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A B S T R A C T

In this work, silylation process was employed as straightforward approach to develop biolubricants based on 
kraft lignin. The silylation reaction was conducted using tert-butyldimethylsilyl chloride (TBDMSCl) in the 
presence of dimethylformamide and imidazole as solvent and catalyst, respectively. By adjusting reaction times 
(2-24 h), several levels of physicochemical modification were achieved. Structural analysis via FTIR and two- 
dimensional 1H–13C HSQC NMR spectroscopy confirmed the successful incorporation of silane groups into 
lignin chemical structure, improving wettability and dispersibility. Additionally, SEM revealed notable changes 
in lignin particle morphology, particularly in particle size and aggregation. These physicochemically modulable 
amphipathic particles, containing hydrophilic groups and hydrophobic silane segments, were incorporated into 
castor oil and significantly impacted the rheological and tribological properties of the oleo-dispersions. Two 
distinct rheological behaviours were observed: liquid-like (at low reaction times <5 h) and gel-like (at high 
reaction times, > 16 h), where the silane groups, which act as a “bridge” for interaction with castor oil, and the 
area/volume ratio of lignin particles played a key role. The anti-friction and anti-wear properties were excellent, 
similar to or better than those obtained with castor oil or traditional lithium lubricating greases, attributed to the 
mending effect of the silylated lignin particles. This work offers a fast and straightforward compatibilization 
strategy to produce sustainable oil structuring agents, particularly relevant in the lubricant industry.

1. Introduction

The development of new lubricant formulations has gained signifi
cant momentum due to their critical role in reducing parasitic frictional 
energy losses, improving the efficiency of power transmission and 
extending the life of mechanical components [1,2]. Friction is the major 
source of energy loss in moving parts. In particular, reducing friction is a 
key strategy in the pursuit of carbon neutrality, as approximately 20% of 
the world's primary energy generated annually is used to overcome 
frictional resistance [3]. In general, semi-solid lubricants (such as 
greases) are complex colloidal systems containing a thickener dispersed 
in either mineral or synthetic oil [4]. The thickener is usually a metallic 
soap produced by the saponification of fatty acids, although non-soap 
alternatives such as polymers can also be used [5]. This thickener 
forms a three-dimensional network that entraps the oil and gives the 
grease its desired rheological and tribological properties. These specific 
properties are influenced by the nature and concentration of the com
ponents, as well as the microstructure created during the manufacturing 

process [6]. This structure has a direct impact on the performance of the 
grease in different industrial applications, ensuring optimum lubrication 
under varying conditions.

Replacing traditional thickeners with more environmentally friendly 
alternatives presents greater challenges compared to replacing non- 
biodegradable lubricants with vegetable oils or their derivatives. This 
is because the thickener must create a suitable network that effectively 
traps the oil while also providing essential functional properties, such as 
physical, mechanical, thermal stability, and lubrication performance. 
Achieving this balance is crucial, as the thickener must ensure the 
lubricant performs well under varying conditions while being environ
mentally responsible. Within this context, the development of new 
thickeners or methods for producing sustainable semi-solid lubricants 
has become a highly relevant research topic with huge industrial im
plications. This is particularly meaningful from an economic, social and 
environmental perspective. Recently, the potential use of lignin - often 
considered a by-product - as a valuable chemical precursor for the 
development of lubricant additives and thickeners has been investigated 
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[7–12]. These early results are promising and suggest that lignin could 
play a significant role in developing more sustainable and cost-effective 
lubricants. This opens up exciting opportunities to improve both the 
performance and environmental credentials of lubricants.

Lignin is a highly branched polyphenolic macromolecule that is an 
essential component of the cell walls of primarily terrestrial plants. It is 
formed by polymerization of phenylpropane units, i.e. p-hydroxyphenyl 
(H), guaiacyl (G) and syringyl (S) [13,14], yielding versatile functional 
structures with variable dispersity and no extended sequences of regu
larly repeating units, depending on the botanical origin and extraction 
process [15]. Lignin offers numerous benefits in the development of 
semi-solid lubricants, as it exhibits good thermal and mechanical sta
bility [16]. Its distinctive phenolic structure also makes it an effective 
antioxidant additive, helping to prevent the physico-chemical degra
dation of lubricating oils during operation [11]. Additionally, this 
amorphous macromolecule is the most abundant terrestrial aromatic 
polymer [17], and has long been considered a low-value by-product of 
the biorefining and pulping processes [18]. However, it presents a 
notable inherent drawback, primarily linked to its limited capacity to 
form stable gel-like dispersions in hydrophobic media. This issue arises 
due to the numerous hydroxyl groups (–OH) present in its chemical 
structure, which hinder its ability to be dispersed effectively in oil. 
Despite this, the presence of these –OH groups can also be advantageous, 
as they offer a potential platform for chemical modifications. By deri
vatizing and functionalizing these groups, it's possible to reduce the 
material's hydrophilic nature, enhancing its compatibility with oils and 
improving its physical stability. Several chemical modifications have 
been reported to improve the physical compatibility of lignin with oil 
media, including alkylation [10], amination [19], esterification [7], 
epoxidation [20] and functionalization with isocyanate groups [21]. 
These approaches are mainly focused on enhancing the physical inter
action between lignin and oils. Zhang et al. synthesized lignin by mi
crowave amination and found that the lignin modified with 
heteroatom-rich chemicals can increase the viscosity of polyethylene 
glycol and enhance its adsorption to the metal surface, resulting in 
improved lubrication performance [10]. Cortés Triviño et al. studied the 
influence of epoxidation conditions on the rheological properties of 
epoxidized kraft lignin in castor oil and found that the linear visco
elasticity functions are quantitatively affected by the epoxidation pa
rameters. In general, lignins with higher epoxidation index show higher 
values of the small-amplitude oscillatory shear functions, which are 
indicative of better gel-strength due to a higher cross-linking density 
between the epoxidated lignin and castor oil [20]. Borrero-López et al. 
discussed the effects of chemical modification of wheat straw soda lig
nins with 1,6-hexamethylene diisocyanate and found that functionalized 
lignin was able to chemically interact with castor oil via urethane bonds, 
providing oleogels with suitable rheological properties [21]. Recently, 
Wu et al. prepared oleogels with chemical cross-links between lignin 
modified with (3-aminopropyl) triethoxysilane and (3-glycidylox
ypropyl) trimethoxysilane, along with castor oil. They investigated the 
influence of the lignin content with a single degree of modification on 
the performance properties and found that functionalized lignin acted as 
an effective thickener, significantly enhancing antiwear and anti
oxidation properties [8]. However, to the best of our knowledge, no 
comprehensive work on the impact of the silylation process on the 
functional properties of lignin oleo-dispersions has yet been reported. 
We hypothesize that precise control over the proposed alkyl-silyation 
method could lead to efficient synthesis of tunable modified lignin 
with tailored oil structuring properties, as a result of the physical 
interaction between the modified polymer with grafted hydrophobic 
alkyl-siloxane segments, which will act as a “bridge”, and the oil, thus 
enhancing compatibility.

