diverse as 

with measurands. Different authors present accuracy-related data – precision and trueness/bias – in very 

different ways. In many cases, only precision is presented, often termed “reproducibility” or simply 

“RSD.” Other authors evaluate the “errors” of their results by comparing them to different types of 

reference values of model compounds or model mixtures. The high diversity of ways of presenting results 

and their accuracy complicates comparisons of results and accuracies from different authors. 

          Thus, in this paper, we intend to present an analysis of the situation with the accuracy (see 

below for explanations) of quantitative NMR analysis of lignin on the basis of available literature, draw 

some conclusions and give some recommendations. 

 

2. Literature Survey 

                 The literature search was carried out targeting reports that focused specifically on qNMR 

analysis of lignin (as opposed to focusing on some technological problem and simply using qNMR as a 

tool). When choosing the reports to be included, we were selective rather than exhaustive. Thus, out of 

few hundreds of possible papers, we targeted those reports that specifically addressed the accuracy of 

qNMR analysis of lignin, ending up with a selection of 21 papers. We categorized the reports into two 

different types: 

 

(Q) Reports addressing quantification of lignin components by qNMR, e.g., presenting new 

quantitative analysis methods. 

(A) Reports addressing specifically the accuracy of qNMR quantification. 

 

                 The term accuracy refers to the agreement of a measured quantity value with the true quantity 

value of a measurand (i.e. the quantity that is intended to be measured) [9]. Although mostly interpreted 

as qualitative concept, it can also be viewed that accuracy can be numerically expressed by measurement 

uncertainty [16]. Measurement uncertainty defines an interval around the measured value where with high 

(and predefined) probability the true value of the measurand can be found [17]. Measurement result is 

influenced by systematic and random effects that cause deviations of the measured value from the true 

value and thereby the existence of measurement uncertainty. Accuracy can be regarded as relating to both 

random and systematic effects (random and systematic errors) influencing the analysis result, whereby 

the random effects are characterized by precision (expressed as standard deviation) and systematic effects 

by trueness (expressed as bias) [16,17]. Thus, we have attempted to divide the different types of 

information given by authors about accuracy into two categories: 
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• Precision, which quantifies random effects, often expressed a relative standard deviation 

(RSD) [9,18,19], and 

• Bias (often termed as “error”), which quantifies systematic effects [9,18,19]. 

Determining precision relies on replicate measurements with real-life samples [20]. This can 

almost always be done (although it can be work-intensive for measurements where long signal-collecting 

times are needed). In contrast, in order to estimate bias, reference samples are necessary that (1) have 

reliable (i.e., low uncertainty) reference values and (2) are sufficiently similar to real-life samples. 

Obtaining suitable reference samples is not trivial. For that reason, bias estimates are more difficult to 

make. Moreover, in spite of seeming simplicity, both of these concepts are nuanced and for fully 

understanding what is meant by a certain precision or bias estimate, more information is needed. As 

discussed below, this information is often missing. 

The results of the literature survey are presented in Table 1. 

 

3. Discussion  

 
3.1. Uncertainty Sources 

               A number of uncertainty sources have been highlighted by the authors of the papers. There are 

obvious ones, such as the accuracy of integration [5], including overlapping spectral features of different 

structural fragments, irregularities in baseline [10], noise in the spectrum [10], etc. There are uncertainty 

sources that are specific to HSQC: deviations in coupling constant, resonance offset effects, effects of ¹H 

T1 relaxation, effects of proton and X-nuclei T2 relaxation, and effects of proton homonuclear coupling 

[30]. However, there are some uncertainty sources, which, although mentioned in some reports, deserve 

more attention. They are: 

                (1) Sampling and subsampling of lignin for measurement. Lignin is a solid and reasonably 

homogeneous, but still, different subsamples taken from the same bulk for the analysis might have 

somewhat different compositions, depending on mixing and on the amount taken. This variability 

represents an uncertainty source. In most of the works, replicate measurements were made, but in many 

of the papers, it is not clear whether every replicate measurement was carried from an independent 

subsample or from the same subsample. This uncertainty source is only seldom addressed, and it appears 

that the precision data in most reports are given without counting sample preparation. There are some 

exceptions [10,25]. The data from [25] enable back-calculating the RSD of sample preparation, and it is 

5% (13C NMR) and 8% (31P NMR). These RSD values are larger (!) than the RSD related to NMR 

measurement (3% and 5%, respectively), indicating the high importance of sample preparation as 

uncertainty source. The higher RSD in the case of 31P NMR is probably due to the need for derivatization 

procedure, differently from 13C NMR. 

