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Analysis of lignin content in alkaline treated hemp fibres: 

thermogravimetric studies and determination of kinetics of different 

decomposition steps 

Hemp (Cannabis sativa L.) is a plant of which, its ease of cultivation, structure and 

properties, provide it great potential for industrial applications; nevertheless, the 

unfavourable content of lignin complicates its processing, especially in the textile 

area. Thus, an appropriate knowledge of the delignification process would lead to 

treating hemp fibres as cotton fibres. In this work, hemp has been treated with an 

alkaline liquor [NaOH 1M] at 110 ºC during different times and afterwards, the 

substrates were chemically characterised in order to determine their lignin content 

and also analysed by thermogravimetry (TGA). Through the correlation analysis, 

the relationship between lignin content, onset temperature of cellulose 

decomposition and loss of mass at the different decomposition steps were 

established. A hyperbolic kinetic model to explain the influence of alkaline 

treatment time on lignin content and also on the loss of mass at the four steps of 

decomposition of the samples by TGA up to 600 °C has been developed. Although 

it has been found that the degradation of lignin occurred across the entire 

temperature range, results have shown that the influence of treatment time has 

become clearly relevant on lignin content, Step2 (180.5 ºC-273.5 ºC) where a 

fraction of 10 to 16 % of lignin was degraded, and Step3 273.5 ºC-396.5 ºC) where 

cellulose was mainly decomposed and 20% of lignin was also degraded. 

Keywords: Hemp, lignin, alkaline treatment, thermogravimetric analysis (TGA), 

kinetics 

Introduction 

In recent decades, advances in studies focused on the biodegradation and sustainability 

of renewable resources have promoted a change in the social paradigm. This has attracted 

considerable attention to vegetal fibres as a raw material for the future, as well as a source 

of other components for new agrochemical and energy products.[1] The production of 

vegetal fibres will help to improve the agricultural balance of the planet and reduce the 

deficit of cellulose pulp growing with the world population.[2] 



 
 

Hemp (Cannabis sativa L.) is a plant of the Cannabaceae family, which has been 

grown and used in several countries, habitats and altitudes.[3, 4] Its ability to root deeply 

entails low nitrogen demand without continuous irrigation and its uses in 

bioremediation, lead to significant environmental benefits compared to other competing 

arable crops, such as cotton. [5–7] 

Hemp has a fibrous structure with evident applications due to its properties. It is 

found in the group of woody species, such as ramie and flax. It has a cellulose content 

(70-74 %), which is lower than that of cotton, in addition to hemicellulose (18-23 %), 

pectins (0.9%), lignin (4-6 %), water-soluble substances and a certain amount of natural 

pigments (0.8%). [8, 9] Lignin creates mechanical incrustations in sections of amorphous 

cellulose and its presence in both, the elementary fibre and in the layers of the technical 

fibre, makes them stiffer, more breakable, and reduces their elementarization and 

spinnability. [10–12] A proper understanding of the delignification would help to cottonize 

hemp, that is, to separate the fibre bundles into elemental fibres by removing the lignin 

that holds them together. After this process, hemp fibres can be spun with equipment 

intended for cotton.[4, 10, 13, 14] 

The process of cottonizing hemp fibres has been addressed from mechanical, 

chemical and enzymatic viewpoints that in combination with pre-treatments such as 

steaming and heating, ease the elimination of lignin, resulting  in a modification of the 

structure of the fibres, specific surface, crystallinity, thermal stability, mechanical 

properties, moisture absorption and desorption.[10, 15–22] The control of these properties is 

fundamental to obtain suitable hemp fibres, alone or blended, for textile process, in 

order to produce substrates for clothing and household applications. 