In this work, we present an effective tool for the development of 
sustainable oil structuring agents by chemical modification. This 
approach involves the lignin silylation to develop biolubricant formu
lations. The main objectives of this work were (i) to study the role of the 

alkyl-silylation process on the chemical, morphological, hydrophobic 
and surface properties of modified lignin and (ii) to explore the ability of 
the lignin produced with different degrees of chemical modification to 
structure castor oil by analyzing its rheological and tribological prop
erties, aiming to advance a new generation of biolubricant formulations.

2. Materials and methods

2.1. Materials

Kraft lignin (KL, ≤3.6 wt % sulfur content and specified pH of 10-11 
(3 wt % in water)) was purchased from Sigma-Aldrich (code 471003). It 
was selected as a model lignin because it is a lignin widely produced 
from the pulp and paper industry and biomass refineries, and therefore 
commercially available on a large scale. The purity and composition of 
this lignin was determined by Gendron et al. [22] in a previous work and 
the results are shown in Table 1. As can be seen, Kraft lignin has a low 
lignin content (60 wt %), and a high residual ash content (27.9 wt %). 
Hence, these results suggest that the Kraft lignin has not been purified 
after the extraction process.

Tert-butyldimethylsilyl chloride (TBDMSCl, Reagent grade, 97%), 
imidazole (ImH, ≥99%), N,N-Dimethylformamide (DMF, anhydrous, 
99.8%), methanol (CH3OH, anhydrous, ≥99.8%), ethanol (CH3 CH2OH, 
ACS reagent, ≥99.5%), acetone (CH3(OH) CH3, ACS reagent, ≥99.5%), 
cyclopentanone (C5H8O, ReagentPlus grade, ≥99%) were purchased 
from Sigma-Aldrich. Castor oil (viscosity: 0.55 Pa s, density: 0.958 g/ 
mL, at 40 ◦C) was provided from Guinama, (Spain) and stored at room 
temperature (23 ◦C) in a dark area. The fatty acid profile can be found 
elsewhere [23]. The commercial lithium lubricating grease Castrol 
Optipit (Castrol, Germany) was used as benchmark.

2.2. Synthesis of silylated lignin

The one-step heterogeneous silylation process was carried out using 
TBDMSCl as silylating reagent, DMF as solvent and imidazole as cata
lyst. From an experimental point of view in a typical procedure, 2.0 g 
portion of previously dried KL was mixed with 10 mL of DMF in a 100 
mL round bottom flask at room temperature (≈23 ◦C) with constant 
stirring until complete dissolution of the lignin. Then, imidazole and 
TBDMSCl (2 equiv. with respect to lignin, respectively) were added and 
the effect of silylation time on chemical substitution was investigated by 
varying the reaction times from 2 to 24 h. The imidazole/KL mass ratio 
was chosen to ensure sufficient imidazole as an auxiliary base to 
neutralize the HCl formed during the reaction and to ensure completion 
of the reaction. After the required time, the modified KLs were filtered 
out and thoroughly washed with a mixture of water and methanol 
(80:20 by weight) in order to remove un-reacted TBDMSCl and formed 
imidazole chloride. Finally, the silylated kraft lignins, coded as Si-hour, 
were oven dried at 45 ◦C for 24 h. Each experiment was repeated three 
times to check the consistency of the results.

Table 1 
Purity and composition of lignin.

Lignins (wt %) Carbohydrates (wt %) Others (wt %)

ASL 5.20 ± 0.40 G 0.63 ± 0.03 Ash 27.9 ± 0.60
AIL 58.8 ± 1.30 XMG 1.27 ± 0.03 Deg 8.20 ± 0.20
​ ​ A 0.60 ± 0.02 ​ ​
TL 60.0 ± 1.70 TC 2.50 ± 0.10 TO 36.1 ± 0.80

ASL: Acid Soluble Lignin, AIL: Acid Insoluble Lignin, TL: Total Lignin, G: 
Glucose, XMG: Xylose-Mannose-Galactose, A: Arabinose, TC: Total Carbohy
drates, Deg: Degradation products identified by HPLC at the end of the acid 
hydrolysis based on the NREL protocol (presence of acetic and formic acids, 
traces of levulinic acid, hydroxymethylfurfural, and furfural), TO: Total others. 
Data from Gendron et al. [22].
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2.3. Characterization of lignin and silylated samples