(2) Lignin usually contains some amounts (a few percent) of carbohydrates (cellulose, 

hemicellulose) [23]. The signals from these carbohydrates overlap with signals from aliphatic moieties of 

lignin and thereby lead to increased estimates of some the content of aliphatic moieties. 

              (3) Technical lignin often contains degraded side chains or broken aromatic rings. If these 

degradation products are not included into the modeling or internal standardizing, they act as overlooked 

impurities [36] and can lead to significant errors [10,27] and should be considered as an uncertainty 

source. 
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Table 1. Chronological overview of selected reports addressing the accuracy of quantitative NMR analysis of lignin.a 

Sample type 
Quantified fragment 

or measuranda 

Method, 

amount of 

material used 

1st author, Year, 

Typea and Ref 
Precisionb Biasc Comments, contributions of specific uncertainty 

sourcesd 

Milled wood lignin 

(MWL), acetylated 

milled wood lignin 

(MWL) 

Methoxy, acetate 

group, aromatic 

group, carbonyl 

group, different peak 

ratios 

13C NMR 

small samples 

70 mg, large 

samples 700 mg 

Landucci  

1985 A [21] 

Precision: 

±3%…±10%, 

RSD: 

±1.3%…±8.7% 

– 

Only precision was characterized, no attempt was 

made to evaluate bias. The 13C NMR of acetylated 

milled wood lignin can be measured with a 

precision of ±3% for large samples (700 mg) 

which was measured for 6 hours runs whereas 

when the samples were run for 1 hour then the 

precision was ±10%. When the sample was small 

(70 mg) run 3 times then the precision for 8000 

pulses was ±10% for 22 hours run. 

Softwood and 

hardwood lignins 

Ratios methoxyl : 

aryl and syringyl : 

guaiacyl (S:G) 

13C NMR 
Obst 

1986 Q [4] 
– 

“Error” in the 

range of 

±0.01…±0.07 

The uncertainty (termed as “error”) of the 

methoxyl : aryl ratio was in the range of ±0.01 to 

±0.07 (the ratios ranged from 0.95 to 1.65. The 

uncertainty of S:G ratio is 6 times higher, i.e. 

ranges from ±0.06 to ±0.42 (S:G ratios ranged 

from 0.29 to 1.85). Neither the meaning nor the 

source of the “error” estimate is explained. 

Tree pine kraft 

lignin samples, 

differently prepared 

and milled wood 

lignin (MWL) 

Number of various 

functional groups 

(different types of 

OH, CH, etc.) per 

aromatic ring 

13C NMR, 

DEPT, 500-600 

mg  

Gellerstedt 

1987 Q [22] 
– ±5% 

“Error” limit was estimated of the order of ±5%. 

No description is given how the “error” estimate 

was obtained. 

Milled wood lignin 

Number of carbons 

(quaternary, tertiary, 

methoxy, etc) per 

aromatic ring 

1H and 13C 

NMR, DEPT 

35 mg AcMWL 

300-400 mg  

Chen 

1988 Q [23] 
– ±5% 

“Error” estimated as ±5%, which is claimed to be 

due to less than ideal proportionality between the 

signal intensity and the number of the respective 
13C nuclei. No details are given about how the 

error was estimated. 
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Variety of lignins: 

kraft, Indulin mixed 

softwood, sucrolin; 

bagasse, steam 

explosion; aspen  

Alcell-organosolv 

mixed hardwoods, 

steam explosion 

yellow poplar; ball 

milled enzyme 

cottonwood 

Number of total and 

phenolic OH groups 

per 100 C9 units 

1H NMR, 13C 

NMR, 31P NMR 

Faix  

1994 A [24] 
13C NMR: 5% 

Total OH by 1H 

NMR: 

-15%…13% 
31P NMR: -

22%...3% 

Total phenolic OH 

by 1H 

NMR:  -30%...14% 
31P 

NMR: -23%...10% 

The precision was termed as “relative 

reproducibility”, but no details are given about 

how the replicate measurements were carried out. 

