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Vuonna 2023 tuotettiin arviolta 158 miljoonaa tonnia kemiallista puumassaa 
maailmanlaajuisesti, josta arviolta noin 30 % on ligniiniä. Tämä runsaasti saatavilla oleva 
biopolymeeri on kuitenkin jäänyt pitkälti hyödyntämättömäksi, vaikka sen potentiaali 
erilaisissa materiaalisovelluksissa on huomattava. Ligniiniä pidetään yhtenä lupaavimmista 
uusiutuvista vaihtoehdoista raakaöljylle, mutta sen hyödyntäminen tehokkaasti on 
toistaiseksi ollut vähäistä erityisesti analyyttisten haasteiden vuoksi. 

Tämä kandidaatintyö tarkastelee ligniinipitoisuuden määritysmenetelmiä mustalipeästä, 
keskittyen tunnistamaan ajallisesti tehokkaita ja luotettavia ratkaisuja metsäteollisuuden 
tutkimussovelluksiin. Perinteiset analyysimenetelmät, kuten Klason- ja Van Soest-
menetelmät, tarjoavat luotettavia tuloksia, mutta vaativat 1–2 päivää analyysin 
suorittamiseen. Tämä aikaansaa kriittisen pullonkaulan tehokkaalle tutkimukselle ja 
prosessien optimoinnille, joka vaikeuttaa mustalipeän ja ligniinin kanssa toimimista. 

Tutkimuksessa arvioidaan useita lupaavia tekniikoita, kuten SEC-HPLC, HPTLC-
densitometriaa yhdistettynä useita muuttujia omaavaan kalibrointiin, lämpöanalyyttisiä 
menetelmiä (TGA/DSC), ydinmagneettista resonanssispektroskopiaa (TD-NMR) sekä 
muita erilaisia spektroskooppisia menetelmiä.  

Erityisen lupaavia näistä ovat HPTLC, joka mahdollistaa analyysin vain 2 minuutissa 
näytettä kohden ja SEC-HPLC, jolla analyysi vie vain 30 minuuttia. Nämä molemmat 
menetelmät mahdollistavat märkien mustalipeänäytteiden suoran analyysin, joka eliminoi 
runsaasti aikaa vievän mustalipeän kuivauksen. 

Nopeat analyyttiset menetelmät ovat avainasemassa ligniinin muuttamisessa sivutuotteesta 
arvokkaaksi raaka-aineeksi. Nopeat menetelmät mahdollistavat reaaliaikaisen 
prosessinvalvonnan, parantavat laadunvalvontaa kaupallisien tuotteiden tuotannossa ja 
mahdollistavat ympäristöystävällisempää ja kiertotaloudellisempaa metsäteollisuutta. 
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With an estimated 158 million tons of chemical wood pulp produced globally in 2023, 
containing approximately 30% lignin, the underutilization of this widespread biopolymer 
represents a significant missed opportunity in sustainable resource development. Lignin is 
widely considered as the most promising renewable alternative to crude oil, yet its industrial 
potential remains largely untapped due to analytical challenges. 

This bachelor's thesis investigates various methods for determining lignin content in black 
liquor, focusing on identifying time-efficient and reliable approaches for research 
applications in the forest industry. Traditional methods like Klason and Van Soest, while 
accurate, require 1-2 days for analysis, creating a critical bottleneck for high-throughput 
research and process optimization. 

The study examines several novel techniques including SEC-HPLC, HPTLC-densitometry 
with multivariate calibration, thermal analysis (TGA/DSC), TD-NMR, and various 
spectroscopic methods. The most promising approaches include HPTLC, which requires 
only 2 minutes per sample (99% time reduction compared to traditional methods), and SEC-
HPLC, with a 30-minute analysis time (96% time reduction). These methods enable direct 
analysis of wet black liquor samples, eliminating the time-consuming drying process of 
black liquor. 

Rapid analytical methods are crucial for transforming lignin from a by-product into a 
valuable resource. Time-efficient analysis enables real-time process monitoring, supports 
quality control for consistent commercial applications, and facilitates the development of a 
more circular and environmentally friendly forest industry. 
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1  Introduction 

With the growing demand for sustainable resources, it is important to tap into unutilized side 

streams from industrial production plants. The pulp and paper industry is based on utilizing 

a famously renewable resource: wood. Wood is composed of cellulose (40-50%), lignin 

(approx. 25%), hemicellulose (20-30%), water and extractives which are the organic 

impurities that are responsible for the different characteristics of wood (Fengel & Wegener 

1983; Lappalainen et al. 2020).  

Wood is most commonly divided into two main types: softwood and hardwood. Botanically 

they are defined by their endosperms, softwoods coming from gymnosperms and hardwood 

from angiosperms (U.S department of agriculture, 2021). Their composition and 

characteristics can differ greatly from each other, making it difficult to produce a one-for-all 

method for determining wood composition.  

It has been estimated that over of 158 million tons of chemical wood pulp was produced 

globally in 2023 (Food and Agriculture Organisation of the United nations, FAOSTAT), 

with a rough estimate of 30% of its content being lignin (Liu et al., 2022). With lignin being 

considered the most promising sustainable alternative to crude oil, it is hard to believe how 

little is done with this by-product (Hoffmann et al., 2019). 

Due to the heterogeneity of different woods and lignin, it has proven to be difficult to 

produce a standardized product fit for commercial production (Zhang, Tu & Paice, 2011). 

Although this paper focuses on lignin produced in the paper industry, it is important to note 

that lignin is the second most naturally occurring biopolymer and can be found in all 

stemmed plants such as wheat, which contains approximately 15-20 wt.% lignin (McKendry, 

2002). In the future the importance of utilizing lignin from different agricultural areas, such 

as the cultivation of wheat, will continue to grow also increasing the demand for quick 

analysis methods.  

Maintaining quality of the product itself and its by-products requires continuous monitoring 

and laboratory testing, especially when it comes to piloting and experimenting. This by itself 

can take up a lot of resources from other projects and hinder the willingness to do such 

research. 
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Time is of essence when it comes to manufacturing just about anything, especially when the 

process is large scale and is meant to be cost effective. Optimizing a run while it’s still going 

is cost and time effective, which is the reason why this paper studies the best ways to analyse 

lignin content in black liquor in a timely manner. Currently the bottle neck for high 

throughput is the isolation of lignin from black liquor (Kohlhuber et al., 2023).  

When the properties of the used lignin batch are known, it becomes easier to develop fitting 

applications for it. It ensures a possibility of the product becoming reproduceable and thus 

commercially produced for the market, creating profit, which is usually the main goal in 

conducting business.  

This bachelor's thesis aims to evaluate and categorize various analytical methods for lignin 

determination in black liquor, with the ultimate goal of identifying the most effective 

approach for research applications in the forest industry. Method suitability will be 

comprehensively assessed based on two primary criteria: the time required to conduct the 

analytical tests and the overall reliability of the results obtained. The significance of this 

research lies in optimizing lignin analysis protocols, which could potentially streamline 

industrial processes and enhance resource utilization. The investigation will be conducted 

through a systematic literature review, drawing upon peer-reviewed journal articles, 

technical publications, industry reports, and other relevant scholarly sources to establish a 

thorough understanding of current analytical practices and their practical implications. 

 

2  Black liquor and lignin 

Black liquor is a by-product from the wood and pulp industry. Raw material preparation of 

wood begins with debarking, after which the material is either used as a whole or as in this 

studied case, chipped. After screening, wood chips are transported into storage and then into 

the digester for cooking and pulping. Kraft pulping is a widely used method, and after 

washing the mixture, black liquor is the main by-product, which is currently commonly 

deemed as waste. (Pratima, 2018) 
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The simplified process of harvesting lignin is illustrated in Figure 1. This thesis focuses on 

examining the various analytical methods available for determining lignin content in black 

liquor, which can be positioned between the "black liquor" and "lignin" stages shown in the 

figure. 

 

Figure 1. The simplified process of harvesting lignin from wood. 

 

When lignin or other components are not extracted from black liquor, the mixture is burned 

as a highly concentrated (over 65% solids) slurry to maximize heat recovery. Black liquor 

holds many possibilities regarding more circular and environmentally friendly processes, 

which in the current market are in rising demand (Sun et al., 2018).  