The Fourier transform infrared (FT-IR) spectra of samples were 
conducted to confirm the incorporation of silane group into the lignin 
using a typical KBr method with a JASCO FT/IR-4200 spectrometer after 
the samples were purged with nitrogen. Each sample was scanned 46 
times at a resolution of 4 cm− 1 over the wavenumber region of 
4000–400 cm− 1. For the 1H–13C 2D HSQC NMR analysis, around 50 mg 
of lignin was dissolved in 700 μL of DMSO‑d6 (approx. 70 mg/mL) and 
analyzed using a Bruker Avance NEO 500 MHz NMR spectrometer 
equipped with a 5 mm BBFO probe with a Z-gradient. 1H NMR spectra 
were acquired using a 90◦ pulse of 5.97 μs, a relaxation delay of 10 s, a 
spectral width of 9615.385 Hz, and an acquisition time of 3.40 s, with 32 
scans accumulated. For 13C NMR spectra, a 30◦ pulse of 3.3 μs was 
applied, with a relaxation delay of 2 s, a spectral width of 30120 Hz, an 
acquisition time of 1.09 s, and a total of 9000 scans. The 1H–13C HSQC 
spectra were recorded with spectral widths of 8196.72 Hz for 1H and 
20754.50 Hz for 13C, collecting 1024 complex points in the proton 
dimension, with a relaxation delay of 1 s, 32 scans, and 256 time in
crements. The 1J_C–H coupling constant was set at 145 Hz, with a J- 
coupling evolution delay of 1.72 ms. The DMSO peak at δC/δH 39.5/2.49 
ppm ppm− 1 was used for the calibration of the chemical shifts. NMR 
data were processed with MestreNova software (version 15.0.0, Mes
trelab Research). The morphology of the samples was investigated by 
SEM imaging using a FlexSEM 1000 II electron microscope with an 
accelerating voltage of 5 kV with a 10 mm working distance after 
sputtering the samples with gold under vacuum. Thermogravimetric 
analysis (TGA) was conducted using a Q50 TGA model from TA In
struments (New Castle, DE, USA). The samples were placed in a plat
inum pan and heated within the temperature range from room 
temperature (25 ◦C) up to 600 ◦C at a heating rate of 10 ◦C/min under 
nitrogen flow (see the Supporting Information). To assess the hydro
philicity or hydrophobicity of the samples, 100 mg of samples were 
added to a 20 mL mixture of toluene and water (in a 1:1 ratio) and 
shaken vigorously. Since the solvents have opposite polarities, it was 
expected that the sample with hydrophilic properties would disperse 
primarily in the water phase (neat lignin), while the hydrophobic highly 
modified samples would remain in the toluene fraction, avoiding the 
water phase. The solubility of both lignin and silylated samples was also 
evaluated by dissolving 70 mg of the sample in 3 mL of organic solvent 
within conical tubes, using a vortex mixer to facilitate the process. 
Various organic solvents, including ethanol, acetone, and cyclo
pentanone, were tested, and the solubility of the samples was assessed 
through visual observation. Sessile-drop contact angle measurements 
were also performed using a dynamic goniometer to assess the hydro
phobicity of the samples. This involved tracking the spreading behavior 
of a water droplet placed on the surface of both kraft lignin (KL) and 
silylated films. Apparent dynamic contact angles were determined by 
capturing side-view images of the droplet over time with a CCD camera 
(PixeLink PL-A741) and analyzing its shape profile. A droplet of 
deionized water (~5 μL) was carefully dispensed onto the sample sur
face at room temperature (~23 ◦C), and its spreading was quantified 
using axisymmetric drop shape analysis (ADSA-P). To prepare the 
sample films, materials were compressed under 1000 kPa for 25 s using a 
manual hydraulic press. Image analysis and contact angle measurements 
were carried out using FIJI ImageJ software (NIH, Maryland, USA).

2.4. Preparation of oleo-dispersions

Si-KL was incorporated into castor oil using a laboratory-scale mix
ing apparatus equipped with an anchor impeller. The process was car
ried out at ambient temperature (≈23 ◦C) with a rotation speed of 60 
rpm for a duration of 1 h. The lignin concentration was set at 30 wt % 
according to previous work [7]. This method ensures a correct disper
sion of the lignin in the oil medium.

2.5. Characterization of oleo-dispersions

The rheological properties of the oleo-dispersions were measured at 
23 ◦C by using a stress-controlled rheometer (model Rheoscope, Ther
moHaake, Germany). A rough parallel plate geometry of 20 or 35 mm 
diameter with 1 mm gap, depending on the sample, was used for both 
steady and oscillatory shear measurements to overcome the wall slip 
effects typically observed in these systems. For Small-Amplitude Oscil
latory Shear (SAOS) tests, the stress sweep was completed at 6.28 rad/s 
to determine stress values within the linear viscoelastic regime. Fre
quency sweep tests were then performed from 0.03 to 100 rad/s at 
constant stress amplitude, well within the linear viscoelastic regime. 
Steady shear viscosity measurements were conducted between shear 
rates of 0.01 and 100 s− 1, with viscosity data collected every 3 min once 
the apparent viscosity had stabilized at the applied shear rate. All 
rheological measurements were performed in duplicate for each sample. 
If the replicates showed a difference greater than 5%, additional runs 
were performed as necessary, and outliers were removed.