The bias (number of replicates unknown) is found 

against a “wet chemical method”. 

The total OH group concentration across all 

lignin’s was 120/C900, with an average standard 

deviation of 8 (excluding one 31P NMR 

measurement). 

Two hardwood 

(Populus 

tremuloides) and 

one softwood 

(mixture of 

softwoods) lignin 

A variety of 

hydroxyls: CH2OH, 

secondary-OH, 

phenolic-OH, 

carboxylic, syringyl 

(S), guaiacyl (G), p-

hydroxyphenyl (H), 

β-O-4 hydroxyls, 

expressed as mol per 

mol of C9 units 

Phosphitylation 

and 31P NMR 

30-60 mg 

Argyropoulos 

1994 Q [7] 
RSD: 1.5%…2.1% – 

Definitive paper on the Phosphitylation 31P NMR 

approach for determining different hydroxyls. The 

"standard error” was interpreted by the current 

authors as standard deviation of the mean. 

Number of replicates: 30. No information is given 

about how the replicate measurements were 

carried out. 

Residual lignin 

after kraft pulping 

Aliphatic hydroxyl 

content (mmol/g), 

phenolic hydroxyl 

content (mmol/g), 

number of Cγ per  

β-O-4 aromatic unit, 

etc. 

13C NMR, 31P 

NMR 

300-400 mg 

Froass 

 1998 Q [25] 

Repeatability 

RSD: 

with the same 

subsample: 3% 

(13C) and 5% (31P); 

with different 

subsamples: 6% 

(13C) and 10% 

(31P) 

– 

Repeatability RSD for the same subsample of 

lignin (i.e. sample preparation was carried out just 

once) was 3% and 5%. When different subsamples 

of the same lignin (each with separate sample 

preparation) were analyzed, the repeatability RSD 

was 6% and 10%. 
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Softwood kraft 

residual lignin,  

Hydroxy functional 

groups (mmol/g) 

31P NMR (30 

mg lignin or 

~30 µmol 

model 

compounds) 

Zawadzki 

2001 Q [26] 

RSD: 0.5%…2% 

 
– 

Two different internal standards were used 

(cyclohexanol and N-hydroxy-5-norbornene-2,3-

dicarboximide). No systematic difference was 

found between RSD values. The authors termed 

the standard deviations as “reproducibility” but 

there is insufficient detail to judge whether it is 

reproducibility or repeatability. 

Indulin kraft lignin 

Amounts of 

structural units 

related to spectral 

areas (ArC-1, ArC-2, 

etc) mmol/g 

13C NMR, 

DEPT 

~200 mg/mL 

Xia  

2001 Q [27] 
RSD 0.8%...8.4% 

– 

 

Extensive precision data (expressed as RSD) are 

presented for different areas of spectral integrals. 

The RSD depends on the spectral region. 

Information on the conditions of those replicate 

measurements is limited. Dangers of using 

aromatic methoxy signals as internal standards in 

the case of technical lignins are highlighted.  

Spruce lignin and 

mixture of model 

compounds 

Ratios of different 

structural units: 

β-O-4, β-5, β-β, 

dibenzodioxocin, 

OCH3 

1H-13C 

Q-HSQC NMR 

with apocynol 

as IS 

100 mg 

Heikkinen 

2003 Q [28] 
RSD 0.8%...3% 0%...14% 

“Reproducibility” RSD ranged from 0.8% to 3% 

and was evaluated by repeating measurements 4 

times. Although termed “reproducibility” the 

evaluated precision is more likely repeatability. 