Kinetics and mechanism of delignification of hemp can be described by alkaline 

pulping, which consists essentially in the treatment of wood with an alkaline liquor and 



 
 

heat in a pressure resisting vessel. As it can be seen in Figure 1[23, 24], the wood fibre 

constituents were assumed to be present in the fibre-bound liquid, and the cooking 

liquor by chemical mass transfer phenomena between the reaction components such as, 

water, hydroxide ion, sodium ion, etc., extracts most of the lignin, pentosan, and other 

non- cellulosic materials, leaving the desired cellulose. Lignin dissolution can be 

described as a transfer process of molecules from the insoluble fibre wall to the fibre-

bound liquid. [24–26] Both the soda and kraft pulping of non-wood and wood chips have 

been studied and some delignification models with different complexities have been 

described in literature. In the pulping process, initial, bulk and residual delignification 

stages can be distinguished. In the initial stage, hemicelluloses are deacetylated and a 

considerable amount is dissolved, while a small amount of lignin is removed. In the 

bulk stage, most of lignin is degraded and dissolved in the cooking liquor and, a smaller 

amount of the remaining hemicelluloses is dissolved or degraded, while the degree of 

polymerization of the cellulose decreases. During the residual stage, removal of lignin is 

very slow, while cellulose and remaining hemicellulose are decomposed further. [27, 28]  

Figure 1 

De Groot et al. [27] carried out an alkaline delignification of hemp woody core to 

develop an efficient and non-polluting process. Shavings of hemp woody core were 

delignified isothermally at different temperatures with 1M sodium hydroxide in a flow-

through reactor. They modelled the alkaline delignification kinetics restricted to the 

bulk and the rest of stages, described with two simultaneous first order reactions. 

Correia, Roy and Goel [29] studied the delignification kinetics of Canadian hemp fibre 

through series of laboratory-scale micro-pulping experiments. The pulping liquors had 

an active alkali of 15% and 18% as Na2O from NaOH at various cooking temperatures 

in stainless-steel reactors. The calculated activation energies for hemp, based on first 



 
 

order kinetics, showed that the reaction is more energy efficient compared to other 

wood species. Dang and Nguyen [30] described the heterogenous nature of alkaline 

pulping kinetics by a model based on the power law of growth and Avrami’s concepts 

in nuclei growth taking into account the effects of alkali concentration and temperature. 

They tested the developed model against published data obtained from pulping of thin 

hemp woody core in isothermal flow-through reactors. The final form of the model 

could be represented by a first order rate equation with a time-dependent rate constant. 

Heterogeneous kinetic model was found to accurately predicted delignification and 

xylan loss from hemp woody core. 

Regarding the studies conducted by thermogravimetric analysis (TGA) of hemp 

fibres, Kabir et al. [31] treated hemp fibres with alkali (0, 4, 6, 8, 10 % NaOH), acetyl 

(acetic acid and acetic anhydride) and silane (3 % siloxane) chemicals. Results showed 

that hemicellulose was degraded faster than cellulose and lignin. Cellulose exhibited 

better thermal stability and lignin was degraded in wide temperature ranges. Treated 

fibres revealed higher thermal stability compared to untreated fibre. This last conclusion 

was also found by Stevulova et al. [15] and by Zhang and Zhang. [19] 

The aim of this work is to study the relationship between lignin content, onset 

temperature of cellulose decomposition and loss of mass of the different decomposition 

steps given by the Thermogravimetric Analysis (TGA) through the application of 

correlation analysis. The kinetics of alkaline hemp delignification by using the residual 

lignin after chemical treatments, and the kinetics of the different decomposition steps by 

monitoring the loss of mass given by thermogravimetric analysis as a function of the 

time of treatment are also determined. 

Materials and Methods 

Plant fibrous raw material 



 
 

The raw material used was hemp (Cannabis sativa L.) fibre purchased from CELESA 

S.A. (Spain). Previously, fibres were carded and washed with a non-ionic surfactant 

(Hostapal UH Liq, Archroma), 1.7 g/L, liquor ratio 1:30 at 90 ± 2 °C for 10 minutes and 

rinsed with deionized water at room temperature for 5 minutes, 3 times. Finally, hemp 

fibres were dried on filter papers. In order to improve fibre handling and to ensure 

homogeneity of the samples, 2 kg of washed hemp fibres were ground in a SR 100 

cutting mill (Retsch) to a size of 2 mm and subsequently, they were conditioned at 20˚C 

± 2˚C and 65 ± 4 % R.H. for 24 hours. 

Lignins 

Lignosulfonates of low molecular, medium and high molecular weight, described in 

Table 1, were provided by Borregaard - Lignotech Ibérica S.A. (Spain) and used as 

comparison materials. 