The incineration of highly concentrated black liquor also has its downsides for even the most 

traditional pulping plants. Over time scaling will occur on evaporators, reducing the 

efficiency of the equipment overall. This is caused by impurities in black liquor, such as 

sodium salts precipitating onto the surfaces, which can form an insulating layer (Leite et al., 

2013). 

The most promising component of black liquor is lignin, which is the most abundant 

aromatic polymer in nature and found in all woody plants. It is considered promising due to 

its potential as a renewable alternative to petroleum-based products and its diverse possible 

applications in a bio-based economy. Its major current applications relate to various fuel and 

material uses (Argyropoulos et al., 2023).  

The lignin macromolecule defies simple characterization as a combination of a few 

monomeric units connected by limited linkage types, unlike cellulose or polyoses. As a 

result, scientists continue to rely on models to understand and represent its complex structure 

(Reale et al., 2004). Technical lignin possesses a plethora of intriguing characteristics that 

make it a potentially valuable industrial component, despite being challenging to work with. 

These properties include aromaticity, amphiphilicity, thermal and UV stability, 
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antimicrobial activities, and adhesive capacity which are attributes that position lignin as an 

increasingly important resource for sustainable industrial development. 

Lignin is a biopolymer that consists of randomly arranged phenylpropane units derived from 

p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol as depicted in Figure 2, 

contributing to its irregular structure. The amounts of these monolignols vary depending on 

the plant source, with softwoods containing primarily coniferyl alcohol derivatives, while 

hardwoods contain both coniferyl and sinapyl alcohol units in varying ratios (Awungacha 

Lekelefac et al., 2015).  

 
Figure 2. The three most common monolignol structures in lignin. (Awungacha Lekelefac et al., 2015). 

 

2.1  Kraft pulping 

Kraft pulping is the most used pulping method globally. It accounts for 75-80 % of virgin 

pulp produced in the US (Bajpai, 2018). It was developed in 1879 by a German chemist, 

Dahl, when he by accident noticed the faster delignification caused by sodium sulfate which 

produced Na2S. The German papermaking industry, at first, did not accept this process, so 

the Swedish took matters into their own hands and the first kraft mill started its operation in 

1890 in Sweden.  

Since the 1800s, the main principles of the method have remained the same, but they have 

evolved. The method can be adapted to better fit different wood species, as they discovered 
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in the 1920s US. During this time, it was discovered that resinous pine pulp did not pulp as 

expected using the sulfite process with a calcium base, which sparked the need to study more 

efficient methods. (Bajpai, 2018.) 

The process begins with logs being debarked and fed into a chipper, where they are reduced 

to wood chips of uniform size. These chips are then sent to the digester, where they are 

cooked with white liquor—a solution containing sodium hydroxide (NaOH) and sodium 

sulfide (Na₂S)—under high temperature and pressure. During this cooking process, the 

chemicals break down and dissolve lignin, separating it from the cellulose fibres that will 

become pulp. After cooking, the mixture is separated into brownstock (pulp) and black 

liquor. The brownstock undergoes washing to remove residual black liquor before 

proceeding to bleaching stages. The black liquor, which contains dissolved lignin, spent 

cooking chemicals, and other organic materials from the wood, is collected and is usually 

sent to evaporators where it is concentrated. This concentrated black liquor then enters the 

recovery cycle, where chemicals are regenerated, and organic materials (primarily lignin) 

are burned to produce steam for energy. This thesis focuses specifically on methods to 

analyse the lignin content in this black liquor stream. This is  stream highlighted in Figure 

3, which  is an illustration of the kraft (sulfate) pulping process. 

                           Figure 3. Kraft mill flow diagram. (Mathews, 2013.) 
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2.2  What is quality lignin 

What quality means, in the case of lignin, is dependent on what its intended purpose is in 

future of the manufacturing process. Typically, ash content, carbohydrate content and 

content of dry solids are the main components which are monitored when deciding whether 

lignin is of good quality. Although these parameters can only give clues as to what the 

lignin’s properties are in practise. They must be tested to be able to determine whether the 

batch matches the required criteria thoroughly. These properties of lignin are easier to study, 

if the lignin is first separated from black liquor.  

Lignin has a very peculiar odour, which can often affect its ability to be used to its full 

potential especially when discussing products which are meant for consumers. Battling this 

odour is difficult, due to lignin's chemical heterogeneity and its tendency to become 

increasingly pungent when exposed to humidity. (Guggenberger et al., 2023.) 

 

3  Current commercial methods for extracting lignin 

Most commercial methods for lignin extraction from black liquor employ acidification to 

reduce lignin solubility, facilitating its subsequent removal through filtration. This extraction 

process serves a dual purpose: it recovers valuable lignin for potential valorisation while 

simultaneously reducing the load on the chemical recovery boiler, which can enable 

increased pulp production capacity (Tomani, 2010). 

Industrial processes such as LignoBoost, LignoForce, and LignaRec represent prominent 

commercial technologies for lignin extraction via acidic precipitation (Argyropoulos et al., 

2023). While each system incorporates unique features to enhance efficiency and product 

quality, all three utilize similar fundamental chemistry involving pH manipulation. Under 

alkaline conditions, the phenolic hydroxyl groups in lignin deprotonate and become ionized, 

enhancing lignin's solubility in black liquor. When the pH is lowered through acidification, 

typically using carbon dioxide, these groups become protonated, causing lignin to precipitate 

and allowing for its separation (Alam et al., 2024). 
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Despite their commercial success, these industrial extraction methods are poorly suited for 

laboratory-scale analysis or research applications. Their significant drawbacks include 

substantial time requirements, complex multi-stage processes, and reliance on specialized 

equipment designed for commercial-scale operations. For analytical purposes, particularly 

when determining lignin content in research settings, more streamlined and laboratory-

appropriate methods are essential. As utilisation of lignin gains popularity, the methods of 

analysing it and extracting it must become more sensible.  

3.1  LignoBoost 

LignoBoost was developed to minimize problems such as plugging filters and excessive 

caking. These problems have caused a demand for excessively large filter areas and 

increased the amount of washing fluid needed in the process. They also caused excessive 

amounts of impurities to be trapped in the lignin cake, reducing its quality. The cause of 

these issues stem from the pH and ionic strengths of the washing fluid, which cause colloidal 

formation between the lignin particles within the filter medium. (Tomani, 2010.) 

In the LignoBoost process a stream of black liquor is extracted from the evaporation plant, 

where the solid content of the liquor is being raised as liquids are evaporated. Then the black 

liquor is precipitated using carbon dioxide as the acidifying agent, after which an initial 

filtration is conducted to remove excess liquor. The most unique part of the LignoBoost 

method is the re-slurry step, where the mixture is re-dispersed with washing fluid and 

filtered. This mitigates the possibility for excessive caking and concentration gradients. 

(Tomani, 2010.) 

The filtrates from both cycles are recycled within the process to maximize resource 

efficiency. Most commonly the first filtrate is returned to the black liquor evaporation plant 

to help maintain the optimal lignin concentration in the feed stream back to the LignoBoost 

system. The second filtrate is usually mixed with the weak black liquor or repurposed for 

pulp washing etcetera. (Tomani, 2010.) 

Figure 4. illustrates the integration of the LignoBoost process within a kraft pulp mill. The 

upper section shows the key steps of the LignoBoost process: CO₂ precipitation, initial 

dewatering, conditioning (the re-slurry step), and final dewatering and washing. The diagram 
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demonstrates how the process connects with the broader pulp mill operations, including the 

evaporation plant and lime kiln. It also highlights the two main output streams from the 

process: lignin export (as a valuable product) and the option to use dried lignin as fuel by 

burning it in the lime kiln. This integration is crucial for mills considering implementing 

lignin extraction, as it shows how the LignoBoost technology can be incorporated into 

existing operations while maintaining the overall balance of the recovery cycle. 