The possible systematic effect was estimated via 

comparison with values calculated from the 

composition of a model compound mixture. 
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Nonacetylated and 

acetylated spruce 

MWL 

Number of structural 

units (β-O-4, β-5, β-

β, etc) per 100 

aromatic rings 

1H-13C HMQC 

NMR, 

quantitative 13C 

NMR  

200-600 mg, 

with Shigemi 

microtube 50-

70 mg 

Capanema 

2004 Q [29] 

Accuracy of 

integration 2% 

Accuracy of 

integration 2% 

The authors state that they give a “comprehensive 

and rather reliable picture of the structure of 

lignin, compatible with the whole set of other 

methods in lignin chemistry”. There is indeed a 

useful comparison table of quantitative results 

obtained with different model approaches. 

The accuracy of integration in the case of well 

resolved peaks and clusters such as hydroxyl, 

methoxy, aromatic as well as oxygenated aliphatic 

carbon was assessed to ±2% at 2000 scans. It is 

not clear if this refers to only random effects or 

both random and systematic effects. The reliability 

of these estimates is considerably improved by 

using several independent approaches to quantify 

various lignin moieties. However, overall 

uncertainties are not presented. 

Eucalyptus grandis 

milled wood lignin 

(MWL) 

Number of structural 

units (β-O-4, β-5, β-

β, etc) per aromatic 

ring; ratio of H, G 

and S units per 

aromatic ring 

2D 1H-13C 

HSQC, HMQC, 
1H-1H TOCSY 

NMR, 

quantitative 13C 

NMR 

Shigemi 

microtube 60-

70 mg  

Capanema 

2005 Q [6] 

Integration error 

3% 

Integration error 

3% 

Integration “error” is estimated as 3%. It is not 

clear if this refers to only random effects or both 

random and systematic effects. The article 

highlights other uncertainty sources, such as 

uncertainty due to incomplete resolution of signals 

or uncertainty due to assumptions in model 

equations that slightly deviate from reality, but no 

quantitative estimates are given. 

Spruce milled wood 

lignin, 

Clusters of signals, 

which were different 

lignin methine (CH) 

groups, number per 

C9 units 

13C NMR, 

DEPT90 and 

HSQC NMR 

100mg 

Zhang  

2007 Q [30] 
– 

“Error”: 0% (13C 

NMR), -26 

(DEPT90) and 

-35% (HSQC) 

All “errors” are integration errors. The errors in 

quantitative HSQC NMR are claimed to be mainly 

due to five reasons: deviations in coupling 

constant, resonance offset effects, effects of 1H T1 

relaxation, effects of proton and X-nuclei T2 

relaxation, and effects of proton homonuclear 

coupling. 1,3,5-trimethoxybenzene was used as IS. 
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Aspen MWL, 

Alcell, Indulin and 

SEAL lignins 

OMe, total OH, 

aliphatic (total) OH, 

phenolic OH, S, G, 

S/G ratio, ArH, and 

oxygenated aliphatic 

moieties, total β-O-4, 

COOR, CO and EtO-

groups, β-β, β-5, H-

units (in wood-

originated lignins), 

Alk-O-Alk, degree of 

demethylation. 

Expressed in ppm per 

100 Ar 

13C NMR 

190–210 mg  

350–400 mg  

Balakshin 

2015 A [10] 

RSD: 

highly accurate 

quantification 

<3%, 

with moderate 

accuracy 

3%...10%, 

semi-quantitative 

>10% 

– 

The accuracy is lower in quantification (aliphatic 

OH (primary and secondary ones), β-O-4 units 

and other oxygenated aliphatic moieties) due to 

the degradation in moieties during processing and 

lesser abundance in technical lignins in 

comparison to MWLs. 

Replicate measurements (no information, whether 

short- or long-term) were carried out including 

sample preparation for NMR, acquisition of NMR 

and NMR processing. The deviation in NMR 

analysis shows RSD ranged for AWML in 0.2 to 

32.1%, for Alcell lignin 0.9 to 15.0%, for Indulin 

it was 0.6 to 23.6% whereas for the SEAL lignin it 

was 0.3 to 61.0%. The paper gives a number of 

useful recommendations and a good overview of 

uncertainty sources. The importance of good 

baseline and appropriate S/N ratio is stressed. 

