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A B S T R A C T   

Lignin has been overlooked and used as a waste for long due to its complex and partially hydrophobic structure. 
Many efforts have been carried out to overcome these deficiencies and apply it as a high-value product, which are 
insufficient to reach the full potential of lignin in various advanced applications, since they require with pro-
cedures for the obtaining of more specific and fine-tuned chemical structures. This work focuses on the obtaining 
of differently structured hydrophilic lignins derived both from Kraft and organosolv isolation processes. The 
chemical structures of the different lignin types were studied, and the effect of the structural differences in the 
modification processes and their subsequent properties analyzed, valorizing their potential application for 
diverse purposes. The carboxymethylation and sulfomethylation reactions were carried out with the aim of 
enhancing the polarity of the lignin samples, while the methylation reaction aimed to obtain lignins with higher 
stability. The physicochemical analyses of the samples, carried out by FTIR, GPC, 31P NMR, 13C NMR, and HSQC 
NMR, verified the effectiveness of the chemical reactions and conditions selected, obtaining lignins with lower 
hydroxyl content, due to their substitution and insertion of carboxymetyl, sulfomethyl and methyl groups, 
therefore obtaining more condensed, aromatic and oxygenated aromatic carbon structures. While the methyl-
ation reaction was the most efficient in substituting the OH groups, due to its non-selectivity, OL showed higher 
modification yields than KL. In terms of the thermal and morphological properties, analyzed by DLS and TGA 
respectively, it was observed that the modified samples showed lower Z potential values, along with higher 
conductivity, being the sulfomethylated organosolv lignin the one showing the best results, which was also the 
one with the smallest particle size and polydispersity index. Finally, all the modified samples showed higher T50% 
values, suggesting a better stability towards degradation.   

1. Introduction 

Lignin is one of the main components of lignocellulosic materials, 
along with cellulose and hemicellulose, and its complex chemistry is 
designed to give structural rigidity and protection against pathogens of 
the plant species [1]. Its high heterogeneity and non–organized forma-
tion, where three different phenolic monomers primarily cross-link 
through carbon‑carbon and ether bonds, entail the uncertainty of the 
chemical structure of the lignin obtained, highly dependent on the raw 
material, the environmental conditions in which they have been grown, 
and lignin extraction method employed, for instance [2]. This is the 
main reason why it has been considered as waste and its implementation 

as a value-added product for numerous applications has been neglected, 
albeit its interesting chemistry and great potential to substitute the 
currently used petroleum-based chemicals and materials [3]. 

There are numerous lignin extraction methods, some of the most 
employed being the Kraft pulping process, the sulfite process, and the 
organosolv process. The Kraft method is the most widely employed in 
the pulp and paper industry, with over 90 % of the chemical pulp pro-
duced by this process due to its highly optimized conditions [4]. The 
lignin can be isolated through acid precipitation. Nevertheless, it is 
predominantly incinerated to fulfill the energy requirements of the 
pulping process, while the chemicals employed are recovered [5]. The 
second most important pulping process is the sulfite process, from which 
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the lignosulfonate type of lignin is obtained. This chemical characteristic 
makes this type of lignin interesting for its further implementation, due 
to its water solubility [6]. They have been widely employed as com-
modity products [7] and more recently, as advanced specialty products 
[8], paving the way for the incorporation of even energy storage ma-
terials [9]. Nevertheless, its outdated pulping process is leading to a 
decrease in production [10], favoring other extraction methods like the 
organosolv pulping process, considered key in future multiproduct and 
integral biorefineries, due to its sustainable production process and high 
yield in numerous lignocellulosic components [11]. 

Processing Kraft and organosolv lignins is more complex compared 
to the lignosulfonates, primarily due to their partial hydrophobic nature 
towards water [12]. Even though hydrophilic functional groups are 
present in lignin particles, these are often hindered due to the complex 
folded structure. Therefore, the introduction of various functional 
groups into the molecules is an interesting path for its further dissolution 
in polar solvents like water [13]. 

Several modifications have been suggested for the synthesis of lignin 
with tuned properties, for the obtaining of materials with enhanced 
hydrophilicity, which eases the processability and optimizes the per-
formance of the material for several applications [14–18]. 

The carboxymethylation reaction is a widely employed modification 
path to obtain water-soluble particles. It has extensively been used with 
cellulose, whose high crystallization degree makes its solubilization in 
water difficult. The obtained carboxymethyl cellulose (CMC) can be 
applied in industries like food packaging [19], biomedical [20], phar-
maceutical [21], and textile [22], along with other products like 
cleaning supplies and personal care products [21]. Its water solubility 
and viscosity make it interesting to apply as a thickener, stabilizer, and 
viscosity modifier of foods and personal care products like toothpaste 
and lotions, and as a binder in pharmaceutical tablet preparation and in 
paperboard and boxes for paper and packaging materials [22]. 