 

Figure 4. The LignoBoost process. (Valmet, 2015) 

 

Figure 5. presents a detailed schematic diagram of the LignoBoost process. While the main 

steps are described in the text above, this diagram illustrates how the process components 

interact. The key differentiator shown here is the intermediate displacement tank (re-slurry 

step), which occurs between the first and second filtration units. This configuration enables 

precise pH control throughout the filter cake, preventing the ionic strength gradients that 

typically cause filtration problems in conventional processes. The diagram also shows how 

the various filtrates are recycled back to different parts of the process to maintain efficiency, 

with first filtrate returning to the evaporation plant, and second filtrate being repurposed 

elsewhere in the mill. This system integration is crucial for the commercial viability of the 

LignoBoost technology within existing kraft pulp operations. 
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Figure 5. Schematic diagram of the LignoBoost process. (Valmet, 2015) 

3.2  LignoForce 

This method was also developed to minimize different problems regarding the traditional 

methods of extracting lignin. The problems this method aims to tackle are odorous 

emissions, high chemical consumption and difficulties in achieving high-purity lignin. A 

common issue in traditional methods is the unintended production of total reduced sulfur 

compounds, which are commonly referred to as TRS. These compounds include hydrogen 

sulfide and mercaptans which are produced during the acidification process. TRS 

compounds pose environmental, health and safety risks due to their unpleasant odour and 

toxicity. (Kouisni et al., 2016.) 

The LignoForce method introduces an oxidation step prior to lignin precipitation. This step 

consists of adding oxygen to black liquor at approximately 80°C, which enables the harmful 

TRS compounds to convert into non-volatile sulfur compounds. In addition to reducing TRS 

compounds, this method also improves lignin filterability and minimizes the amount of 

harmful chemicals needed in the process. (Kouisni et al., 2016.) 

The oxidized black liquor is acidified with carbon dioxide, similarly to the LignoBoost 

method, to lower the pH to approximately to 9.5 which precipitates the lignin in a colloidal 

form. This slurry then undergoes a coagulation step using gentle mixing in temperatures of 
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approximately 65°C to enhance filterability. The lignin is then filtered using a filter press, 

producing a cake which is then washed with sulfuric acid and water, as is depicted in Figure 

6. After this, the cake is ready to be squeezed and dried. (Kouisni et al., 2016.)  

 

Figure 6. Schematic diagram of the LignoForce process. (Hubbe, 2019.) 

3.3  LignaRec 

The LignaRec process represents another commercial method for lignin extraction from 

black liquor, developed as an alternative to other precipitation-based approaches. Like 

LignoBoost and LignoForce, this method also employs acidification for lignin precipitation 

but incorporates unique features to enhance efficiency and product quality. (Andritz, 2024.) 

The process begins with black liquor from the evaporation plant, which undergoes a pre-

treatment step to optimize conditions for precipitation. Carbon dioxide is used as the 

acidifying agent to precipitate the lignin, followed by a filtration process. One of the 

distinguishing features of the LignaRec method is its focus on process integration within 

existing kraft pulp mill operations, aiming to minimize disruption to regular mill processes. 

(Andritz, 2024.) 
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A key innovation in the LignaRec process is its approach to washing and purification. The 

system employs a multi-stage washing sequence that helps achieve high purity levels while 

maintaining efficient water usage. This washing strategy helps remove impurities such as 

sodium and sulfur, resulting in a higher quality lignin product suitable for various 

applications. (Andritz, 2024.)  

The process also incorporates advanced process control systems to maintain consistent 

product quality and optimize operational parameters. This automation helps ensure stable 

operation and reduces the need for operator intervention, making it particularly suitable for 

continuous operation in modern pulp mills. Figure 7. depicts the  LignaRec process in detail.  

Figure 7. The LignaRec lignin recovery process. (Andritz, 2024.) 

The LignaRec method addresses several common challenges in lignin extraction. The 

process focuses on achieving efficient filtration and washing while reducing chemical 

consumption. It also emphasizes minimizing process water usage and maintaining strong 

integration with existing mill operations, all while ensuring consistent product quality 

throughout the extraction process. (Andritz, 2024) 

The filtrates generated during the process are fed back into the pulp mill's chemical recovery 

system, maintaining the overall efficiency of the kraft process while reducing environmental 
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impact. This method has gained popularity in recent years, and in 2027 the biggest lignin 

production plant in the world is scheduled to be built in Sweden and will be supplied fully 

by Andritz (Ross, 2024).  

 

4  Current methods for analysing lignin content in black liquor 

The most commonly used methods for analysing lignin content in black liquor in laboratory 

settings are the Klason method and the Van Soest method. Both of these methods are labour 

intensive and require a lot of time to prepare the sample, and even more time to produce 

reliable results.  

4.1  Klason  

The Klason method was developed in 1923 by Peter Klason. In the early stages of optimizing 

the method, he discovered the importance of the sulfuric acid (H2SO4) concentration. He 

concluded that 61-68 wt-% and using low temperatures were optimal. In 1932 Ritter et al. 

published a study introducing the now commonly used 72% sulfuric acid method. 

(Nicholson, Leavitt and Francis, 2014.) 

The Klason lignin method defines lignin as the insoluble residue that remains after plant 

matter undergoes 72% sulfuric acid hydrolysis and ash removal. This straightforward 

approach for determining lignin content in plants has been extensively studied to optimize 

treatment conditions. Due to its directness and reliability, the Klason method has become the 

standard reference for quantitative lignin analysis against which other determination 

methods are commonly evaluated. (Chen, 2015.) 

4.1.1  Klason method 

In the Klason method, carbohydrates in wood and pulp are hydrolysed and solubilized by 

sulfuric acid, while the acid-insoluble lignin is filtered off, dried, and weighed. The lengthy 
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procedure begins with adding cold (10-15°C) 72% sulfuric acid to the sample (1.0 g for 

wood, 2.0 g for pulp) in small increments while stirring. After keeping the mixture at 20°C 

for 2 hours, the sample is diluted with water to 3% acid concentration and boiled for 4 hours. 

The insoluble lignin is then allowed to settle, filtered, washed free of acid, dried at 105°C, 

and weighed. After this process the lignin content is calculated as the percentage ratio of 

lignin weight to the oven-dry weight of the original sample. (TAPPI, 2002.) 

The method shows good precision, with repeatability values (variation within the same 

laboratory) of 0.34 for wood samples containing 19-30% lignin, 0.17 for sulfate pulps (2.6-

19.1% lignin), and 0.48 for sulfite pulps (6.5-28.0% lignin). Reproducibility values 

(variation between different laboratories) are 0.79, 0.45, and 1.04 respectively. These values 

were obtained in an interlaboratory study conducted by nine laboratories on 6 wood and 10 

pulp samples, indicating that precision depends mainly on the type of material but remains 

relatively constant throughout the range of lignin content. (TAPPI, 2002.) 

The Klason method is primarily applicable to wood and unbleached pulps with lignin content 

not less than about 1%, as this provides sufficient lignin (about 20 mg) for accurate weighing. 

It serves as a reference standard against which other lignin determination methods are 

commonly compared to. (TAPPI, 2002.) 

4.1.2  Limitations 

The Klason method is time-consuming, typically requiring 1-2 days to complete due to 

lengthy preparation, acid hydrolysis, boiling, filtration, and drying steps. Thus, it is not 

suitable for rapid analysis or process control applications where quick results are needed. 

Additionally, a significant limitation is that some lignin can dissolve in the acid solution 

during the test and is not included in the final measurements, hindering the quality of the 

analysis. In softwoods and sulfate pulps, this acid-soluble fraction is small (about 0.2-0.5%), 

but in hardwoods, non-wood fibres, and sulfite pulps, it can represent about 3-5% of the total 

lignin. In semi-bleached pulps, acid-soluble lignin can amount to about half or more of the 

total lignin content. (TAPPI, 2002) 

Furthermore, extractives and other components, if not properly removed beforehand, may 

remain insoluble in acid and be counted as lignin, leading to overestimation. When applied 
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to black liquor, additional challenges arise due to its complex composition and high solids 

content, requiring significant sample preparation that further extends analysis time. (TAPPI, 

2002) 

4.2  Van Soest  

The Van Soest method was developed by P.J. Van Soest and colleagues for analysing dietary 

fiber components. The concept behind this method is the separation of plant cells into less 

digestible cell walls (containing hemicellulose, cellulose, and lignin) and mostly digestible 

cell contents (containing starch and sugars). This separation is successfully achieved using 

two detergents: a neutral detergent (a mixture of Na-lauryl sulfate and EDTA which is 

buffered to pH 7.0) and an acid detergent (cetyl trimethyl ammonium bromide in 1 N H₂SO₄). 