A number of 

lignins: aspen 

milled wood 

(MWL) lignin, pine 

MWL, aspen and 

birch dioxane 

lignins (ADL and 

BDL); pine and 

aspen kraft lignin 

(PKL), pine soda 

lignin (PSL), 

Indulin lignin and 

Alcell lignin 

Content of hydroxyl 

groups (aliphatic, 

phenolic, total). 13C 

NMR: mol%; 31P 

NMR: mmol/g 

31P NMR, 13C 

NMR  

150–200 mg 

Balakshin 

2015 A [5] 

RSD 2%...3% (for 

both 13C and 31P 

NMR) 

Typical differences 

between 31P NMR 

and 13C NMR: 

10%…15% 

Bias has been estimated from comparisons 

between 31P and 13C NMR results. 

The 31P NMR method shows different precision 

(no information, whether short- or long-term) for 

different types of hydroxyl groups. 

The authors also present between-lab 

reproducibility data for measurements of “similar” 

samples and find RSD in the range of 26% to 65% 

depending on structural feature. 

A number of uncertainty sources (termed as such 

in the paper) are analyzed and the influence of 

some of them quantitatively estimated: sample 

preparation, extraction or isolation of lignin 

(soluble lignin, sample pretreatment, limited 

stability of derivatized samples. The paper gives a 

number of useful recommendations.  
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Milled wood lignin, 

HW aMWLs, 

Carbonyl (CO) 

group, OMe, OH, S, 

G, ArH, total β-O-4, 

oxygenated aliphatic 

moieties, and 

syringyl-to-guaiacyl 

(S/G) ratio OMe and 

OH-groups, β-O-4/α-

OH, β-β, β-5, COOR 

and conjugated CO 

groups (including 

Ar-CHO), H units, 5-

substituted and 5-free 

OHphen 

mmol/g 

13C NMR  

200 mg 

Balakshin  

2016 A [8] 

RSD: 10%…20% 

for broad and/or 

minor signals;  

0.5%...5% for 

major and well-

defined signals 

– 

RSD refers to between-instrument reproducibility. 

In the quantification of wide and/or minor signals, 

such as carbonyl (CO) groups in general and 

Aromatic-CHO and spirodienone structures in 

particular, or COOR and H units, the relative SD 

(RSD) was substantially higher, in the range of 10 

to 20%. Major and well-defined signals, like 

OMe, ArH, S and G units and clusters in the 

oxygenated aliphatic regions, have substantially 

better reproducibility (RSD = 0.5–5%). 

Indulin kraft, soda 

P1000, Alcell, OS-

W, OS-P, OS-S 

Aliphatic OH, 5-

substituted OH, 

guaiacyl OH, p-

hydroxyphenyl OH, 

total PhOH, COOH, 

free COOH/tricin in 

mmol/g; different 

side chains and 

aromatic units (S, G 

& H) in number per 

100 aromatic units 

HSQC NMR, 
31P NMR 

31P NMR 40 mg 

HSQC 200 mg 

Constant  

2016 Q [31] 

Between-lab RSD: 
31P NMR 4% to 

more than 100%; 

Q-HSQC 0.4% to 

close to 100% 

Error -12% 

Replicate analyses conducted in two different 

laboratories reveal discrepancies of up to around 

two times. Comparison with the values of model 

compounds shows bias of-12%, termed as “error”. 

A range of lignins 

with different ether 

linkage contents 

(formaldehyde- and 

propionaldehyde-

stabilized, mild 

dilute acid-

catalyzed, 

organosolv lignin) 

Content of β-O-4 

linkages, which 

enable evaluating 

depolymerization 

yields 

(depolymerization 

mainly proceeds via 

cleaving these 

linkages), mmol 

Quantitative 
1H-13C HSQC 

NMR, 

gsHSQC0 

Talebi  

2019 Q [32] 
– 

Relative “error” 

-9.4%…+13.4% 

The predicted quantities of different units had 

relative deviations ranging from -9.4% to +13.4% 

from values of a synthetic model polymer. A 

range of NMR-related uncertainty sources are 

identified (resonance offsets, different T2 

relaxation between different parts of the 

biopolymer, imperfect pulses, homonuclear 

coupling, and coupling constant deviations) that 

are largely the same as in ref [30]. 
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Raspberry dioxane 

lignin, spruce, 

birch, wheat straw 

Functional OH 

groups (aliphatic, 

total phenolic), S, G, 

H, COOH groups, 

mmol/g 

31P NMR 

~15 mg 

Popova  

2020 Q [33] 

RSD 

1.7%…11.2% – 

The authors quote “reproducibility” but the RSD 

most likely refers to repeatability. 