More recently, a similar strategy has been applied to other bio-
materials like chitosan, where carboxymethyl chitosan (CMCS) has been 
considered a promising material in cosmetics [23], drug delivery sys-
tems [24], wastewater treatments, food preservation, and membrane 
technology. Carboxymethylated lignin (CML), on the other hand, is still 
under research but shows great potential to be applied as a dispersant for 
clay suspension [25,26], flocculant [27], and afterglow material with 
excellent phosphorescence [28], a hybrid modifier to improve physical 
and mechanical properties of fast-growing wood [29], and adsorption 
for heavy metal ions [30]. Moreover, it is expected to also be potentially 
implemented in similar advanced application as the CMC, such as the 
pharmaceutical or energy storage material. 

Another common lignin modification for its further water solubility 
relies on mimicking the functionalization obtained from the sulfate 
pulping process into other types of lignin like Kraft and organosolv. 
Sulfomethylation (SM) reaction is considered a sustainable procedure 
since no hazardous reactions are needed, and properties like the previ-
ously mentioned water solubility, surface activity (enhancing the water 
dispersibility), ionic properties (being able to ionize in water), and 
compatibility with polymers are brought to the lignin. These properties 
make this modification attractive for applications like dispersants and 
emulsifiers for several formulations, being the main target in many 
recently published works. For instance, different molecular weight lig-
nins were studied to find the optimal dispersibility of TiO2 [31], and 
different sulfonic group contents were obtained for the study of the 
formulation for dye dispersion [16]. They have also been applied as 
dispersants for kaolin [32] and emulsifiers for stabilizing oil-in-water 
nanoemulsions [18]. Enzymatically hydrolyzed lignin (EHL) [17] was 
also employed for these types of emulsions, as for the employment as 
dispersants for graphite [33]. Lastly, sulfomethylated lignin (SML) was 
grafted with other compounds like pyrrolidone or polyacrylic acid as a 
dispersant for cobalt blue [34] or as hydrogels in the removal of heavy 
metal ions in wastewater treatments [35], respectively. 

Another modification quite commonly employed is the alkylation of 

the lignin hydroxyl groups, in this case, to obtain more stable molecules. 
The reactivity and functionality can be quite easily modulated by 
different alkylation reactions, also bringing thermal stability that pre-
vents self-polymerization reactions [36]. It is a way of blocking the 
hydroxyl groups present in lignin particles, enabling the study of the 
effect of these OH groups in processes like the formation of lignin 
nanoparticles, for instance. Blocking these specific functional groups, 
along with determining the methylation degree, the interaction created 
between the hydroxyl groups of lignin and the medium can be regulated, 
consequently controlling the nanoparticle size obtained [37]. This 
modification, apart from being interesting for the obtaining of nano-
lignins, the hydrophobic skeleton of methylated lignin (ML) has also 
been proven as an effective dispersant for carbon nanotubes [38]. 

Therefore, this work is focused on obtaining different modified lig-
nins by carboxymethylation, sulfomethylation, and methylation re-
actions, both from technical Kraft lignin (KL) and lab-scale organosolv 
lignin (OL), and determining their properties by different physico-
chemical, chemical, thermal, and morphological analyses. Fourier 
Transformed Infrared (FTIR) spectroscopy, Gel Permeation Chroma-
tography (GPC), 13C Nuclear Magnetic Resonance (NMR) spectroscopy, 
Heteronuclear Single Quantum Coherence Nuclear Magnetic Resonance 
(HSQC NMR) spectroscopy, Dynamic Light Scattering (DLS), and Ther-
mogravimetric Analysis (TGA) were carried out to determine the 
effectiveness of the reactions and changes in the properties compared to 
the initial KL and OL and between the different modification reactions. It 
could be observed that the obtained modified lignins had more 
condensed structures, especially in the case of carboxymethylation and 
sulfomethylation, with less OH content. This resulted in more thermally 
stable products and higher water-solubility, with better overall pro-
cessability for a wide variety of applications ranging from dispersants to 
water-based battery electrode materials. 