(Van Soest et al., 1991) 

The method distinguishes between Neutral Detergent Fiber (NDF), which includes 

hemicellulose, cellulose, and lignin, and Acid Detergent Fiber (ADF), which includes 

cellulose and lignin. The original publications for NDF and ADF procedures are now 

considered obsolete, with subsequent updates addressing standardization issues and 

procedural improvements causing the method to undergo significant improvements over the 

past decades. (Van Soest et al., 1991) 

4.2.1  Van Soest method 

In the Van Soest procedure for Neutral Detergent Fiber (NDF), a 0.5-1g sample is heated to 

boiling in 100ml of neutral detergent solution, often with the addition of heat stable amylase 

and sodium sulfite to remove starch and protein interferences. The mixture is boiled for 60 

minutes, then filtered on a pretared coarse sintered glass crucible or filter paper. After 

washing with hot water and acetone, the residue is dried at 105°C for at least 8 hours and 

weighed. The NDF content is calculated as a percentage of the original sample weight. (Van 

Soest et al., 1991) 

For Acid Detergent Fiber (ADF) determination, a similar procedure is followed using acid 

detergent solution. The sample is boiled for 60 minutes, filtered, washed, dried, and weighed. 

The ADF residue serves as a preparation for the determination of cellulose, lignin, acid-
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insoluble nitrogen, and acid-insoluble ash. Through sequential analysis, hemicellulose can 

be calculated as the difference between NDF and ADF. Various modifications of the method 

have been developed to address specific analytical challenges, with different laboratories 

adopting variations in pretreatment, boiling time, and enzyme usage. (Van Soest et al., 1991) 

The method has shown good precision across different sample types, with consistent results 

when standardized procedures are followed. The availability of specialized fibre analysis 

equipment has facilitated the adoption of this method in many laboratories worldwide. (Van 

Soest et al., 1991) 

4.2.2  Limitations 

The Van Soest method has several limitations that affect its application, particularly for 

complex samples such as black liquor. The method is time-consuming and labour-intensive, 

requiring multiple steps of preparation, boiling, filtering, and drying. Traditional fibre 

analysis methods like the Van Soest procedure typically require substantial time to prepare 

samples and produce reliable results, making them less suitable for rapid analysis needs in 

research and industrial settings. 

The method also faces challenges with starch interference, requiring enzymatic treatments 

that add complexity and potential variability. Different enzymes and modification 

procedures have been developed over time to address this issue, leading to a variety of 

adaptations of the basic method. Sample characteristics such as high lipid content (above 

10%) can cause problems in both neutral and acid detergent procedures, as detergents 

become more soluble in the lipid phase than in water, potentially resulting in elevated fibre 

values. These limitations must be considered when applying the Van Soest method to 

complex industrial samples like black liquor. (Van Soest et al., 1991) 

When analysing materials with low lignin content, such as bleached pulps, the Van Soest 

method may not provide sufficient residue for accurate weighing, similarly to limitations 

observed with the Klason analysis method. Furthermore, the multi-step nature of the 

procedure introduces potential cumulative errors, particularly when sequential analyses are 

performed. (Van Soest et al., 1991) 
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5  Novel methods for analysing lignin content 

Getting fast and reliable results are key in maintaining project manageability. In production 

plants in other fields, it is common practise to be able to get laboratory results regarding the 

product while the tested batch is still being produced, enabling the ability to make quick 

decisions regarding the manufacturing of the batch. 

Usually getting results such as lignin content in black liquor can take multiple days. The 

problem currently preventing the acceleration of lignin analysis from black liquor, is the fact 

that lignin usually needs to be separated from black liquor before analysis. The separation 

process usually begins with drying the black liquor which can, depending on the solid 

content, take over 16 hours. If analysis is possible from wet black liquor, the time needed to 

produce results will immediately be decreased enabling the analysis to be more time-

efficient. 

Direct analysis methods of lignin from black liquor are quite scarce, with the few existing 

ones being focused on one lignin type or producing only one parameter of interest. This 

problem can be combatted by using multiple different types of analysis methods, depending 

on what the objectives of the analyses are.  

Most of the methods introduced later in this paper require further studies before they can be 

fully utilized in black liquor analysis. Nevertheless, they are promising and may provide 

valuable insights for the future of lignin analysis from black liquor. 

5.1  SEC-HPLC 

Size-exclusion-high-performance liquid chromatography (SEC-HPLC) is a commonly used 

analytical method to produce qualitative results in a multitude of different areas of research. 

The equipment itself is commonly found in most laboratories. According to Barth et al. 

(1998), this technique is particularly valuable for determining molecular weight distribution 

and statistical molecular weight averages of both synthetic polymers and biopolymers.  

The fundamental principle of SEC-HPLC involves molecules being separated as they pass 

through a column packed with porous particles - larger molecules elute earlier than smaller 
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ones because they cannot penetrate the pores of the stationary phase. When coupled with 

detectors such as light scattering, viscometry, or refractive index, SEC-HPLC can provide 

comprehensive characterization of macromolecules, including their size, shape, and 

conformation in solution. (Barth et. al., 1998.) 

5.1.1  Method 

Kohlhuber et al. introduced a method in 2023 involving a form of direct analysis of lignin 

from diluted black liquor. The method successfully minimizes the total analysis time to 

approximately 30 minutes, which is a major upgrade from the two days that Kohlhuber says 

it usually takes to receive the same results using more traditional methods. This is a 96% 

difference, which is great. The method and its benefits are depicted in Figure 8. 

Figure 8. Lignin analysis simplified with SEC. (Kohlhuber et al., 2023.) 

The black liquor sample is prepared in approximately 30 minutes by diluting it with 0,1M 

NH4OH and then filtering it through a 45 μm filter to reduce the amount of insoluble 

impurities. This is also common practise when analysing almost anything via SEC.  

A linear hydrogel column is applied to the SEC, and the mobile phase used is the same 0,1M 

NH4OH solution that was used to prepare the black liquor sample. The run time in this 

specific study was 15 minutes, which is quick.  
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In this setup it is possible to simultaneously detect both lignin content and molecular mass 

distribution. Lignin content is analysed using UV detectors at different wavelengths for 

different wood types. For softwood it was determined that 475 nm was optimal and for 

hardwood it was 410 nm.  Molecular mass distribution was possible to be studied based on 

elution times. (Kohlhuber et al., 2023.) 

5.1.2  Limitations  

It was determined that the method used had a few limitations, when analysing hardwood 

lignin.  Acquiring accurate molar mass calibrations for different wood types was found to be 

difficult, due to the hardwood lignins’ high autofluorescence caused by syringyl units, which 

are abundant in especially hardwood lignins. In addition, the correction factors developed 

for the analysis of softwood lignins could not be applied to hardwood lignins due to their 

differences in structure.  

The method was highly sensitive to sample concentrations. This is usual for methods using 

SEC, so it was anticipated. High concentrations caused peak broadening issues. This issue 

is also partly caused by using only one column, which enables faster analysis, but hinders 

the resolution of the results.  

5.2  HPTLC combined with densitometry and multivariate calibration 

High-Performance Thin Layer Chromatography (HPTLC) combined with densitometry 

presents an innovative analytical approach for quantifying components in various complex 

samples. This technique is the most powerful advanced form of Thin Layer 

Chromatography, offering considerable advantages compared to traditional methods by 

minimizing sample preparation and interference from matrix components. HPTLC utilizes 

plates featuring small particles with a narrow size distribution, resulting in homogeneous 

layers with smooth surfaces that provide improved resolution, higher detection sensitivity, 

and enhanced in situ quantification. Samples are applied to precoated silica gel plates, 

followed by densitometric scanning that measures light in reflection/absorbance mode at 

specific wavelengths. The sophisticated instrumentation allows for accurate sample 

application, standardized reproducible chromatogram development, and software-controlled 
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evaluation, making it an efficient analytical method that meets quality requirements for 

today's analytical laboratories. (Sonia & Lakshmi, 2017.) 