Alkaline chemical treatment 

Chemical treatments of hemp were carried out in a Carousel 6 Plus reaction station 

(Radlyes) at 110 °C, 400 rpm. In each reactor, 7.0 ± 0.5 g of conditioned fibre and 105 

mL of pulping liquor were placed. Fibre to liquor ratio was 1:15 and the liquor was 

made of NaOH (Scharlau) [40 g/L] and an anionic- non-ionic surfactant (Hostapal DTC, 

Archroma) [1.5 g/L]. The chemical treatment of the hemp was performed during 5, 15, 

30, 45, 60, 90, 120, 180, 240, 360 and 480 minutes. After the reaction time has elapsed, 

the samples were neutralized with acetic acid (Scharlau) [0.1 M], rinsed with deionized 

water three times and dried at 50 ˚C ± 0.5 ˚C for 24 hours. 

Lignin determination 

Lignin content (%) in hemp fibres after the chemical treatment at different times was 



 
 

determined according to Tappi Standard T 222 om-2015 “Acid-insoluble lignin in wood 

and pulp”.[32] The percentage of lignin removed at each time was calculated based on 

the lignin content in untreated hemp.  

Thermogravimetric analysis (TGA) 

TGA were performed in a Mettler-Toledo TGA/SDTA 840 by using samples of about 

10 mg placed in completely open aluminium pans. Tests were conducted from 25 ˚C to 

600 ˚C at 10 ˚C /min under a N2 flux of 60 mL/min. Experimental results were obtained 

with STARe Software 10.0 (Mettler Toledo), which allows to analyse TGA plots by 

determining derivatives, decomposition steps, thermal transition temperatures and loss 

of mass at the different steps. 

Statistical Modelling 

Experimental results were statistically analysed with Statgraphics Plus Software V.1 

(Statistical Graphics Corporation and Manugistics, Inc.), to obtain the correlation 

analysis between the results in order to determine the existing relationships and, also to 

find the kinetic model to predict the evolution of lignin, loss of mass of the different 

decomposition steps and residue as a function of the treatment time by applying a 

nonlinear regression. 

Results and Discussion 

TGA plots of a sample of low molecular weight lignin and that of an untreated hemp are 

shown in Figure 2. 

Figure 2 

The four decomposition steps defined by the DTGA plots during the TGA of lignin and 

hemp were as follows. [31] The three Tend temperatures indicated are the average of those 



 
 

obtained from hemp samples. 

• First step from room temperature to Tend1 (180.5 ˚C): Moisture and volatiles 

like waxes and lignin of very low molecular weight are mainly removed. Step1 is 

the corresponding loss of mass. 

• Second step from Tend1 to Tend2 (273.5 ˚C): Mainly pectin and lignin of low-

medium molecular weight are removed. Step2 is the corresponding loss of mass. 

• Third step from Tend2 to Tend3 (396.5 ˚C): Degradation of cellulose takes place 

besides that of lignin of medium-high molecular weight. Step3 is the 

corresponding loss of mass. 

• Fourth step from Tend3 to 600 ˚C: Char derivatives from cellulose and lignin 

residues are formed. Step4 is the corresponding loss of mass. 

• Residue at 600 ˚C is tar and char formed products remaining at the end of the 

TGA. 

The percentage loss of mass of low, medium and high molecular weight lignosulfonates 

obtained by TGA is shown in Table 2. 

Table 2 

The percentage loss of mass of untreated hemp sample and of those treated chemically 

in the reactor according to the treatment time is shown in Table 3. 

Table 3 

Correlation analysis 

The possible relationship between the lignin content (or lignin removed) and the results 

given by TGA has been analysed by a correlation analysis. The results corresponding to 

the untreated sample are highly detached from those of the 11 treated samples, which 



 
 

leads to high correlation coefficient although there is a weak relationship between 

variables. Consequently, only the relationships TGA results to lignin content (or lignin 

removed) with correlation coefficients greater than 0.9 have been considered. The results 

are shown in Table 4. 