2. Materials and methods 

2.1. Materials 

Eucalyptus chips and Kraft liquor were supplied by the local paper 
and pulp industry, Papelera Zikuñaga (Hernani, Gipuzkoa). Kraft lignin 
(KL) was obtained by the acid precipitation using H2SO4 (7664–93–9, 
96 % technical grade, PanReac), and organosolv lignin (OL) was 
extracted following the method described in a previous work, along with 
the small (S) and big (B) lignin fractions obtained by the sequential 
organic solvent extraction method, expressed as SKL (Small Kraft Lignin) 
and BKL (Big Kraft Lignin) for Kraft lignin fractions, and SOL (Small 
Organosolv Lignin) and BOL (Big Organosolv Lignin) for organosolv 
lignin fractions. The pulping process carried out by the Kraft method use 
high pH conditions to separate lignin from cellulose, generated by the 
addition of sodium hydroxide and sulfides are used. Moreover, tem-
peratures ranging from 150 to 180 ◦C for 2 h are usually applied [39]. 
On the other hand, organosolv lignin was performed at 180 ◦C for 90 
min, with an ethanol/H2O 50/50 (v/v) solvent with oxalic acid as 
catalyst. The black liquor obtained from the industrial Kraft pulping, the 
organosolv liquor obtained from the organosolv pulping, and the euca-
lyptus chips from which both liquors were derived were characterized in 
a previous work. Briefly, the eucalyptus chips had a 20 % of lignin 
content, 36.9 % of cellulose content, and 37.3 % of hemicellulose con-
tent. The Kraft liquor had a density of 1.09 ± 0.01 g/cm3, pH of 13.02 ±
0.03, total solid content of 15.49 ± 2.94 %, organic content of 8.55 ±
0.82 %, inorganic content of 8.74 ± 0.00 %, and dry lignin content of 
41.67 ± 5.65 %. Alternatively, the organosolv liquor had a density of 
0.95 ± 0.01 g/cm3, pH of 4.02 ± 0.08, total solid content of 5.57 ± 0.21 
%, organic content of 5.54 ± 1.17 %, inorganic content of 0.04 ± 0.15 
%, and dry lignin content of 29.11 ± 2.92 %. The Kraft lignin was 
precipitated from the liquor by slowly adding concentrated H2SO4 (96 
%) dropwise under the fumehood to avoid any inhalation of the toxic 
H2S gas liberated in the process. In the case of organosolv lignin 
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precipitation, an acidified water solution prepared by adding H2SO4 
until pH 2 was added to the liquor [40]. NaOH (1310–73–2, for Analysis, 
CS, ISO, PanReac), sodium chloroacetate (SCA) (3926-62-3, for syn-
thesis, Sigma), formaldehyde (37 %, 50-00-0, Panreac), sodium sulfate 
(Na2SO4) (7757-82-6, Sigma), dimethyl sulfoxide (DMSO) (ACS, 67-68- 
5, PanReac), dimethyl carbonate (DMC) (99 %, 616-38-6, Alfa Aesar), 
and hydrochloric acid (37 %, 7647-01-0, PanReac) were used as reactive 
in the reactions. N, N-Dimethylformamide (DMF, 68–12–2, 99.5 %, 
HPLC grade, Fisher), and lithium bromide (LiBr) (7550–35–8, PanReac) 
were used for the GPC. Pyridine (Py, 613–002–00–7, anhydrous, 99.8 %, 
Sigma-Aldrich), deuterated chloroform (CDCl3, 865–49–6, “100 %”, 
99.96 atom % D, Aldrich), Chromium(III) acetylacetonate (Cr(acac)3, 

21679–31–2, 97 %, Aldrich), endo-N-hydroxy-5-norbornene-2,3-dicar-
boximide (NHND, 21715–90–2, 97 %, Aldrich) and 2-Chloro-4,4,5,5-tet-
ramethyl-1,3.2-dioxaphospholane (TMDP, 14812–59–0, 95 %, Sigma- 
Aldrich) were used for the 31P NMR. DMSO‑d6 (99.5 %, 2206-27-1, 
Aldrich) was used as a solvent for 13C NMR and HSQC NMR analysis. 

2.2. Carboxymethylation reaction 

The carboxymethylation reaction conditions followed were the op-
timum addressed from the work by Konduri et al. [25]. 1 g of KL and OL 
were dissolved in 60 mL of 0.15 M NaOH. 3 mol SCA per lignin mol was 
added, and the reaction was carried out in a 100 mL round bottom flask, 

Fig. 1. Reaction mechanisms of the modifications: a) carboxymethylation; b) sulfomethylation; and c) methylation.  
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with 150 rpm agitation and 40 ◦C for 4 h. Once the reaction time 
finished, the solution was cooled down and pH was adjusted to 7 adding 
1 M H2SO4 dropwise. The solution was introduced in a dialysis bag (6–8 
kDa pore size) and osmosis was carried out against distilled H2O for the 
removal of unreacted reagents. Water was changed every 12 h for 2 
days, and the solution was dried in an oven at 105 ◦C. 

2.3. Sulfomethylation reaction 

The sulfomethylation reaction conditions followed are the ones 
addressed by Yang et al. [41]. 1 g of lignin (KL and OL) was dissolved in 
60 mL of 0.15 M NaOH solution. The solution was transferred to a 100 
mL round bottom flask and heated to 70 ◦C. 0.041 g of 37 % formal-
dehyde was added and stirred for 1 h. 0.6 g of Na2SO4 was added, and 
the temperature increased to 95 ◦C for 3 h. Once the reaction finished, 
the solution was brought to room temperature (RT), pH was adjusted to 
6, and the solution was dialyzed for 2 days using a 6–8 kDa dialysis bag, 
changing water every 12 h, to remove any unreacted reactive. The 
modified lignin was dried in an oven at 105 ◦C overnight. 

2.4. Methylation reaction 

The methylation reaction followed was described by Sen et al. [36]. 
1 g of lignin (KL and OL) was dissolved in 15 mL of DMSO. 2 equivalents 
of NaOH to the total phenolic hydroxyl groups of the lignin were added, 
along with 10 equivalents of DMC, which acted as methylation agent, 
also to the total phenolic OH groups. The solution was heated to 150 ◦C 
for 15 h. Once the reaction finished, it was cooled down to RT and 
acidified with the addition of 50 mL of 2 M HCl. The precipitate was 
filtered using a 0.45 μm pore-sized nylon filter and washed 4 times with 
50 mL of deionized water each time. Once the modified lignin was 
washed, it was dried at 60 ◦C overnight. 