When paired with multivariate calibration using partial least squares (PLS), HPTLC-

densitometry can compensate for interfering components in complex mixtures. The "à côté" 

concept, where detection occurs before chromatography, allows all lanes to be available for 

samples, significantly increasing throughput. This combination of techniques provides a 

rapid and efficient method for analysing multiple samples with minimal preparation steps. 

(Khaliliyan et al., 2020.) 

5.2.1  Method 

Khaliliyan et al. introduced a method in 2020 involving direct quantification of lignin from 

black liquor using HPTLC-densitometry paired with multivariate calibration by partial least 

squares (PLS). The method successfully minimizes the total analysis time to approximately 

13 minutes when combined with chromatography for additional components, and merely 2 

minutes per sample when analysing only lignin content. This represents a remarkable 99% 

improvement from the two days typically required for isolation, extraction, and gravimetric 

analysis using traditional methods. (Khaliliyan et al., 2020.) 

The analysis process is straightforward –liquor samples are simply diluted 1:50 in an alkaline 

buffer without further pretreatment. The samples are then applied to glass-backed HPTLC 

plates by spraying 2 μL at 50 nL/s. For quantitative densitometry, a scanner is used to detect 

the light backscattered from the plate, offering measurements at multiple wavelengths from 

260 to 500 nm. (Khaliliyan et al., 2020.) 

A key innovation in this approach is the "à côté" (meaning "beside" in French) concept, 

where detection of lignin is conducted before chromatography. Standards are applied outside 

the chromatography area of the plate, making all lanes available for samples. This allows for 

analysing over 200 samples on a single plate when only lignin content is being determined. 

(Khaliliyan et al., 2020.) 

The multivariate calibration using PLS compensates for interfering components in the 

mixture, achieving correct results where single-wavelength approaches fail. For optimal 

efficiency, the researchers found that detection could be limited to just four wavelengths 
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(400, 420, 440, and 460 nm) without significantly compromising accuracy. (Khaliliyan et 

al., 2020.) 

Figure 9. provides a visual representation of the HPTLC-based lignin quantification process 

described. The image shows black liquor samples being analysed, with separated lignin 

samples and sugar standards visible on the HPTLC plate. The corresponding UV scan 

profiles illustrate the densitometric measurements that enable direct quantification of lignin 

components. This visual demonstrates how the "à côté" concept works in practice, allowing 

for rapid analysis without requiring extensive sample preparation, as outlined in Khaliliyan's 

methodology. 

Figure 9. A visual representing the method (Khaliliyan et al., 2020.) 

5.2.2  Limitations 

The method has notable constraints and prerequisites. A key requirement is obtaining an 

appropriate reference lignin for use as an external standard. This reference material must be 

purified to eliminate interfering substances, particularly extractives and furanoid 
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carbohydrate degradation products, as these compounds contain significant chromophores 

that can adversely impact analytical accuracy. 

For kraft lignins, the method showed reduced accuracy at concentrations below 0.6 mg/mL, 

with increasing bias below this threshold. High uncertainty was also observed at these lower 

concentrations, suggesting that samples yielding results below this concentration should be 

repeated with less diluted samples. (Khaliliyan et al., 2020.) 

The heterogeneous nature of lignin poses another challenge, as using a single common 

standard for all lignin types inevitably introduces some issues. When testing the method with 

indulin (a commercial kraft lignin) as a reference for three different kraft liquors, deviations 

ranged from -15% to +5% from the correct values (Khaliliyan et al., 2020). While these 

deviations are significant, the tremendous time savings may outweigh the reduced accuracy 

for certain applications. Additionally, if this method were to be adapted by a laboratory 

specializing in different wood related samples, it would be beneficial to produce multiple 

references. This would increase the accuracy of this method, when studying different liquors.  

The method also showed sensitivity to dilution factors, with optimal results achieved when 

liquor samples were diluted to concentrations at the lower end of the calibration range. For 

the investigated liquors with different solids content, a dilution of 1:50 worked best. 

(Khaliliyan et al., 2020.) 

The optimal dilution per sample type could also be determined within the laboratory. This 

would streamline the process even further, enabling the usage of the method for quick 

analysis without the guesswork. 

5.3  Pyrolysis 

Pyrolysis is a thermal decomposition technique that serves as a direct method for lignin 

content determination. This approach offers distinct advantages over traditional wet-

chemical methods, including simplified sample preparation, which consists of drying and 

milling, rapid analysis times, and minimal sample quantity needed. (Alves et al., 2006.) 
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5.3.1  Method 

During the process, wood samples are rapidly heated to around 650°C in the absence of 

oxygen. The resulting decomposition products are separated and identified using gas 

chromatography. Lignin content is calculated as the ratio of lignin-derived products to the 

total pyrolysis products. (Alves et al., 2006.) 

The method demonstrates precision comparable to the standard Klason method, with 

standard deviations of 0.41% for Maritime pine and 0.34% for spruce samples. Despite 

consistently yielding values about 3.9% lower than Klason determinations, the pyrolysis 

method retains between 70% (pine) and 89% (spruce) of the variation observed in traditional 

measurements. (Alves et al., 2006.) 

Strong correlations exist between pyrolysis-derived and Klason lignin values (R = 0.95), 

enabling researchers to establish prediction models for accurate lignin content estimation. 

This makes pyrolysis particularly valuable for comparative studies where the relative 

differences between samples are more important than absolute values. (Alves et al., 2006.) 

5.3.2  Limitations 

Although the method offers faster analysis times, it isn’t a technique where the lignin is 

analysed straight from wet samples. The method still requires drying, significantly reducing 

the time saving advantages of it. This method has not been tested on black liquor samples as 

in the research paper the method was tested on wood samples, meaning it requires more 

research to be deemed as a fitting method for analysing lignin content from black liquor.  

5.4  Thermal analysis techniques 

Thermal analysis techniques offer rapid and reliable methods for characterizing black liquor 

composition by examining how samples respond to controlled temperature changes. These 

techniques generally require minimal sample preparation and handling, which reduces both 

analysis time and the potential for human error. Their application to black liquor analysis 
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provides valuable data for quality assessment and process optimization in pulp mills. (Leite 

et al., 2013.) 

The primary thermal analysis methods used for black liquor characterization include 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). Both 

techniques operate on small sample sizes (2-10 mg), use controlled heating rates in inert 

atmospheres, and can deliver results in approximately 20 minutes—significantly faster than 

traditional methods that may require 24-36 hours to complete. (Leite et al., 2013.) 

While these thermal techniques do not directly quantify lignin content specifically, they 

provide essential information about the overall composition of black liquor samples, 

including total solids content, moisture content, and thermal behaviour patterns (Leite et al., 

2013). This information serves as a valuable indicator of lignin potential in the sample and 

can help identify potential process issues such as scaling formation. When integrated with 

other analytical methods, thermal analysis can contribute to a more comprehensive 

understanding of black liquor properties. 

5.4.1  Thermogravimetric analysis (TGA) 

This method is based on measuring weight changes of a sample as a function of temperature 

or time in a controlled environment. TGA requires minimum handling of the samples, which 

reduces the possibility of human error. The analyses are performed in a highly controlled 

environment to achieve accurate results and reproducibility (Leite et al., 2013). 

For black liquor analysis, samples of approximately 5-10 mg are placed on a platinum pan 

and heated at a controlled rate (typically 10°C/min) in a nitrogen atmosphere from ambient 

temperature to about 250°C. The weight loss curve shows distinct regions corresponding to 

moisture evaporation, with the residual mass representing the total solids content. (Leite et 

al., 2013.) 

According to Leite et al., different black liquor samples show different temperature ranges 

for water evaporation, with higher solids content samples requiring higher temperatures for 

water removal. This technique provides rapid results (approximately 20 minutes) compared 

to traditional gravimetric methods (about 36 hours), making it valuable for process 

monitoring and control in pulp mills (Leite et al., 2013). While TGA accurately determines 
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total solids content in black liquor, it does not differentiate how much of that content is 

specifically lignin, but rather provides an overall measure of dry solids, which serves as an 

indicator of the lignin potential in the sample. 

5.4.2  Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC) analyses thermal properties by measuring heat flow 

differences between a sample and reference as temperature changes. When examining black 

liquor, researchers typically place a small sample (about 2 mg) in a hermetically sealed 

aluminium container and heat it in nitrogen at 10°C/min from room temperature to 

approximately 250°C. The generated thermograms reveal thermal transitions, with water 

evaporation appearing as endothermic peaks between 30-100°C (Leite et al., 2013). 