Table 4 

Correlation analysis shows that the greater the lignin content, the higher the loss of mass 

of both Step2 and Step4, the lower that of Step3 and the presence of lignin causes the 

onset temperature of cellulose decomposition (Ton) to decrease. The results of Table 2 

enable to consider that during Step2, low molecular weight lignins are removed, while 

during Step4 (400 ˚C – 600 ˚C) more stable lignins are removed regardless their 

molecular weight. Step3 is mainly related to the cellulose decomposition: the greater the 

cellulose content, the lower the lignin content and, consequently, less amount of lignin 

will be removed from the sample at this step. The relationship between Ton and lignin 

content suggests that the presence of lignin decreases the temperature at which the 

decomposition of cellulose begins. Otherwise, the greater the cellulose content, the 

higher both, the size of Step3 and the onset temperature of decomposition. Lignin 

impairs the thermal stability of cellulose. 

As regards the relationship between the TGA results and the onset temperature 

of cellulose decomposition (Ton), increases with the amount of cellulose (higher values 

of Step3) due to the reduction of lignin content, which is mainly decomposed in both 

Step2 and Step4. The relationships between the three steps show that the higher the 

Step2, the greater Step4 and the lower Step3, which concurs with the positive 

relationships between lignin content with both Step2 and Step4, and cellulose content 

with Step3. 



 
 

Kinetic modelling of lignin content and TGA results of loss of mass at the different 

steps and residue as a function of the reactor treatment time 

The kinetics of lignin content (LC) and the variation of mass at each step as a function 

of the alkaline treatment time (Step1, Step2, Step3, Step4 and Residue) can be modelled 

by using a hyperbolic model, [33] which at time zero provides the initial mass of the 

untreated sample 𝑚𝑚0, and over time, evolves towards a horizontal asymptote indicating 

the maximum mass variation due to the treatment reached at infinite time. If 𝑚𝑚 is the 

percentage loss or gain of mass at each stage depending on the treatment time in 

minutes, the model is as follows. 

𝑚𝑚 (%) = 𝐴𝐴 + 
𝐵𝐵

√𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡 + 𝐶𝐶
 (1) 

The initial value of the untreated sample mass 𝑚𝑚0 is obtained from equation (1) for t = 

0. 

𝑚𝑚0 (%) =  𝐴𝐴 +  
𝐵𝐵
√𝐶𝐶

 (2) 

The final value of mass at infinite time (asymptote) of treatment corresponds to the 

constant A. 

𝑚𝑚∞ (%) =  𝐴𝐴 (3) 

The 50 % of the maximum variation of mass due to the treatment is obtained as follows. 

𝛥𝛥𝑚𝑚1
2�

 (%) =
𝑚𝑚0 −𝑚𝑚∞ 

2
 (4) 

Which means that the mass content will be 𝑚𝑚1
2�
 = 𝑚𝑚0 + 𝛥𝛥𝑚𝑚1

2�
 and when replaced in 

the model, allows to determine the time of half variation of mass t½ according to the 



 
 

equation (5). 

𝑡𝑡1
2�

 (𝑚𝑚𝑡𝑡𝑚𝑚) = � 𝐵𝐵
𝑚𝑚1

2�
−𝐴𝐴
�
2

− 𝐶𝐶  (5) 

By calculating the derivative of the model, the initial rate of mass variation at t = 0 can 

be determined. 

𝑚𝑚′0 = −0.5 ∗ 𝐵𝐵 ∗ 𝐶𝐶−1.5  (6) 

The theoretical kinetic model and its parameters are shown in Figure 3. 

Figure 3 

The parameters of the models fitted to the lignin content and to the different steps and 

residue given by the TGA have been obtained by means of nonlinear regression. Table 5 

shows the parameters A, B and C of the model, coefficient R2, characteristic values of 

mass m0, m½, m∞, initial rate of mass variation m’0 and time of half variation of mass t½. 

Table 5 

The goodness of fit is evaluated by the signification of the coefficients B and C of the 

model and by coefficient of determination R2. Results in bold type indicate that 

coefficients are significant at 5 %, which means that the model shows satisfactorily the 

change of mass as a function of time. Additionally, the three models containing both B 

and C coefficients have R2 values greater than 97 %, which means models account for 

the 97 % of quadratic mass variation over time and the experimental error is lower than 

3 %. 

Plots of the models fitted to the lignin content in samples and to the different steps and 

residue of TGA results are shown in Figure 4.  