2.5. Characterization methods 

FTIR spectra were recorded in a Perkin-Elmer Spectrum Two FT-IR 
Spectrometer. The wavenumber range was defined from 4000 to 600 
cm− 1, with a 4 cm− 1 resolution and 64 scans per measurement [42]. 

GPC measurements were carried out to determine the molecular 
weight (Mw), number molecular weight (Mn), and polydispersity index 

Fig. 2. FTIR spectra of the original lignin samples (KL and OL), their fractions (SKL, SOL, BKL and BOL), and their modified analogues (CMKL, CMOL, SMKL, SMOL, 
MKL, MOL, MSKL, MSOL, MBKL and MBOL). 
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(PDI). A Jasco LC-Net II/ADC device equipped with a RI-2031 Plus 
Intelligent refractive index detector, two PolarGel-M columns (300 mm 
× 7.5 mm) placed in series, and a PolarGel-M guard (50 mm × 7.5 mm) 
was used. 20 μL of 50 ppm lignin solution was injected for each mea-
surement. The solution used to dissolve the samples was DMF with 0.1 % 
LiBr, also used as the mobile phase of the column. The column eluded 
the mobile phase at 40 ◦C and a flow rate of 0.7 mL/min. The standard 
used for the calibration was polystyrene with molecular weights ranging 
from 266 to 70,000 g/mol. 

31P NMR spectroscopy was used to quantitatively determine the 
hydroxyl groups of the samples, and Py and CDCl3 were used as a solvent 
in a ratio of 1.6:1 (v/v). 50 mg of each lignin sample was solubilized in 
0.5 mL of the solvent mixture, and 0.1 mL of internal standard (IS) was 
added to each sample. The IS solution prepared had 5 mg/mL of Cr 
(acac)3 and 18 mg/mL of NHND concentration. Once the samples were 
dissolved, 0.1 mL of TMDP was added to carry on the phosphitylation. 
31P NMR spectra were recorded in a Bruker AVANCE 500 MHz, using the 
parameters recommended by Meng et al. [43], and MestReNova 11.0 
was used for the data processing. The peak shown in the spectral range 
of the NHND, at 151 ppm, was used as reference for the integration of 
the other peak in the spectra that belong to the lignin sample. 

13C NMR spectroscopy was used to further elucidate the chemical 
structures of the samples. DMSO‑d6 was used as the solvent, and sample 
solutions of 100 mg/mL were prepared. The spectra were recorded in a 
Bruker AVANCE 500 MHz. These spectra provide information on the 
nature of all the carbon atoms of the molecules. 

HSQC NMR spectra were recorded on a Bruker AVANCE NEO 500 
MHz equipped with a z-gradient BBO probe. The 1H NMR spectra were 
recorded using a zg sequence from Bruker's library. A time domain of 32 
k, a spectral width of 10 KHz, and 16 scans were used for the mea-
surements, with a 1 s interpulse delay and 3 s of acquisition time. The 
HSQC spectra were recorded using the hsqcetgp sequence at 500.132 
Mhz for 1H and 125,7672 MHz for 13C. A time domain of 2048 F2 × 256 
F1, and a spectral width of 5 Khz in 1H and 20 Khz in 13C were also used. 
The number of scans was 16 per increment, with a 1 s interpulse delay 
and a 0.1 s acquisition time. A 50 g/L concentration solution was pre-
pared with each sample, dissolved in DMSO‑d6. 

DLS was used for the determination of the Z potential (ZP), Z 
average, polydispersity, and conductivity values of the lignin and their 
modified analogs. A ZetaSizer Ultra (Malvern Panalytical) equipped 
with a He–Ne laser source (=633 nm) and a scattering angle of 173◦

was used. Water dispersions of 0.1 wt% were prepared, left stirring 
overnight, and treated in an ultrasound bath for 15 min before the 
measurements for the obtaining of homogeneous dispersions. An 
average of 20 measurements was recorded for each measurement. 

Thermogravimetric analyses were carried out using a Mettler Toledo 
TGA 851 with a heating circulator type F32-HL from Julabo GmbH. 

Around 5 mg of sample were introduced in 70 μL alumina crucibles and 
heated from 25 to 800 ◦C at a 10 ◦C/min heating rate under inert con-
ditions (Ar), in a flow rate of 40 mL/min. 

3. Results and discussion 

3.1. Lignin modification reaction schemes 

The different reaction mechanisms of the modifications are shown. 
Fig. 1a shows the carboxymethylation reaction mechanism, where the 
hydroxyl groups of the lignin become a nucleophile by the NaOH of the 
medium, making it adequate to react with the SCA and obtain the car-
boxymethylated lignin. Fig. 1b shows the reaction of sulfomethylation, 
which similarly to the previous one, the nucleophilic lignin reacts with 
the Na2SO3. Finally, Fig. 1c depicts the reaction mechanism of methyl-
ation, displaying the possibility of two distinct reaction pathways. 