The tribological properties of the oleo-dispersions were measured at 
23 ◦C by using a rotational rheometer (Physica MCR-501, Anton Paar, 
Austria) equipped with a steel-steel ball-on-three-plates tribological 
configuration. Three plates (15 × 6 × 3 mm, 1.4301 AISI 304, 0.21 μm 
roughness, 80 HRB hardness) are arranged at an angle of 45◦ to center a 
1/2″ diameter ball (1.4401 grade 100 AISI 316) and evenly distribute the 
normal load. While the plates remain stationary, the ball rotates at a 
given rotational speed. The steady-state coefficient of friction was 
determined at room temperature (23 ◦C) by applying a normal force of 
20 N and a constant rotational speed of 100 rpm, within the mixed 
friction regime, until a steady-state value was reached (for ~650 s). The 
topography of the wear scar surface left in the steel plates by the con
stant rotational speed tests was examined by scanning electron micro
scopy (SEM) using a FlexSEM 1000 II electron microscope. Tribological 
measurements were repeated three times using fresh samples for each 
run.

3. Result and discussion

3.1. Influence of silylation process on properties of lignin

The one-step heterogeneous silylation process was carried out in this 
research using TBDMSCl as silylating reagent, DMF as solvent and 
imidazole as catalyst, as shown in Fig. 1a. Silylation of lignin involves 
the substitution of an alkyl silyl group for a hydroxyl group to form an 
alkylsilyl ether via an SN2 reaction mechanism [24,25]. This process 
occurs on both aliphatic and aromatic hydroxyl groups, as reported in 
previous studies [26,27]. On the other hand, silylation activation can 
proceed via two different catalytic pathways: (i) via the N-tert-butyldi
methylsilylimidazole intermediate [28] and (ii) via the silylated DMF 
transient complex [29]. In the first way, the non-protonated nitrogen of 
the imidazole ring attacks the silicon atom, forming a highly electro
philic counterion (silylimidazole), which causes the chloride to leave the 
silylating reagent (see Fig. 1b). In the case of DMF catalysis, the de
parture of the electron density from the leaving group of the silicon 
atom, such as chlorine, makes the silicon partially positive and thus 
susceptible to attack by the oxygen of the carbonyl group, resulting in 
the departure of the chloride ion. This happens because the oxygen in 
the carbonyl group, which is more electronegative, becomes partially 
negative and nucleophilic. The result is a salt consisting of chloride ions 
and a positively charged transient complex (see Fig. 1c). Both reaction 
intermediates are then attacked by the hydroxyl groups of the mono
lignols that form lignin, which act as nucleophiles. As the nucleophilic 
groups of lignin bind to the silicon atom, the bond between the leaving 
group and the silicon atom is simultaneously broken, allowing the 
imidazole nitrogen to take the electron pair and become electronically 
neutral. Furthermore, the chloride produced during catalytic activation 
reacts with the hydrogen of the alcohol to form HCl and the final 
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Fig. 1. (a) General mechanism of the silylation, (b) Catalysis mechanism via N-tert-butyldimethylsilylimidazole intermediate and (c) Catalysis mechanism via N,N- 
Dimethylformamide.
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reaction product. Imidazole acts as a catalyst, remaining free at the end 
of the reaction, and functions as an auxiliary base to neutralize the HCl 
formed during the process. This results in the formation of a highly 
stable hydrochloride salt, which is difficult to recover [30,31], thereby 
requiring the use of excess imidazole.

FTIR was used to assess the chemical modification of KL after the 
silylation reaction, providing valuable insight into the structural 
changes. Fig. 2 displays the infrared spectra of both neat lignin and 
silylated samples as a function of reaction time. As can be seen, KL 
displays typical lignin bands. The broad absorption band at 3445 cm− 1 is 
associated with the OH stretching vibrations of both aromatic and 
aliphatic OH groups, while the peaks between 2935 and 2845 cm− 1 

correspond to the vibrations of CH3 and CH2 groups. KL also displays 
typical aromatic skeletal vibrations at 1590, 1510 and 1415 cm− 1, as 
well as C–H deformation combined with aromatic ring vibration at 1450 
cm− 1 [32]. Notable absorption bands at 1265, 1225 and 1030 cm− 1 are 
attributed to the guaiacyl (G) units, while the syringyl (S) units appear at 
1130 cm− 1. As can be observed, the intensities of the peaks corre
sponding to the G units are significantly higher than those for the S units, 
indicating that KL contains a greater proportion of G units than S units. 
This reflects the nature of the feedstock, although the raw material from 
which Kraft lignin was derived remains unknown [33]. The spectra of 
the silylated samples confirm the successful silylation of KL. This is 
evidenced by the presence of characteristic silane bands, including one 
at 838 cm− 1 corresponding to the Si–OH stretching vibration, another at 
779 cm− 1 associated with the Si–C and Si–O stretching vibrations and 
Si–O–Si stretching vibration at 1074 cm− 1 [34,35]. Another change that 
supports the chemical modification of KL is the increase in intensity of 
the characteristic stretching vibration band for C–H (in Si–CH3 at ~2935 
and 2845 cm− 1) [36]. Furthermore, it is worth to mention that the silane 
band at 1257 cm− 1, corresponding to the (C–H)silyl in-plane bending of 
the methyl group, cannot be used to quantify the degree of chemical 
modification in these samples, as it overlaps with the G-unit band at 
1265 cm− 1.