 
 

Figure 4 

Relationship between lignin content (LC) and TGA results of Step2 and Step3 

Based on the results of the best fits, it seems that it may be convenient to study the 

relationship between the results given by TGA at Step2 and Step3 with the lignin content 

in the sample. A linear regression shown in figure 5 between both Step2 and Step3 and 

LC, predicts the lignin content in the sample based on the loss of mass at both steps. 

Figure 5 

 

Alkaline delignification could influence the decomposition of other components of 

hemp in addition to lignin. However, it seems that these remains may be lost in stages 

prior to stage 3 probably due to their molecular weight after alkaline hydrolysis, which 

could explain the reason why they do not conform to linearity.  

On the other hand, Table 4 shows that the higher the lignin content, the smaller 

the Step 3, and consequently the loss of mass due to cellulose decomposition. 

Additionally, it must be considered that the lignin content in the fibre is around 6 %, 

therefore, 6% of mass lost in the lignin decomposition in Step 3 which is around 20 % 

(Table 2), would represent 1.2 % of the loss observed in the Step 3, in which the losses 

of mass reach 70%. So, it seems that the presence of lignin practically does not distort 

the losses in the hemp measured in the Step 3. 

Table 4 and Table 3 also show that the presence of lignin (therefore, it must be 

its decomposition) could favour that cellulose decomposition (Ton) starts sooner (r=-

0.916) so, the more lignin is in the fibre, the sooner the cellulose decomposition begins, 

which is clearly observed when comparing delignified samples with untreated hemp. 



 
 

Influence of treatment time on Residue 

As regards the model fitted to Residue, neither B nor C coefficients are significant and 

the coefficient of determination R2 is lower than 77 %, which means that the 

experimental error of the quadratic variation is greater than 33 %. Consequently, it can 

be expected that time has no significant effect on Residue, which will be reflected in a 

normal distribution of the results. 

The application of Grubbs criterion for the determination of anomalous values in 

a normal distribution yields the following results: 12 values between 16.49 and 20.37 % 

with a sample mean of 17.46 %. The standardized distance of each result compared to 

the sample mean shows that the highest value (which corresponds to the residue of the 

untreated sample) gives a result of 2.77, exceeding the allowable limit for this sample 

size (2.41). Thus, the probability that the Residue of the untreated sample belongs to the 

normal distribution is 0.26 %, so it can be assumed that it does not belong to this 

distribution. 

In contrast, the application of Grubbs criterion to the treated samples gives the 

following results: 11 values between 16.49 and 18.15 % with a sample mean of 17.19 

%. The standardized distance of the highest difference yields a parameter of 1.76 below 

the limit for this sample size (2.36), so it can be stated that these values follow a normal 

distribution with a probability of 65.04 %. The confidence intervals for the sample mean 

of 17.19 at 95 % are between 16.83 and 17.56 %. The A values of the Steps 1 to 4 

accounts for a loss of mass of 82.57 % resulting in a Residue of 17,43 % which are 

included in the confidence interval of the treated sample mean. 

Conclusions 

The influence of lignin when comparing the degradation of the untreated hemp with that 

of the delignified hemp has been evaluated. When analysing the degradation stages of 



 
 

low, medium and high molecular weight lignins, it has been seen that the degradation of 

lignin occurs in all temperature zones and not only between 350 °C and 450 °C as 

mentioned in previous works. [34]  

A hyperbolic kinetic model to explain the influence of alkaline treatment time on 

lignin content of hemp samples and also on the loss of mass of the four steps of 

decomposition of the samples by TGA up to 600 °C has been developed. 

By using this hyperbolic model, the influence of time has become clearly 

relevant on the following results: a) Lignin content (LC), b) Step2, where a fraction of 

10 to 16 % of lignin was degraded, and c) Step3 where cellulose was mainly 

decomposed. In this Step, more than 20% of lignin was also degraded. 

The best linear regressions between lignin content and TGA results have been 

calculated and they were those given by Step2 and Step3. The Residue was not 

influenced by the time of alkaline treatment. The Residue of the untreated sample was 

20.37 % while the treatment caused the Residue to decrease down to 17.19 % regardless 

of the treatment time.  Char components and tar derived from both lignin and cellulose 

which were present in the residue were not affected by the time of treatment. 
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