3.2. Modified lignin characterization 

All the FTIR spectra obtained for the lignins employed for the 
different modification reactions, and their modified analogs are shown 
in Fig. 2, and a list of the main functional groups identified, and their 
band associations can be found in Table S1. 

The broad band at around 3400 cm− 1 for the O–H stretching vi-
brations, 2940–2840 cm− 1 for methyl and methylene C–H stretching, 
1708 cm− 1 for C––O stretching, and other band around 1610 and 1150 
cm− 1 for different skeletal aromatic vibrations were the main bands 
found in lignin FTIR spectra. KL showed a considerable intensity on the 
OH band, more intense compared to OL, albeit being derived from the 
same raw material (Eucalyptus globulus). This was a consequence of the 
delignification process, since the Kraft process employed harder condi-
tions than the organosolv, breaking up more lignin bonds and therefore 
creating a smaller and more functionalized lignin. Both KL and OL were 
fractioned in a previous work [40] by a solvent extraction method, 
where the biggest and smallest fractions obtained were modified in the 
current work. It can be observed that SKL had a very high hydroxyl and 
carbonyl content compared to the BKL and the initial KL, like the case 
with OL, where SOL also showed more intense bands at 3400 cm− 1 and 
1708 cm− 1. 

In terms of the effect seen on the carboxymethylation reactions, both 
CMKL (Carboxymethylated Kraft Lignin) and CMOL (Carboxymethy-
lated Organosolv Lignin) show a significant decrease in the O–H 
stretching band compared to their KL and OL analogs. Alkaline condi-
tions of the reaction make the aromatic hydroxyl groups strong nucle-
ophiles, reacting with the sodium chloroacetate and yielding 
carboxymethylated aromatic rings [25]. Therefore, a decrease in the 
O–H vibration band was observed for all the reactions, and an increase 

Table 1 
Mw, Mn, and PI values for the original lignins and their modified analogs.   

Yield (%) Mw (g/mol) Mn (g/mol) PI  Yield (%) Mw (g/mol) Mn (g/mol) PI 

KL   5048  1149  4.39 OL   6374  1537  4.15 
SKL   3312  1128  2.94 SOL   1856  953  1.95 
BKL   9131  2407  3.79 BOL   8753  2439  3.59  

Carboxymethylated 
CMKL  90.8  19,154  1456  4.54 CMOL  91.2  10,710  2503  4.28  

Sulfomethylated 
SMKL  89.7  23,234  3124  7.44 SMOL  88.9  11,618  2554  4.55  

Methylated 
MKL  85.9  9080  1669  4.39 MOL  86.1  14,203  2222  6.39 
MSKL  87.3  6474  1371  4.72 MSOL  90.1  6594  1414  4.66 
MBKL  89.4  15,374  3948  3.89 MBOL  87.6  19,979  4014  4.98  
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of the methyl and methylene C–H stretching vibrations, due to the new 
-CH2COOH, -CH2SOOH, -OCH3, and -COOCH3 groups present in the 
modified lignins, seen in the 2940 and 2840 cm− 1 spectra region. 

The rest of the bands associated with the aromatic skeletal vibrations 
and aliphatic hydroxyl groups did not show major differences after the 
modification [30,44], as a consequence of the selectivity of the reactions 
of CM (carboxymethylation) and SM (sulfomethylation), in which only 
the aromatic OH groups were modified while maintaining the aliphatic 
OH groups. Therefore, the band at 3400 cm− 1 for samples CMKL, CMOL, 
SMKL (sulfomethylated Kraft Lignin), and SMOL (sulfomethylated 
Organosolv Lignin) can be attributed to aliphatic OH and unreacted 
phenolic OH groups. Moreover, the insertion of sulfur in the case of SM 
reactions, lead to an increase in the bands at 644 and 916 cm− 1. 
Contrarily, the M (methylation) reaction does not show the same 
selectivity, reacting with all types of OH groups, therefore showing a 
more significant change in the 3400 cm− 1 band intensity. Another dif-
ference observed in all the methylated samples, MKL (methylated Kraft 
Lignin), MOL (methylated Organosolv Lignin), MBKL (methylated Big 
Kraft Lignin), MBOL (methylated Big Organosolv Lignin), MSKL 
(methylated Small Organosolv Lignin), and MSOL (methylated Small 
Organosolv Lignin), was the increase of the band at 1700 cm− 1, attrib-
uted to ketones, due to the insertion of the acetate groups of the sodium 
chloroacetate compound. 

The yields of the reactions were calculated gravimetrically, and the 
molecular weights and their polydispersity index were calculated by 
GPC. The values obtained are listed in Table 1 and the chromatogram 
curves obtained for all the samples are shown in Fig. S1. Overall, it can 
be observed that the chemical reactions increased the Mw of the lignins. 
In the case of the carboxymethylation reactions, both KL and OL 
considerably increased their Mw. In the case of KL, the Mw almost 
quadrupled in CMKL, while for OL, CMOL less than doubled in size. This 
might be because larger lignin molecules tend to have less functional-
ized groups like OH, and the ones present are more hindered and less 
reactive, obtaining a lower carboxymethylation degree with larger-sized 
particles [25]. The carboxymethylation reaction overall increases the 

Mw of the lignin not only due to the replacement of hydroxyl groups for 
carboxymethyl groups but also due to the condensation reactions 
happening during the process [27]. 