The kraft lignin and silylated samples were also characterized by 2D 
HSQC NMR to gain insights into the changes in structure, as well as in 

the linkages through chemical modification. The 2D HSQC NMR spectra 
of neat kraft lignin (Fig. S1) as well as the corresponding description and 
the assignment of the main 13C–1H correlation signals in the spectra 
(summarized in Table S1) are provided in the Supporting Information. 
To analyze the impact of the silylation process on the lignin structures, 
the 2D HSQC NMR spectra was divided into several distinct regions. 
Figs. 3 and 4 illustrate the regions corresponding to the aromatic (δH/δC 
6.1-7.7/103-130 ppm) and non-oxygenated aliphatic (δH/δC − 0.5-2/50- 
90 ppm) regions of the spectra, respectively. The oxygenated aliphatic 
region (δH/δC 2.5-5.5/50-90 ppm) has been included in the Supporting 
Information as Fig. S2. One possible way to assess the influence of the 
reaction time on the degree of chemical modification of silylated sam
ples is by calculating the areas corresponding to the main lignin fraction 
structures. As the HSQC signal integrals were normalized with respect to 
aromatic units, the NMR-characterized silylation results can be directly 
related to these structural units. It should be noted that, while this 
normalization allows for relative spectroscopic comparisons between 
samples, it does not represent an absolute degree of substitution corre
sponding to a fixed number of hydroxyl groups per aromatic unit. The 
quantity of different areas was normalized using the following 
assumption [37]: 

G+ S = G2 + S2,6
/
2 = 100 Ar (1) 

This assumption implies that the condensation (substitution) posi
tions G2 and S2,6 of lignin is insignificant. However, it is still valuable for 
relative comparison with the literature data as this normalization is used 
when only HSQC spectra of lignins are available [38,39]. The results 
obtained are shown in Table S2 in the Supporting Information. As can be 
seen, these results confirm that reaction time is a key factor in the effi
ciency and type of structural modification occurring in lignin [40]. In 
the aromatic region (see Fig. 3), it is important to note that the S/G ratio 
remains constant at 0.1 throughout the process, indicating that the 
overall ratio between syringyl and guaiacyl units remains unchanged. 
This suggests that the silylation reaction is selectively directed to spe
cific sites without significantly altering the overall aromatic composition 
of the lignin. In the case of the S′2,6 units, they show a variable behavior, 

Fig. 2. FTIR spectra of KL and silylated samples as a function of reaction time.
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suggesting that it depends on the reaction time, in which the S units are 
selectively activated and modified according to the availability of 
reactive sites, demonstrating a reversibility process in which the silyl 
groups are initially incorporated and then undergo reorganizations or 
even possible recoil processes. In contrast, the S2,6 signal disappears in 
the silylated samples, indicating that the sites corresponding to these 
positions are completely modified or blocked by the reaction. Regarding 
the guaiacyl units, the values of G2 and G5 remain relatively stable 
throughout the process, indicating that these positions are less suscep
tible to modification, while G6 shows a pronounced increase up to 9 h 
and then decreases. This behavior suggests that although most guaiacyl 
units remain stable, some specific sites exhibit transient reactivity, 
which could be related to the transient incorporation of silyl groups 
followed by structural reorganization [41]. Finally, the FA2 group shows 
a sharp increase from 0.2 to 2.7 in the first 2 h, together with oscillatory 
behavior. Furthermore, the FA6 signal, which is associated with the 
formation of new phenolic groups or derivatives, shows a drastic 
behavior, starting from a very low value in unmodified lignin and 
increasing abruptly up to 9 h, then decreasing as the reaction time in
creases. This trend shows that the reaction initially induces the forma
tion of highly functionalized sites in the aromatic fraction, which over 
time are affected by condensation or rearrangement processes that 
reduce their availability.

On the other hand, in the non-oxygenated aliphatic region (see 
Fig. 4), the incorporation of the TBDMS group is evident from the 
appearance of signals identified as SitBu and SiMe2, which are not 
detected in unmodified lignin. The SitBu signal appears at 2 h with a 
value of 463.2, reaches a maximum at 5 h and then drops significantly. 
Similarly, the signal associated with the methyls of the incoming group 

(SiMe2) increases up 5 h and then decreases with longer reaction times. 
This behavior indicates that the incorporation of the silylating agent is 
more efficient in the range up to 5 h, the moment when the maximum 
levels of silylation are reached, suggesting that the incorporation of 
functional groups such as silanes occurs rapidly in the first hours, while 
the functionalization slows down over time, which could be due to the 
lower availability of free hydroxyl groups to react at later times [42]. In 
fact, longer times may cause secondary processes such as partial hy
drolysis of TBDMS groups or internal rearrangements [43].

1H–13C HSQC 2D NMR and FTIR spectroscopy findings confirm that 
the lignin modification was successfully carried out. Moreover, the 
impact of reaction time on the degree of chemical modification of lignin 
was also demonstrated. Fig. 5 shows a comparison of the results ob
tained by both techniques. For this purpose, the sum transmittance ratio 
for the new silylated bands (peaks at 838 and 779 cm− 1) of FTIR spectra 
was normalized to the band at 1510 cm− 1 corresponding to the aromatic 
skeletal vibrations of the C–C bonds. This band remains clearly defined 
in both neat and silylated lignin and is therefore suitable for normali
zation. While, the sum area ratio for the silylated areas of HSQC was 
normalized to the G2 area. As can be observed, both techniques display 
comparable results, since the evolution of the curves have a qualitatively 
similar evolution. This behavior suggests that the incorporation of the 
silylating agent is more efficient within the first 5 h, the point at which 
the maximum levels of silylation are achieved. This implies that the 
incorporation of functional groups such as silanes occurs rapidly in the 
initial hours. However, as the reaction continues for longer periods, 
secondary processes may take place, such as condensation, partial hy
drolysis of the TBDMS groups, or internal rearrangements, all of which 
contribute to a reduction in the chemical modification. In this regard, 

Fig. 3. Aromatic region in the 2D HSQC NMR spectra of kraft lignin and silylated samples as a function of reaction time.
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Fig. 4. Non-oxygenated aliphatic region in the 2D HSQC NMR spectra of kraft lignin and silylated samples as a function of reaction time.