DSC complements TGA by confirming that the observed mass loss corresponds primarily 

to water evaporation rather than to other thermal events. Importantly, Leite's study in 2013 

revealed that samples with higher solids content displayed small additional peaks at higher 

temperatures (166-175°C), which may indicate the beginning of salt precipitation and 

scaling formation, both of which are critical information for industrial process controlling. 

Like TGA, DSC provides results in approximately 20 minutes, offering significant time 

advantages over traditional methods (Leite et al., 2013). While DSC doesn't directly quantify 

lignin content, it provides valuable insights into the thermal behaviour of black liquor 

samples and helps confirm the results obtained through TGA, making it a useful tool for 

rapid quality assessment in pulp and paper mills. 

5.5  Time-Domain Nuclear Magnetic Resonance (TD-NMR) 

Time-Domain Nuclear Magnetic Resonance (TD-NMR) offers a rapid and non-invasive 

approach for black liquor analysis, providing real-time information about solids content 

which correlates with lignin concentration. Unlike conventional NMR methods that require 

significant sample preparation and laboratory conditions, TD-NMR systems can be deployed 

directly in industrial environments for online process monitoring and control (Nikolskaya et 

al., 2019). 
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TD-NMR technology measures the spin-spin relaxation rate (R₂) of hydrogen atoms in the 

sample, which changes in relation to the molecular mobility and concentration of solids. This 

technique has demonstrated particular value for continuous monitoring of black liquor 

properties during the evaporation process, where timely data can support process 

optimization (Nikolskaya et al., 2019). 

The primary advantages of TD-NMR include minimal sample preparation, resistance to 

fouling that affects optical methods, rapid analysis time, and suitability for harsh industrial 

conditions. When properly calibrated, the method provides comparable accuracy to 

traditional gravimetric techniques while delivering immediate results (Nikolskaya et al., 

2019). 

5.5.1  Method 

In the TD-NMR approach for black liquor analysis developed by Nikolskaya et al. in 2019, 

samples flow through a modified NMR probe containing a Teflon tube, allowing continuous 

measurement without disrupting the production process. The system employs the Carr-

Purcell-Meiboom-Gill (CPMG) pulse sequence to measure NMR magnetization decay, with 

typical parameters including a relaxation delay of 5 seconds, 4 scans, echo time of 3 ms, and 

600 echoes. These and the preparations take about 130 minutes in total. (Nikolskaya et al., 

2019) 

A critical aspect of this method is temperature correction, as the relaxation rates show linear 

dependence on temperature. Nikolskaya et al. developed a simple linear correction model 

that accounts for the temperature effect on the measured relaxation rate. This correction is 

essential since process temperatures in pulp mills can vary significantly, particularly 

between different stages of black liquor processing. 

After temperature correction, solids content is determined using a logarithmic relationship 

between the corrected relaxation rate and gravimetrically measured solids content. This 

calibration showed excellent correlation (r = 0.9997) across a range of black liquor 

concentrations from weak (approximately 20% solids) to half-strong (over 40% solids). 

(Nikolskaya et al., 2019) 
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The physical basis for this method lies in the connection between black liquor viscosity, 

which increases with solids content, and NMR relaxation behaviour. As the concentration of 

lignin and other dissolved solids increases, molecular mobility decreases, leading to faster 

relaxation rates that can be precisely measured by TD-NMR (Nikolskaya et al., 2019). 

5.5.2  Limitations 

While TD-NMR shows considerable promise for online black liquor analysis, several 

limitations must be considered. 

The method requires initial calibration against traditional gravimetric measurements, and 

these calibrations are typically specific to the particular composition of black liquor from a 

given pulp mill. Different wood sources or pulping processes may necessitate recalibration 

of the system. (Nikolskaya et al., 2019.) 

Strong black liquor (>65% solids) presents challenges for online TD-NMR analysis due to 

its high viscosity and temperature, which can make it difficult to pump through the 

measurement system. This may limit practical application to weak, intermediate, and half-

strong black liquors in some mill configurations. (Nikolskaya et al., 2019.) 

TD-NMR primarily measures total solids content rather than lignin specifically (Nikolskaya 

et al., 2019). While these parameters correlate, variations in inorganic content or other 

dissolved solids could affect the accuracy of lignin estimations. The method provides less 

detailed chemical composition information compared to techniques like solid-state NMR 

that directly target lignin structures.  

Despite these limitations, industrial application has demonstrated remarkable robustness. In 

the study by Nikolskaya et al. (2019), the TD-NMR system operated continuously in a pulp 

mill for seven days without fouling issues that commonly plague optical methods. The 

system achieved measurement accuracy comparable to standard laboratory methods while 

providing real-time data for process control. 

When combined with other analytical techniques, TD-NMR can contribute to a more 

comprehensive understanding of black liquor properties while offering the unique advantage 

of continuous, online measurement capability. This makes it particularly valuable for process 

monitoring and control applications in kraft pulp mills (Nikolskaya et al., 2019). 
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5.6  UV-Vis spectroscopy 

UV-Vis spectroscopy provides a rapid and relatively simple approach for analysing lignin 

content in black liquor and other acidic hydrolysates. This technique has been standardized 

by national laboratories and offers advantages over traditional gravimetric methods in terms 

of speed and sample requirements. 

5.6.1  Method 

The method developed by National Renewable Energy Laboratory (Hyman et al., 2008) 

employs UV-Vis spectroscopy to determine acid-soluble lignin content in biomass 

hydrolysates. The procedure involves a systematic extraction of lignin from acidic solutions 

using methyl isobutyl ketone (MIBK), followed by solvent removal and preparation of a 

standardized solution for analysis. 

The solubilized lignin fraction is first isolated from the hydrolysate through MIBK 

extraction, a process requiring several gentle mixing and separation steps. After extraction, 

the MIBK fraction containing dissolved lignin is neutralized with sodium bicarbonate buffer 

to prevent sample degradation during subsequent solvent removal. The dried lignin is then 

quantitatively transferred to a volumetric flask and redissolved to create a stock solution for 

analysis (Hyman et al., 2008). 

A key aspect of this method is the determination of an appropriate wavelength that 

minimizes interference from other compounds present in the hydrolysate, particularly 

furfural and hydroxymethyl furfural (HMF), which strongly absorb in the UV range. While 

traditional measurements have been made at 205 nm or 280 nm, research demonstrates that 

a higher wavelength such as 320 nm can significantly reduce interference from carbohydrate 

degradation products, especially for feedstocks like corn stover that generate larger amounts 

of interfering compounds. (Hyman et al., 2008.) 

The concentration of lignin is determined using Beer's Law, applying an absorptivity 

constant specific to the biomass type and wavelength used. Standards prepared from the 

extracted lignin are used to establish a calibration curve, which shows excellent linearity in 

the absorbance range of 0.1 to 2.5 (Hyman et al., 2008). 
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5.6.2  Limitations  

This method requires several extraction and separation steps that can be time-consuming. 

The complete procedure from isolation to final measurement typically takes approximately 

24 hours, with a minimum of 12 hours required for vacuum drying the extracted lignin 

(Hyman et al., 2008). While this is faster than some traditional methods, it still represents a 

significant time investment. 

The accuracy of the method is highly dependent on proper wavelength selection to minimize 

interference from other compounds. Different biomass types may require different optimal 

wavelengths, necessitating preliminary studies to determine the most appropriate 

measurement parameters for each sample type. 

Additionally, the extraction efficiency can be affected by emulsion formation during the 

MIBK separation step, potentially leading to incomplete lignin recovery. Care must be taken 

to avoid vigorous agitation and to properly neutralize the extract to prevent sample 

degradation during subsequent processing steps (Hyman et al., 2008). 

5.7  ATR-UV/Vis Spectroscopy 

Attenuated Total Reflection (ATR) UV/Vis spectroscopy represents an advancement over 

traditional UV-Vis methods by allowing direct analysis of black liquor without extensive 

sample preparation or dilution requirements. 