Kraft lignin (KL), 

lignosulfonate (LS), 

hydrolysis lignin 

(HL), organosolv 

lignin (OS) and 

soda lignin (SL) 

Uncondensed 

aromatics, aliphatic 

OH, 5-substituted 

aromatics or 

condensed aromatics, 

carboxylic acids, 

mmol/g 

Benchtop 31P 

NMR 

269.57 mg 

Gracia-Vitoria  

2021 A [34] 

0.6%…2% 

Repeatability RSD 

Relative bias: at 

medium levels 

(above 5 mmol/g) 

2-6% (10% for 

modified lignins); 

at low levels 

(around 1 mmol/g) 

up to 27.5% (high-

field NMR data) 

The percentage error (relative error) determined 

using simple model compounds was, regardless of 

hydroxyl type 2-6% for technical lignins and 

above 10% for modified lignins.  

Kraft softwood 

lignin (KSW), 

organosolv 

hardwood lignin 

(OHW), soda lignin 

(SOD) 

Aliphatic OH, 4-O-5’ 

or syringyl OH, 5–5’, 

β-5, guaiacyl OH, 

p-hydroxyphenyl 

OH, carboxylic acid 

OH, mmol/g 

Benchtop 24.3 

MHz 31P NMR 

30 mg 

Araneda 

2022 A [35] 

0.3%…16.1% 

Repeatability RSD 

1%…37% 

against highe field 

instrument results 

The aim is to demonstrate usefulness of benchtop 

NMR for quantitative lignin analysis. Precision 

and bias values refer to results with benchtop 

NMR instrument. 

a Article type: “Q” – focus on qNMR in general, “A” – focus on accuracy of qNMR. IS is internal standard, MWL is Milled wood lignin, HW is Hard wood, aMWL is alkaline 

modified milled wood lignin, AcMWL is Acetylated milled wood lignin, SEAL is steam explosion aspen lignin,, ArH is aromatic hydrogen, OS-W is organosolv lignins-wheat 

straw, OS-P is organosolv lignins-poplar, OS-S is organosolv lignins spruce, RSD is relative standard deviation, SD is standard deviation, DEPT is Distortionless Enhancement by 

Polarization Transfer.   b Range of precision estimates for the whole analysis, if present. In many cases the type of precision was derived by authors of this work on the basis of the 

data in the original articles.    c Range of possible bias estimates for the whole analysis, if present. Some bias estimates and types of bias were derived by authors of this work on the 

basis of the data in the original articles.    d Comments and estimates of different uncertainty contributions if presented in the original works. 
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3.2. Accuracy of Determining Different Lignin Parameters 

                

There are certain structural fragments in lignin that show high accuracy in the measurement of 

their content. These are, for example, the contents of the methoxy group, aliphatic as well as aromatic 

hydroxyl group, aromatic hydrogens and the contents of the S and G units, as well as the S/G ratio. 

Conversely, contents of minor moieties such as β–β, β-5 and β-1 are examples of parameters that typically 

determined with lower accuracy [10]. In order to be accurately measurable, the respective structural 

feature first of all has to be reasonably abundant and yield strong signals. Secondly, its signals have to be 

sufficiently separated from signals of other structural fragments. The accuracy decreases with the 

decreasing content of lignin moieties in the lignin as well as in cases when there is a poor spectral 

resolution of the specific structural moieties. 

                The accuracy of lignin parameters also depends on the method used for the measurement. 13C 

NMR tends to be more accurate than 31P NMR [5]. In 31P NMR, the appropriate choice and stability of 

internal standards affects the results [5]. 

 

3.3. Trends 

 

                Early works addressed accuracy/error only very superficially, but in some of the recent works 

these issues have received a lot of attention. It is perhaps worth to single out here the works by Balakshin 

and Capanema that have addressed the accuracy of qNMR in lignin analysis very thoroughly [5,8,10]. 