Fig. 5. Evolution of: (a) sum transmittance ratio of the silylated bands of FTIR spectra (ASi/1510 cm-1); (b) sum integral ratio of the silylated areas of HSQC (ISi/IG2) as a 
function of reaction time.
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the decrease in signals associated with aliphatic silylation over pro
longed reaction times could be associated with the lower stability of 
aliphatic Si–O bonds compared with the more stable aromatic Si–O–Ar 
bonds. Similarly, previous studies on the phenolation of lignin have 
shown that extending the reaction time results in a decrease in the extent 
of chemical modification [44].

Solubility tests were also carried out to assess the affinity between 
the samples and solvents of different polarities. As can be seen in Fig. 6a, 
the most of the neat lignin was present in the water fraction, as indicated 
by the region below the discontinuous line in the vial shown in this 

Figure. Some fractions of the samples were observed to settle at the 
bottom of the vial, as expected due to the hydrophilic nature of lignin. In 
addition, a meniscus was visible in all samples containing lignin frac
tions, a result of the surface tension of water and the cohesive forces 
between the water and the glass. Modified lignin fractions were not 
found in the water phase, indicating their hydrophobicity. While the 
sample modified with the longest reaction time (24 h) formed a stable 
layer at the toluene-water interface, the other samples were only 
dispersed in toluene, showing no dispersion in the water. This behavior 
can be attributed to the replacement of hydroxyl groups by silane groups 

Fig. 6. (a) Solubility tests of KL and silylated samples in 1:1 (v/v) ratio of water (relative polarity - 1.0) and toluene (relative polarity – 0.099) mixture as a function 
of reaction time. (b) Appearance of KL and silylated samples in different organic solvents. (c) Water contact angles of neat KL and silylated samples as a function of 
reaction time.
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in KL through silylation reaction. Although, the samples modified with 
the longest reaction times were also present at the toluene/water 
interface, confirming balanced hydrophobic and polar characteristics of 
these samples. In short, the KL exhibited a high hydrophilicity compared 
to the silylated lignin, which displayed different levels of hydropho
bicity based on the extent of chemical modification. Other solvents such 
as ethanol, acetone and cyclopentanone were also chosen to evaluate the 
solubility of the samples. The appearance of the solubility of the samples 
in these organic solvents is shown in Fig. 6b. As can be seen, the pure 
lignin precipitated in all solvents. However, the silylated samples dis
solved almost completely in these organic solvents, with cyclopentanone 
showing a slightly better solubility. Contact angles were also measured 
1, 60 and 180 s after the water drop was applied to the sample surface in 
order to point out the effect of silylation process on the hydrophobic 
behavior of the lignin particles (see Fig. 6c). As expected, the resulting 
contact angle values obtained for the modified lignin samples were 
higher than those found for the neat KL. As can be observed at 180 s, the 
unmodified lignin particle absorbs the drop and the contact angle re
duces to 0 since the abundance of hydroxyl groups in the lignin structure 
imparts a highly hydrophilic character. Furthermore, the water contact 
angle increased with the degree of substitution due to the replacement of 
surface hydroxyl groups with silane groups, which decreased the po
larity of the lignin particles. Therefore, the sample with the highest 
contact angle is the modified sample with a reaction time of 5 h, as 
corroborated by the 2D HSQC NMR results. These results show that 
silylation changed the surface properties of the lignin particles from 
hydrophilic to more hydrophobic, which are in agreement with previous 

results [28,45].
Additionally, a morphological analysis was performed using scan

ning electron microscopy (SEM) to assess the changes in size and shape 
of lignin particles as a result of the silylation process, as a function of the 
reaction time. In this context, Fig. 7 presents selected scanning electron 
microscope (SEM) images of both KL and silylated samples. As observed, 
the powder of KL consists of wrinkled, irregular spherical granules or 
particles (Fig. 7a), while the silylated samples exhibit porous particles 
with pores scattered across their surfaces. Moreover, it was found that 
the particle size decreases significantly as the reaction time increases. In 
this regard, the morphology of the sample silylated 24 h stands out, 
showing a marked difference with agglomerates of micro- and nano- 
sized particles that are noticeably smaller than those found in the 
other samples (Fig. 7e). These results suggest that the silylation reaction 
may promote the supramolecular aggregation of lignin, initially forming 
clusters that evolve into micro- and nano-sized particles. In fact, the 
structure and functional groups of lignin significantly influence the 
formation and stability of lignin particles [46]. As shown by Wang et al., 
high molecular weight Kraft lignin, such as that used in this work, tends 
to form more uniform and smaller-sized lignin nanoparticles compared 
to low molecular weight fractions [47]. This can be ascribed to the fact 
that high molecular weight (and more condensed) fractions promote the 
self-assembly through hydrophobic interactions, such as π− π stacking, 
whereas low molecular weight fractions contain relatively high amounts 
of hydroxyl groups that hinder such interactions and thus prevent the 
packing of lignin during the self-assembly.