5.7.1  Method 

In 2007 Chai and colleagues created an ATR-UV/Vis spectroscopic method for quick 

assessment of total dissolved solids (TDS) in black liquors, which serves as an indirect 

indicator of lignin concentration. This approach leverages how compounds like inorganic 

salts and carbohydrate breakdown products, which don't absorb light, alter the solution's 

refractive index, thereby modifying the effective optical path length during ATR 

measurements. 



   

 

34 
 

For weak black liquors, measurements are conducted using a flow-cell ATR probe, while 

for highly viscous strong black liquors, an insert-type probe is employed. The sample is 

pumped through the flow cell or the probe is immersed directly in the heated liquor (90°C 

for strong black liquors). Spectral data is collected in the UV-visible range, with 

measurements at specific wavelengths (300 nm for weak black liquors and 420 nm for strong 

black liquors) used to determine TDS content. (Chai et al., 2007.) 

A key advantage of this technique is its ability to detect probe fouling through spectral 

analysis. Minor fouling causes the ATR signal to shift uniformly across wavelengths, while 

significant fouling produces a distinctively distorted spectrum. This allows for simple 

correction of measurement errors through spectral processing without recalibration. (Chai et 

al., 2007.) 

For weak black liquors (7-23% solids), the square root of ATR response at 300 nm shows a 

linear relationship with TDS content. For strong black liquors (58-72% solids), the ATR 

signal at 420 nm exhibits a nearly linear relationship with TDS content (Chai et al., 2007). 

5.7.2  Limitations 

While the ATR-UV/Vis method provides rapid TDS measurements, it does not directly 

quantify lignin content but rather measures total dissolved solids, of which lignin is a 

component. Additional calculations or correlations would be needed to determine specific 

lignin concentrations from the TDS values. 

The method is sensitive to temperature changes, with a 5°C variation causing approximately 

2% change in absorption measurements. This necessitates temperature control during 

analysis, particularly for comparative studies. (Chai et al., 2007.) 

Probe fouling remains a concern, especially with highly viscous black liquors, though the 

method does provide built-in diagnostics for fouling detection. Regular cleaning cycles may 

be required during continuous monitoring to maintain measurement accuracy. 

Despite these limitations, the ATR-UV/Vis technique represents one of the fastest methods 

available for analysing black liquor, with measurements taking only minutes to complete 

compared to hours or days required by traditional methods. 
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5.8  FT-Raman 

Fourier Transform Raman spectroscopy provides a non-destructive analytical approach for 

lignin quantitation in various lignocellulosic materials. This technique addresses many 

challenges associated with traditional wet-chemical methods by offering a more direct 

measurement without requiring lignin isolation.  

5.8.1  Method 

The method developed by Agarwal employs near-infrared Fourier Transform Raman 

spectroscopy (FT-Raman) with a 1064-nm excitation laser. A key innovation in this 

approach is the chemical pre-treatment of samples to minimize the influence of 

chromophores and conjugated structures that can disproportionately contribute to the lignin 

band intensity at 1600 cm⁻¹. These treatments include alkaline hydrogen peroxide bleaching, 

diimide hydrogenation, and sodium borohydride reduction. (Agarwal, 2011.) 

For sample preparation, materials are initially extracted with acetone, washed in deionized 

water, and subjected to a sequence of chemical treatments. Alkaline peroxide bleaching is 

performed at 70°C for 2.5 hours using 5% H₂O₂, 5.3% total alkali, 0.1% Mg, and 4% 

Na₂SiO₃. This is followed by diimide treatment in acetone for 2 hours. For some materials, 

sodium borohydride treatment (0.5 M NaBH₄ for 2 hours) is additionally required. (Agarwal, 

2011.) 

The treated samples are pressed into pellets using a hydraulic press and analysed with the 

FT-Raman spectrometer, accumulating 1024 scans. Lignin content is determined by 

measuring the relative intensity of the lignin band at 1600 cm⁻¹ compared to the carbohydrate 

band at 1096 cm⁻¹, with appropriate corrections for total carbohydrate content differences 

between samples. (Agarwal, 2011.) 

The method has demonstrated excellent correlation with traditional Klason lignin 

measurements (R² = 0.97) and total lignin content (R² = 0.95) across diverse biomass 

materials with lignin contents ranging from 4.9% to 48.4% (Agarwal, 2011). While this 

technique has shown promise for solid lignocellulosic samples, it has not yet been 
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specifically validated for black liquor analysis, which presents unique challenges due to its 

liquid form and complex chemical composition.  

5.8.2  Limitations 

This method requires chemical pre-treatments tailored to the specific composition of the pulp 

being studied. Depending on the sample's lignin structure, multiple pre-treatments may be 

necessary, which can significantly impact analysis speed. The alkaline peroxide bleaching 

requires approximately 2.5 hours, diimide treatment adds another 2 hours, and some samples 

may need an additional sodium borohydride treatment for 2 more hours. (Agarwal, 2011.) 

Furthermore, the optimal sequence of treatments varies according to the material type, with 

some samples requiring more complex treatment sequences than others. The complete 

process from sample preparation to final results can take approximately 6-8 hours, which 

while considerably faster than traditional Klason methods that typically require 1-2 days, 

still represents a significant time investment. 

A major limitation regarding black liquor analysis is that the method has been developed 

and validated primarily for solid wood and plant materials. Adaptation to black liquor would 

require significant modifications to sample preparation techniques and possibly to the 

analytical procedure itself. The high alkalinity and dissolved solids content of black liquor 

would present additional challenges for the chemical pre-treatments that are essential to this 

method. Further research would be needed to determine if this approach could be viable for 

direct black liquor analysis or if it would require lignin isolation from the liquor prior to FT-

Raman analysis, diminishing the benefits of this method instantly. 
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6  Conclusions 

It is clear that the most time-efficient analytical methods are not the traditionally established 

ones like Klason and Van Soest, which despite their reliability, require substantial time 

investments that limit their practicality for rapid process monitoring and optimization. This 

paper has reviewed several novel methods, each with their own advantages and 

disadvantages regarding lignin analysis from black liquor.  

The applicability of these methods in different circumstances will vary depending on the raw 

materials used and the company's willingness to invest in laboratory operations and research 

on this matter. All methods introduced in this paper will be assessed based on their accuracy 

and time-efficiency. Time-efficiency will be emphasized, as it is a factor that remains 

relatively consistent regardless of the black liquor type being analysed. 

The commonly used methods are summarized in Table 1, where they are assessed with brief 

comments providing context for the evaluation criteria. The novel methods will be compared 

to these two methods, but the Klason will serve as the benchmark, as it is more common in 

practise than the Van Soest method. 
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Table 1. Summary of the commonly used methods introduced in this thesis.  

Method (abbreviation) Main principle Accuracy Time consumed 

Klason  Acid hydrolysis of 
carbohydrates with 
sulfuric acid, leaving 
insoluble lignin residue 
which is analysed 
gravimetrically. 

Good precision and is 
often used as a 
benchmark when 
discussing the accuracy 
of other methods. 

1-2 days, requires 
lengthy preparation 
including acid 
hydrolysis, boiling, 
filtration, and drying 
steps.  

Van Soest  Sequential detergent 
treatment to separate 
plant components; uses 
neutral detergent (NDF) 
and acid detergent 
(ADF) to isolate 
cellulose and lignin. 

Good precision when 
standardized procedures 
are followed; provides 
consistent results across 
different sample types. 

1-2 days, requires 
multiple steps of 
preparation including 
boiling, filtering, and 
drying. Is labour 
intensive.  

 

As mentioned before in this paper, the main cause of increased analysis time is the drying of 

the black liquor. This drying process, depending on the solid content, can take over 16 hours 

before further analysis can proceed. Methods that enable direct analysis of wet black liquor 

samples, such as SEC-HPLC and ATR-UV/Vis spectroscopy, offer significant time 

advantages by just eliminating this extremely time-consuming step.  

With the novel methods differing greatly in their analytical principles, detection 

mechanisms, and having significant variations in the material being analysed (hardwood vs. 

softwood, raw black liquor vs. pretreated samples), it is not possible to evaluate the accuracy 

of these methods in a directly comparable manner regarding lignin analysis from black 

liquor. Each method's accuracy must be considered within its specific context and intended 

application, rather than through a simplified quantitative comparison. 