               There is a large diversity of presenting accuracy-related data between papers from different 

authors. Therefore, it is not easy to spot clear trends in accuracy. Nevertheless, as a very broad 

generalization, in more recent works, the precision typically has become higher (i.e. lower standard 

deviation), and bias has become lower. The RSD values observed in the early 1990s articles were quite 

high compared to the precision, which is found in the recent articles. The same is observed with bias, the 

bias observed in recent articles is typically lower compared to the articles published in 1980-2000. 

 

3.4. Identified Issues 

 

               Here are some issues that were identified as recurring: 

(1) The term “lignin” refers to a number of materials differing by the way of extracting, as well 

as by other treatments. Although the main structural units are the same, different treatments may have 

modified or degraded some parts of the structure [27]. This has been identified above as an uncertainty 

source that becomes especially important with the more extensively treated lignins. With such lignins 

measurand definition [17] can become problematic. In the case of partly decomposed/processed lignins, 

what is it that was intended to be measured? Was it the ratio of structural units in the original lignin or in 

the partly decomposed lignin?  

(2) In most studies replicate measurements were carried out and thus precision can be estimated. 

Yet, in most of them it is not specified whether the replicate measurements were made on the same day 

or on different days, whether from the same subsample of from different subsamples. As a result, the 

meaning of the precision estimate (expressed as RSD or otherwise) in many cases remains obscure. 

(3) The bias estimates (often termed as “error” by authors) were given against different reference 

values: independently determined lignin composition, known composition of a model mixture, lignin 

composition determined with a higher field NMR [35]. Two types of issues can be identified. Firstly, it is 

often unclear, how close is the model system composition to the actual lignin and thus, how relevant are 

the obtained bias estimates. Secondly, bias refers to systematic effects. So, in order to determine bias, it 

is not sufficient to just compare a measurement result with a reference value. Instead, it is necessary to 

carry out replicate measurements in order to suppress the influence of random effects. Depending on how 

the replicate measurements were made – within a day or over a longer time – the bias estimates are 

different – within-day, or long-term bias (see Section 6 in the course described in [17]). These bias 

estimates differ not only by their value but also by their meaning. Within-day bias includes effects that 
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are systematic within a day but become random over time. Long-term bias does not include such effects. 

These issues are typically not addressed in papers related to qNMR analysis of lignin. 

 

4. Conclusions and Recommendations 

         On the basis of the literature analysis two ways for advancing the field could be envisaged. 

Firstly, the measurand – what exactly is measured – needs to be defined carefully. Some examples follow. 

Is it the content of some group or moiety in the bulk lignin or in a sample? In the first case the sampling 

uncertainty is part of the uncertainty budget, in the second case it is not. Is the aim to relate the analysis 

result to the original untreated lignin or to the lignin that has undergone treatment/degradation? 

            Secondly, whenever qNMR lignin analysis results are presented, at least the following information 

should be included: 

(1) number of replicate measurements (i.e. number of spectra recorded, not just number of scans 

within a spectrum); 

(2) how were the replicate measurements carried out time-wise (on the same day, within couple of 

days, over a long term); 

(3) which steps of the analysis were repeated – first of all, was a separate subsample used and sample 

preparation/dissolution done with every replicate; 

(4) if comparison with a reference value (e.g. via a well-characterized lignin sample or a mixture of 

model compounds) is carried out then again, the items 1-3 should be reported, so that the bias and 

its type could be reasonably evaluated. 

                Thirdly, there is a shortage of reliable reference values that practitioners could use for 

comparing their results with. Such reference values could logically be carried by certified reference 

materials. To the best of our knowledge the COMAR database of certified reference materials does not 

currently have any materials related to lignin composition. However, as an optimistic note, according to 

ref [10], the Alcell and Indulin lignin samples from various sources yielded results that were remarkably 

similar (within the same type of lignin), in spite of originating from different sources. The differences that 

were observed between different samples of the same type of lignin were similar to the differences 

between the replicates of the same sample. As a result, there is a small deviation between batches of the 

same type of lignin that have been distributed within the lignin community [10]. Such materials could be 

formalized as reference materials (possibly even certified via interlaboratory comparisons) and widely 

distributed. 
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