An almost identical behavior could be observed with the sulfome-
thylation reactions, where the Mw of both SMKL and SMOL increased in 
the same proportions as for CMKL and CMOL [31]. Nevertheless, with 
the methylation reaction, considerably smaller molecules were ob-
tained, probably due to the more stable lignins obtained, which have 
been reported to prevent self-polymerization reactions [36]. 

Since these three chemical reactions are based on the generation of 
alkoxide ions of the lignins to act as a strong nucleophile and subse-
quently react with the different reactives to introduce new functional-
ities, the quantification of the OH groups present in both the unmodified 
and the modified lignins is essential for the determination of the efficacy 
of the chemical reactions. The most efficient method for the quantitative 
analysis is the 31P NMR, where different OH groups are shown in 
different parts of the spectra, enabling the individual identification, 
integration, and subsequent quantification of the concentrations of each 
type of OH group present in the sample. The results obtained are shown 
in Fig. 3, values are listed in Table S2, and the spectra obtained for each 
sample are shown in Figs. S2 and S3. 

The carboxymethylation reaction was shown to be effective in the 
substitution of the phenolic hydroxyl groups on both KL and OL. Almost 
20 % of the syringyl (S) OH groups (equivalent to the C5 substituted OH 
groups) of KL and OL react, while 16 % and 31 % of the guaiacyl (G) OH 
groups of KL and OL reacted, respectively. In the case of p-Hydrox-
yphenyl (H) OH, almost 30 % of the groups quantified for KL reacted, 
compared to 17 % of the OL. This tendency can be justified by the 
different pK values of the hydroxyl group of the monolignols, which vary 
depending on the substitution degree of the aromatic ring. The hydroxyl 
groups of the H units have a pKa of 10.2, which tends to decrease with 
the presence of a methoxy group in the aromatic ring (in the case of the 
G unit), even further decreasing with an additional methoxy group, as in 
the case of the S units. Therefore, more OH groups in the G units react 
than S units, yielding lower G OH mmol concentrations after the 

Fig. 3. 31P NMR results obtained for all the samples.  
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Fig. 4. 13C NMR spectra of KL and the modified analogs.  
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Fig. 5. 13C NMR spectra of OL and the modified analogs.  
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carboxymethylation and sulfomethylation reactions. In terms of the 
aliphatic (Al) OH content, no significant changes could be observed [29] 
due to the selectivity of the reaction [25]. In terms of the sulfomethy-
lation reaction, the hydroxyl group leaves the aromatic ring due to the 
attack of the electrophilic sulfur into the carbon atom of the methoxy 
group [45]. Although it also showed selectivity in the reactivity of the Al 
OH groups, a decrease of around 20 % could be observed, probably due 
to the condensation and self-polymerization side reactions happening 
rather than the actual sulfomethylation reaction. 

In terms of the methylation reaction, it was observed to be the most 
efficient for the reduction of all types of OH groups, being the most 
effective when the lignin molecules were smaller, as the OH groups were 
more accessible. 

The 13C NMR spectra obtained are shown in Figs. 4 and 5, and the 
values obtained after the integration of different spectral regions are 
listed in Table 2. The peak attributed to the carbonyl content at 191 ppm 
showed that the modification reactions affected the presence of the 
functional group on the sample, disappearing completely the signal in all 
the modified Kraft samples, and almost completely disappearing the 
signal for the organosolv modifications. The signal at ~175 ppm, 
attributed to the -COOH content [30,46], was only visible in the case of 
CMKL and CMOL, verifying the effectiveness of the carboxymethylation 
reaction. Another visible change observed from all the reactions (the 
carboxymethylation, the sulfomethylation, and the methylation) was 
the significant increase in the signals in the range of 0–50 ppm, con-
firming the insertion of additional alkyl branches, due to the increase of 
C–C bond signals. 

In the case of 13C NMR, the methoxyl content of all the integration 
values obtained were normalized to obtain 6.12 at this region, and 
compared with the integration values of the rest of the peak at different 
regions, as suggested in previous works [47,48]. Overall, it can be 
observed that the modified lignins contained more condensed struc-
tures, as can also be deduced from the Mw values obtained, and the FTIR 
peak in the 2940 and 2840 cm− 1 spectra region, due to the new 
-CH2COOH, -CH2SOOH, -OCH3, and -COOCH3 functional groups present 
in the modified lignins, composed by methyl and methylene groups. The 
content of aromatic methynes did not significantly increase in the case of 
the modified OL samples, while a more considerable increase was 
observed in the case of the modified KL samples, possibly due to unde-
sirable reactions occurred because of the lower purity of the Kraft lignin. 
The aromatic carbon‑carbon structures did not significantly alter either, 
meaning that the reactions did not affect the aromatic structure of the 
lignin and that the conditions employed were adequate. Nevertheless, 
an increase of oxygenated aromatic content was observed, due to some 
reactions that happened from the new functional groups inserted in the 
lignin molecules, such as the acetate, sulfate and carbonate. It can 
therefore be deduced, that these modifications, apart from being 
appropriate to apply in water-based formulation, can also be interesting 
due to their aromaticity, and electron conjugation, increasing the elec-
tron movement along the molecules and enhancing their performance as 
electroactive material or components. 