Fig. 7. SEM micrographs of selected samples: (a) neat KL, (b) silylated 5 h, (c) silylated 9 h, (d) silylated 18 h, (e) silylated 24 h.
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3.2. Influence of the silylation process on the rheological and tribological 
properties of the oleo-dispersions

From a rheological point of view, the development of oleo-dispersion 
formulations requires the characterization of both viscous flow and 
linear viscoelastic properties. This is essential to provide the basis for a 
more detailed explanation of the interaction between the different 
components in the dispersion, as well as a better basis for the physico
chemical modification of lignin and the control of rheological proper
ties. Fig. 8a shows oleo-dispersion viscous flow curves as a function of 
silylation reaction time. Castor oil was included for the sake of com
parison. For castor oil a Newtonian behavior was observed, i.e. a con
stant value of viscosity over the range of shear rates studied. On the 
contrary, all the oleo dispersions showed a shear thinning behavior and, 
as can be observed, both the viscosity and the shear rate dependence 
(non-Newtonian behavior) increase with the silylation reaction time. 
The viscous flow properties of these materials may be linked to the 
volume fraction of the dispersed phase, which can be influenced by 
physical and/or chemical interactions between the lignin molecules and 
the oil medium. In this regard, the different viscosity values observed, 
particularly at low shear rates for the oleo-dispersions, indicate that the 
developed colloidal network is likely to be significantly different. In this 
sense, frequency sweep tests can provide further insight into the effect of 
silylation on the colloidal network formed by silylated lignins in the 
oleo-dispersions. Fig. 8b shows the evolution of SAOS functions with 

frequency, within the linear viscoelastic range, as a function of silylation 
reaction time. As can be observed, the oleo-dispersions exhibit a variety 
of viscoelastic behaviors as the oleo-dispersion undergoes a liquid–gel 
transition (LGT) due to changes in the physicochemical properties of the 
lignin, as shown by the evolution of Gʹ and Gʺ with the angular fre
quency. A viscoelastic liquid-like response was observed at low reaction 
times (2 and 5 h) where Gʺ > Gʹ, with both moduli having a near-linear 
dependence on frequency. For an intermediate reaction time (9 h), oleo- 
dispersion shows that Gʹ and Gʺ curves intersect at an intermediate 
frequency, suggesting a clear tendency to form a soft gel. Whereas at 
high reaction times (16, 18 and 24 h), Gʹ > Gʺ over a wide frequency 
range, evincing a stronger viscoelastic gel-like behavior and the for
mation of remarkably stable colloid-lignin network. These findings show 
that the silylation process has a significant impact on the rheological 
properties of the oleo-dispersions and can modulate the physicochem
ical interactions between the lignin particles and the castor oil. This 
phase (liquid–gel) transition of oleo-dispersions is better illustrated 
using the Han–Chuang plot (Fig. 8c), where the storage modulus (Gʹ) is 
plotted versus the loss modulus (Gʺ). On double-logarithmic scales, the 
equimoduli line (Gʹ = Gʺ, slope = 1) represents the liquid–gel transition, 
i.e. a critical gel viscoelastic behavior, and was included to guide data 
interpretation. Regions above this line indicate gel-like behavior, 
whereas regions below correspond to liquid-like behavior. As shown in 
Fig. 8c, the sample processed for 9 h is representative of the transition 
from liquid-like to gel-like behavior, with Gʹ exceeding Gʺ at longer 

Fig. 8. (a) Viscous flow curves of oleo-dispersions as a function of reaction time. (b) Viscoelastic properties of oleo-dispersions formulated with silylated samples as a 
function of reaction time. (c) Storage modulus vs. loss modulus plots of oleo-dispersions formulated with silylated samples as a function of reaction time. (d) tan δ at 
1 rad/s of oleo-dispersions as a function of reaction time. (e) Proposed scheme of microstructures and transition from a viscoelastic liquid-like behavior to solid-like 
gel behavior of the oleo-dispersions.
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reaction times, confirming gel formation. In the same way, the loss 
tangent, tan(δ) = Gʺ/Gʹ, plotted at 1 rad/s versus reaction time (Fig. 8d), 
identifies the onset of the phase transition at tan(δ) = 1, again providing 
an estimation of a minimum silylation time of ~9 h for the formation of 
a gel network. The rheological results obtained suggest that the colloidal 
network formed in the oleo-dispersions could be attributed to the bal
ance of repulsive/attractive forces between the lignin particles and the 
castor oil due to the physicochemical modification induced by the 
silylation process. On the one hand, the hydrophobic/hydrophilic 
properties of lignin can be adjusted by chemical modification. The 
addition of the silane group, which imparts a strong hydrophobic 
character to the lignin particles, acts as a 'bridge' for interaction with 
castor oil, enhancing compatibility and dispersibility with the oil. This 
does not result in a significant increase in the viscosity or any thickening 
effect in the base oil, as demonstrated by the sample processed for 5 h, 

which exhibits the greatest chemical modification with silane groups. 
However, after 5 h, a significant increase in castor oil viscosity occurs, 
showing a more pronounced non-Newtonian character, with a clear 
tendency to reach a high-shear-rate-limiting viscosity. Therefore, the 
viscous flow behaviour of these materials is related to the balance be
tween physical, i.e. changes in the volume fraction of the dispersed 
phase, and chemical (hydrophobic) interactions between lignin mole
cules and the oil medium. Of course, the silylation process alters the 
area/volume ratio of lignin particles, particularly increasing with sily
lation time (as shown in the SEM micrographs), which in turn increases 
the effective volume fraction in the oleo-dispersion. This facilitates the 
formation of percolating network structures of lignin particles. At low 
reaction times (2 and 5 h) the highest levels of chemical modification 
were achieved (lignin particles with a strong hydrophobic character), 
while lower levels of physical modification were observed. As a result, 

Fig. 9. (a) Friction curves for oleo-dispersions as a function of reaction time. (b) Wear diameter as a function of reaction time. (c, d, e) Selected SEM images of wear 
scars for oleo-dispersions as a function of reaction time. (g) Proposed scheme of lubricating mechanism for oleo-dispersions.