The novel methods are summarized in table 2, taking a careful stance on the accuracy aspect 

due to the inherent differences in analytical principles and sample types. The assessment 

places a lot of emphasis on the time consumed in the methods, as reducing analysis time 

represents one of the most significant opportunities for improvement over traditional 

techniques and is easily quantifiable. 
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Table 2: Summary of the novel methods introduced in this bachelor’s thesis. 

Method (abbreviation) Main principle Accuracy Time consumed 

SEC-HPLC Size-exclusion high-
performance liquid 
chromatography 
analysing diluted 
samples directly from 
black liquor.  

Accurate for softwood 
lignin; limitations with 
hardwood lignin's molar 
mass calibration due to 
autofluorescence.  

Approximately 30 
minutes. Roughly an 
96% time decrease 
when compared to 
traditional methods. 

HPTLC High-Performance Thin 
Layer Chromatography 
with densitometry and 
multivariate calibration. 

Accurate for kraft 
lignins at concentrations 
above 0.6 mg/mL; 
deviations ranging from 
-15% to +5% when 
using a single reference 
standard. 

2 minutes per sample 
for lignin content only; 
13 minutes when 
combined with 
chromatography. 
Approximately 99% 
improvement over 
traditional methods. 

Pyrolysis Thermal decomposition 
at ~650°C without 
oxygen; lignin content 
calculated from ratio of 
lignin-derived products 
to total pyrolysis 
products. 

Precision comparable to 
Klason method (0.41% 
SD for Maritime pine, 
0.34% for spruce); 
values consistently 
~3.9% lower than 
Klason. 

Faster than traditional 
methods but still 
requires drying; not 
validated for black 
liquor. 

TGA Thermogravimetric 
analysis measuring 
weight changes as 
function of temperature. 

Reliable data on total 
solids content with 
excellent precision. 

Approximately 20 
minutes. 

DSC Differential scanning 
calorimetry measuring 
heat flow differences 
between sample and 
reference. 

Complements TGA by 
confirming that mass 
loss corresponds to 
water evaporation. 

Approximately 20 
minutes. 

TD-NMR Time-Domain Nuclear 
Magnetic Resonance. 

Showed excellent 
correlation (r=0,9997) 
for a plethora of 
different black liquor 
samples. 

Approximately 130 
minutes per sample. 

UV-Vis spectroscopy Measures lignin content 
based on light 
absorption at specific 
wavelengths. 

Excellent linearity in 
absorbance range 0.1-
2.5; accuracy dependent 
on proper wavelength 
selection. 

Approximately 24 hours 
(including extraction 
steps); minimum 12 
hours for vacuum 
drying. 

ATR-UV/Vis 

spectroscopy 

Attenuated Total 
Reflection technique 
allowing direct analysis 
without extensive 
sample preparation. 

For weak black liquors 
(7-23% solids), linear 
relationship between 
square root of ATR 
response at 300 nm and 
TDS content; for strong 
black liquors (58-72%), 
nearly linear 
relationship at 420 nm. 

Few minutes to 
complete. 

Raman FT-Raman spectroscopy 
using 1064-nm 
excitation laser to 
determine lignin content 
non-destructively. 

Excellent correlation 
with Klason 
measurements 
(R²=0.97). 

6-8 hours including 
sample preparation and 
chemical pre-treatments. 
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6.1  Methods for rapid lignin content analysis 

Based on the comprehensive evaluation of both traditional and novel analytical methods, 

several novel approaches emerge as particularly promising for lignin analysis from black 

liquor. When considering both time efficiency and practical applicability, certain novel 

methods demonstrate clear advantages over conventional techniques. 

The HPTLC method combined with densitometry and multivariate calibration stands out as 

exceptionally efficient, requiring merely 2 minutes per sample for lignin content 

determination. Despite accuracy deviations ranging from -15% to +5% when using a single 

reference standard, the method's ability to process over 200 samples on a single plate and its 

remarkable 99% reduction in analysis time compared to traditional methods makes it highly 

valuable for research applications requiring rapid results. Additionally, accuracy deviations 

could be minimized by producing in-laboratory standards for their specific needs. This 

approach effectively addresses the time constraints that have historically limited lignin 

analysis in industrial settings. 

SEC-HPLC similarly offers significant advantages with its 30-minute analysis time, 

representing a 96% reduction compared to conventional methods. The direct application to 

diluted black liquor samples without requiring the time-consuming drying process is 

particularly beneficial. While limitations exist regarding hardwood lignin analysis due to 

autofluorescence, the method proves highly effective for softwood lignin determination, 

making it well-suited for facilities primarily processing softwood materials. 

For operations requiring immediate feedback, ATR-UV/Vis spectroscopy presents another 

viable option, completing analyses within minutes and accommodating direct measurement 

of black liquor without sample preparation. Its versatility in handling both weak (7-23% 

solids) and strong (58-72% solids) black liquors enhances its practical utility across different 

mill operations, though it primarily measures total dissolved solids rather than specifically 

isolating lignin content. 

Thermal analysis techniques, specifically TGA and DSC, offer complementary approaches 

with approximately 20-minute analysis times. While these methods focus on total solids 
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content rather than lignin specifically, they provide valuable information regarding sample 

composition and can be particularly useful when integrated with other analytical approaches. 

TD-NMR technology offers potential for online process monitoring applications, with 

measurement times of approximately 130 minutes per sample. While this is longer than some 

other novel methods, it still represents a significant improvement over traditional approaches 

and provides the unique advantage of potential integration into continuous monitoring 

systems. 

In contexts where accuracy requirements are more stringent and additional analysis time is 

acceptable, Raman spectroscopy represents a compelling intermediate option. Though 

requiring 6-8 hours including sample preparation and chemical pre-treatments, this duration 

still represents a significant improvement over traditional methods. Its excellent correlation 

with Klason measurements (R² = 0.97) and ability to analyse lignin without isolation steps 

makes it valuable for detailed research applications. Although it has yet to be tested on black 

liquor samples, these characteristics make it a option worth of additional studies.  

The selection of an optimal analytical method ultimately depends on the specific 

requirements of the application. For process monitoring and control requiring rapid 

feedback, HPTLC or ATR-UV/Vis would be most appropriate. Research applications with 

higher accuracy demands might benefit from SEC-HPLC or Raman approaches, while TGA 

and DSC offer efficient complementary analysis of total solids content. 

These novel methods collectively represent significant advancements in addressing the time 

constraints that have traditionally limited lignin analysis from black liquor. By enabling 

more rapid assessment of lignin content, these techniques can potentially enhance process 

optimization, quality control, and research capabilities in the pulp and paper industry, 

ultimately supporting more efficient utilization of this promising resource. 
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Appendices 

Appendix 1. Materials and methods 

The study began by gathering references via LUT Primo, where the results were tweaked to only show peer-

reviewed publications. The logical order of conduct was to begin gathering information about the basics using 

query words such as: lignin, black liquor, Klason, pulping and analysis. The amount of results was rather 

disappointing and they were older than preferred, but nevertheless  they offered great overall information and 

helped grasp the bigger picture.  

With adding the query word “recovery”, the results geared towards commercial methods such as LignoForce 

and the article by Kouisni  et. al. (2016) was introduced and after reading, used in this thesis. As this thesis 

was done for a company, the representatives of the company offered me valuable information and tips on what 

to search for, and gave me a valuable article by Kohlhuber et al (2023); “Adding Speed to Lignin Analysis 

Straight from Black Liquors”. By studying the references used in this article, multiple other useful articles were 

found such as the article by Khaliliyan et al. ” Direct Quantification of Lignin in Liquors by High Performance 

Thin Layer Chromatography-Densitometry and Multivariate Calibration”, by Tomani ” THE LIGNOBOOST 

PROCESS” and by Hubbe et al. ”Lignin Recovery from Spent Alkaline Pulping Liquors Using Acidification, 

Membrane Separation, and Related Processing Steps: A Review”. 

In addition to LUT Primo, also Google Scholar was used to find articles especially when using analysis methods 

as query words such as “NMR”. The article “Solids content of black liquor measured by online time-domain 

NMR” by Nikolskaya et al. was found in Google Scholar with the query being ”NMR black liquor”. Most of 

the other articles regarding specific methods were also found by mixing “black liquor” and/or “lignin” with the 

methods name.  