HSQC NMR experiment determines the proton‑carbon single bond 
correlations, showing the protons in f2 (X axis) and the carbons in f1 (Y 
axis), resulting in a two-dimensional spectrum. All lignin samples, 

original and modified, were submitted to this analysis and compared to 
determine structural differences. The side chain regions observed were 
the methoxyl (MeO) and β-O-4 aryl ether (A) groups (Aƴ, Aα, Aβ(G), and 
Aβ(S)), while the aromatic regions identified were the S2,6 and S′2,6, 
corresponding to the C2,6-H2,6 in etherified and oxidized S units 
respectively, and the G2 and G5 samples the cross-correlations [49]. The 
results obtained for KL and its modified analogues are shown in Fig. 6, 
while Fig. 7 shows the OL and its modified analogues. The identified 
cross-signals and their assignments, based on the works previously 
published by Yuan et al. 2011 [50] and Ying et al. 2022 [49], are listed 
in Table S3. From the spectra obtained in Fig. 6 it can be concluded that 
the modification reactions were effective in obtaining structurally 
different lignin molecules. In the case of the carboxymethylation reac-
tion, the CMKL sample showed weaker signal in Bƴ, Aβ(G), S2,6, and S′2,6, 
and disappeared signals for Aα, Aβ(G), and G2, compared to the original 
KL, proving the breakage of β-O-4 linkages in the case of sulfomethy-
lation reactions, however, the cross-correlation signals (G2 and G5) 
maintained quite similar to the original. Finally, the methylation reac-
tion also showed significant structural differences compared to KL, with 
the disappearance of several signals (Bβ, Iƴ, Aα, Aβ(G), Aβ(S), S′2,6, G2 and 
G5). In the case of OL and its analogues, shown in Fig. 7, the main dif-
ferences observed occurred in the cross-correlation signals of the sul-
fomethylated and methylated samples (SMOL and MOL). Therefore, 
from the results obtained from the HSQC NMR, along with the previ-
ously discussed FTIR, 31P NMR and 13C NMR, that the chemical re-
actions were effective for obtaining lignin with diverse structure. 

Dynamic Light Scattering (DLS) was used for the Z potential (mV), 
conductivity (mS/cm), size average (nm), and dispersity index deter-
mination. ZP determines the stability of the particles, measuring the 
electric charge present on the surface of the particles, and concluding 
the tendency of the particles to aggregate. High ZP values, positive or 
negative, mean that there are many changes in the particle surfaces, 
creating more repulsion between them and difficulting the aggregation 
or precipitation. Low ZP values ranging from − 30 to +30 mV do not 
have the necessary repulsive force to avoid interactions, leading to the 
formation of Van der Waals forces that create aggregates. 

Fig. 8 shows the ZP values and conductivity values obtained for the 
modified and unmodified lignin particles. Unmodified lignins, KL, and 
OL showed a ZP value around − 30 mV, in the limit of incipient and good 
stability. The carboxymethylation reaction had different effects on the 
particle stability depending on the lignin type, with increased ZP values 
for CMOL, and slightly deteriorated ZP values for CMKL. The sulfome-
thylation reaction maintained a similar ZP value with a slight 
improvement for SMKL, while considerable changes occurred for SMOL, 
with a ZP value of almost − 45 mV. Methylation reaction, on the other 
hand, did not affect the ZP values of either MKL or MOL significantly, 
obtaining very similar values to the KL and OL. When methylation re-
action was carried out with the lignin fractions (SKL, SOL, BKL, and 
BOL) a difference in the tendency could be observed. On one side, the 
small fractions (the ones with smaller Mw) showed a lower ZP value, 
resulting in worse stability, than the big fractions, with a higher differ-
ence shown in the Kraft lignin fractions. Higher ZP values were obtained 
for MSKL and MSOL compared to the unmodified fractions, reaching 
highly stable particles with MSKL. Although better results were obtained 

Table 2 
Integration values of the different spectral regions identified in the modified and unmodified KL and OL samples.  

Spectral region Chemical shift range (ppm) Number of moieties per aromatic ring 

KL CMKL SMKL MKL OL CMOL SMOL MOL 

Methoxyl content 57–54  6.12 6.12 6.12 6.12  6.12  6.12  6.12  6.12 
Aromatic methine carbons 125–103  5.28 8.90 9.16 9.75  7.61  7.52  8.16  7.22 
Aromatic carbon‑carbon structures 141–125  2.78 7.14 6.10 –  4.49  4.67  5.03  6.00 
Oxygenated aromatic carbons 160–141  2.87 5.41 4.40 6.94  4.69  4.38  16.54  3.83 
Carbon from carbonyl-type structures 195–190  0.09 – – –  0.02  0.03  0.05  0.25 
Degree of condensation 125–103  5.28 8.90 9.16 9.75  7.61  7.52  8.16  7.22  
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Fig. 6. HSQC NMR spectra of KL and the modified analogs.  
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with MSKL and MSOL, these values also showed higher error bars, which 
might be related to the high PI index and the fact that the methylation 
reaction had two possible pathways, with consequently two end prod-
ucts. Nevertheless, this tendency was not maintained with BKL and BOL, 
where lower values of ZP were obtained after the modification, but 
considerably lower error bars. 