M. Trejo-Cáceres et al.                                                                                                                                                                                                                         Polymer 350 (2026) 129769 

11 



the oleo dispersions showed a viscoelastic liquid-like behaviour (G′ <
G″), as a result of the higher compatibility with the castor oil. In this 
sense, as above discussed, the highly modified lignin samples present a 
higher solvency for the castor oil, understood the thickener's solvency as 
the ability to dissolve and/or disperse properly in a specific medium. 
However, at longer reaction times (16, 18 and 24 h) the situation was 
reversed. Lignin particles with intermediate hydrophobic/hydrophilic 
properties, i.e. lower solvency, and high area/volume ratios, facilitating 
the formation of percolating network structures. This resulted in a 
viscoelastic gel-like behaviour (G′ > G″). These mechanisms have been 
illustrated in Fig. 8e, which shows a proposed scheme for the transition 
from a viscoelastic liquid-like behavior to solid-like behavior in these of 
oleo-dispersions, depending on the sylilation degree.

The lubrication properties of the oleo-dispersions were investigated 
in a ball-on-plate tribological contact. Specific normal load (20 N) and 
rotational speed (100 rpm) conditions were selected to compare the 
results with those obtained in a previous work [7], where modified 
lignin dispersions were formulated using esterification reactions. Fig. 9a 
presents the coefficient of friction (CoF) versus sliding time for the 
oleo-dispersions as a function of the silylation reaction time, castor oil 
and a lithium lubricating grease. It can be observed from the figure that 
for all the samples, the CoF decreases to a stable value at around 600 s, 
with some fluctuations in the CoF values for the oleo-dispersion with the 
longest silylation time. The initially higher CoF values can be attributed 
to the formation of the tribofilm. As reported by several authors [48,49], 
the creation of tribofilms increases surface roughness, which in turn 
leads to an increase in CoF, slows down the micro-elastohydrodynamic 
lubrication effects, and thus results in a higher CoF [50]. Most 
remarkably, Fig. 9a shows that high sylilation levels results in a signif
icant reduction of CoF values, whereas friction increases with longer 
silylation times. This behavior may be due to the rheological properties 
of the oleo dispersions; it is known that a reduced effective viscosity 
favors the replenishment of the friction track more efficiently [51,52]. 
Interestingly, the CoF values obtained for both the liquid-like and 
gel-like dispersions were lower than those obtained for castor oil and a 
commercial lithium grease. Fig. 9c–e presents the SEM micrographs of 
the worn surfaces of the steel plates lubricated by using the 
oleo-dispersions as a function of silylation time. A wear mark appears 
and linear grooves in the sliding direction are seen in the plates after the 
friction test. As can be seen, the wear mark decreases as the silylation 
time increases (see Fig. 9b). Based on these results, it can be suggested 
that when lubricated with oleo-dispersions, particularly the gel-like 
dispersions, a protective surface layer composed of silylated lignin 
particles and oil molecules forms at the interface of the friction pair. This 
layer helps to prevent direct contact between the ball and the steel plate, 
effectively reducing wear. Tribochemical reactions, polishing or rolling 
effects, or a mixture of these, are often proposed as tribological mech
anisms to explain the formation of a protective surface layer when 
friction occurs [53]. A key explanation in this case is that lignin particles 
help to fill in the grooves and scars on the friction surface, compensating 
for mass loss by a process called self-mending (Fig. 9g). This mechanism 
is supported by the fact that surfaces lubricated with gel-like dispersions 
tend to be less worn than those lubricated with liquid-like dispersions 
(see 3D images in Fig. 9f and h). A similar mechanism has been proposed 
for oleo-dispersions of cellulose nanocrystals in polyalphaolefin oil, as 
well as for oleo-dispersions formulated with silylated cellulose pulp and 
castor oil [54,55]. On the other hand, it is likely that the silane groups 
present in the dispersions adsorb onto the steel interface, initiating tri
bochemical reactions between iron (Fe), silicon (Si), and oxygen (O). 
These reactions are promoted by the frictional forces and the heat 
generated during the process. As a result, a chemical transfer film made 
up of iron and silicon oxides forms, which has been shown to offer high 
resistance to both friction and wear [56,57].

4. Conclusions

In this work, we demonstrated that a straightforward silylation route 
can be employed as a powerful tool to modulate the rheological and 
tribological properties of oleo-dispersions based on lignin for the 
development of environmentally friendly lubricants. Lignin sylilation 
was successfully modulated by controlling the reaction with tert- 
butyldimethylsilyl chloride (TBDMSCl), in the presence of dime
thylformamide and imidazole as the solvent and catalyst, respectively, 
as a function of the reaction time. It was found that the incorporation of 
the silylating agent was most efficient within the first 5 h, after which 
secondary processes such as condensation, partial hydrolysis, or internal 
rearrangements could occur, all contributing to a reduction in chemical 
modification, but an increase of the physical modification. Fine disper
sions of sylilated lignins in castor oil exhibited two different rheological 
behaviors depending on the reaction time: shorter reaction times (2-5 h) 
resulted in oleo-dispersions with liquid-like properties, while longer 
reaction times (16-24 h) produced dispersions with a mechanical spec
trum characteristic of particle networks, typical of solid gel-like mate
rials. This distinct behavior was attributed to the different compatibility 
or solvency between the lignin particles and the vegetable oil, favoured 
by high levels of sylilation, and changes in physical properties such as 
size, morphology, and surface of the lignin particles, favoured by high 
reaction times. In terms of lubricity, the oleo-dispersions of sylilated 
lignins showed excellent friction and wear performance in the mixed 
lubrication regime, comparable to or better than (lignin-free) castor oil 
or conventional lithium lubricating greases, due to the mending effect of 
the silylated lignin particles on surface roughness and scars. Overall, this 
work represents a significant advance in the development of sustainable 
structuring agents derived from low-cost polymeric materials like lignin, 
offering a fast and straightforward approach with particular relevance to 
applications in the lubricant industry.
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