It can be deduced that different lignin types obtained their most 
stable version with different modifications. While KL obtained the 
molecules with the lowest ZP and highest conductivity with the 
methylation reaction, obtaining an even more significant improvement 
when the precursor of this modification was small KL molecules, in the 

case of OL it was the sulfomethylation reaction the one that obtained the 
most stable particles. 

In terms of the Z average, different tendencies could be observed 
depending on the lignin type, as shown in Fig. 9. CMKL showed the 
highest particle size of all the samples, with more than tripled the size of 
the original KL particle, which slightly decreased for SMKL and minorly 
increased with MKL. When comparing the fluctuation of the values ob-
tained for the ZP, it could be observed that these two values were 
inversely related, obtaining the biggest particles when the ZP show was 
the smallest. When the particles have a small ZP value, it means that the 
ions present on the surface are not abundant enough to obtain a stable 

Fig. 7. HSQC NMR spectra of OL and the modified analogs.  

N. Izaguirre et al.                                                                                                                                                                                                                               



International Journal of Biological Macromolecules 264 (2024) 130518

12

dispersion in the media, which promotes their aggregation. This phe-
nomenon was observed to not necessarily correlate with the actual Mw 
values, as can be observed in the case of OL and CMOL. OL had a Mw of 
600 g/mol, while the CMOL analog obtained resulted in a Mw of 10,700 
g/mol due to the self-polymerization side reactions happening during 
the process. Nevertheless, the CM functional groups added brought a 
slight increase in the ZP value, which consequently resulted in slightly 
more stable water dispersions and a decrease in the tendency to 
agglomerate, obtaining 4 times smaller lignin particle sizes (1200 nm for 
OL vs. 300 nm for CMOL). This trend can be extrapolated to other 
samples, where similar Z average values were obtained for samples with 
similar ZP values, and bigger Z average values were obtained for sam-
ples with lower ZP values. 

Thermogravimetric analysis of the lignins and their modified analogs 
was carried out. The T5%, T50%, different degradation stages identified, 
and the char (%) residue amount values are listed in Table 3, and the 
TGA and DTG curves are depicted in Figs. S4 and S5. 

The modifications were effective in obtaining more thermally stable 
molecules, with considerably more mass content (char residue) when 
high temperatures of 800 ◦C were reached under an inert atmosphere. In 
the case of CM and SM reactions, the modified lignins obtained showed 
lower degradation stages, the main one being at 307 ◦C in both cases and 
compared to the 385 ◦C of KL. Moreover, the T50% was reached at 
considerably high T-s, increasing it to more than 200 ◦C. In the case of 
the methylation reactions, an improvement in the thermal stability of 
the lignin could also be observed, although the difference was not as 
considerable, due to the obtaining of smaller Mw particles. An inter-
esting difference compared to the other modification also relies on the 
degradation stages, where two main degradation stages could be 

observed in the methylated samples. Since the methylation reaction can 
take two different paths, obtaining two different molecules, the scheme 
shown in Fig. 3, and therefore, there are two different T to degrade each 
modified lignin. 

4. Conclusions 

The three selected modification reactions, the carboxymethylation, 
sulfomethylation and methylation, proved to be effective for obtaining 
lignins with different properties. Diverse resulting products with 
differentiated characteristics were obtained depending on the lignin 
type employed, showing distinct behaviors for each modification and 
final properties. The different physicochemical techniques employed 
showed a decrease in the quantity of the main functional group (hy-
droxyl groups), which was reacted to obtain new functionalities. Other 
signals corresponding to new ones such as methyl and methylene groups 
and ketones increased the intensity. Moreover, with the modified sam-
ples obtained, higher molecular weight, and greater thermal stability 
were achieved. More condensed structures and higher aromaticity were 
obtained, and side chain regions and cross-correlation signals generally 
reduced, due to the breakage of β-O-4 linkages mainly. All of these 
physicochemical properties consequently showed variations in other 
properties like thermal stability, morphology and water stability. All the 
modified samples showed higher T50% temperature values, suggesting 
more resistance to degradation. Moreover, the Z potential and conduc-
tivity values obtained suggested better behavior towards water and 
hydrophilicity in general. It was interesting to observe that whereas 
carboxymethylation reaction was effective for obtaining stable water 
dispersions for organosolv lignin, it was the least efficient in the case of 

Fig. 8. Z Potential and conductivity values for the modified and unmodified lignin particles.  
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Kraft lignin. Conversely, a reversed pattern was evident with methylated 
samples, and similar behaviors were observed when sulfomethylation 
reactions were carried out. 
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