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A B S T R A C T

This study explores the utilization of eucalyptus kraft lignin (EKL), extracted from black liquor of the pulp and 
paper industry, doped with polycaprolactone (PCL) to produce nanofibers with potential applications as vege
table oil structuring agents. Solutions of EKL:PCL in different weight ratios were prepared in a N,N-dime
thylformamide/chloroform binary solvent, at concentrations ranging from 10 to 40 wt%, and submitted to 
electrospinning. Electrospinnability essentially correlates with the shear and extensional rheological properties 
of the solutions. Resulting electrospun EKL/PCL nanofibers were subsequently dispersed in castor oil at different 
concentrations (15 and 30 wt%). Stable gel-like dispersions were obtained with electrospun nanostructures 
predominantly composed of nanofibers or beaded fibers. The rheological properties and microstructure of EKL/ 
PCL nanofiber-based oleo-dispersions were significantly influenced by both the EKL:PCL weight ratio and elec
trospun nanofiber concentration, with increases in the linear viscoelasticity functions and viscosity correlating 
with higher nanofiber concentrations and PCL proportions. These findings point out the potential of EKL/PCL 
nanofibers as eco-friendly vegetable oil structuring agents, in line with the principles of circular economy 
through the reuse of renewable waste materials.

1. Introduction

In recent decades, several strategies have been implemented to shift 
the economy toward a more sustainable use of renewable resources [1]. 
These approaches aim to promote more responsible natural resource 
management, decrease reliance on non-renewable energy sources, and 
address the challenges associated with climate change [2,3]. In this 
framework, the concept of the bioeconomy has emerged as an economic 
model that utilizes terrestrial, marine, and waste biological resources to 
drive both industrial and energy production, while integrating biolog
ical processes into sustainable industrial practices [4,5]. This perspec
tive addresses the pressing need to protect the environment and confront 
the growing shortage of oil, leading some scientists to explore sustain
able solutions [6]. For instance, in the field of lubrication, it is estimated 
that approximately 55 % of the volume of lubricants marketed each year 
ultimately contributes to environmental pollution [7]. This problem is 
aggravated by the complexity of the multi-component formulations of 
most lubricating greases available on the market, which consist mainly 

of non-biodegradable and non-renewable mineral or synthetic oils and 
thickeners, mostly based on lithium soaps [8]. The integration of bio
economy approaches into lubricant technology aims not only to 
decrease dependence on non-renewable sources, but also to reduce the 
negative environmental impacts associated with the production and 
consumption of conventional lubricants [9,10].

The most relevant characteristics of conventional lubricating 
greases, typically classified in NLGI grades according to consistency or 
structuring level, are attributed to the microstructure generated by the 
thickener [11]. To date, considerable research has been undertaken to 
identify efficient and sustainable thickening or structuring agents for oil- 
based media. [12,13]. However, achieving appropriate compatibility of 
these biopolymers with vegetable oils often requires chemical modifi
cation, such as acetylation [14], methylation [15], ethylation [16], or 
acylation [17], to enhance their performance and stability in lubricant 
applications. Although the resulting formulations may be considered 
bio-based and non-toxic, the production processes require relatively 
complex chemical reactions and the utilization of chemicals and solvents 
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that are not environmentally friendly. Therefore, it is still necessary to 
find alternative cleaner processes and methods that avoid or reduce 
these chemical modifications. In this context, various vegetable oils such 
as sunflower, soybean and palm oils have been investigated as sustain
able alternatives for lubricants [18–20]. However, castor oil (CO) stands 
out due to its high viscosity, superior lubricity and ability to form pro
tective layers on metal surfaces, making it ideal for semi-solid lubricants 
[21,22]. In addition to being biodegradable and renewable, CO is widely 
available, cost effective and previously tested in lubricant and precision 
machining applications [23,24]. A simpler and greener approach to 
address the aforementioned shortcomings is to enhance the compati
bility of biopolymers with oils through exclusively physical interactions 
[25,26]. The underlying hypothesis is that a structure consisting of 
micro- or nanometer-sized fibers with elevated porosity and surface-to- 
volume ratio could facilitate the formation of a three-dimensional 
percolation network within the oil medium [27,28]. In the field of 
nanofabrication, electrospinning stands out among other techniques 
such as force-spinning, melt-spinning, and solution-blown spinning 
because of its more feasible scalability at the industrial level [29]. The 
electrospinning technique offers the possibility of modifying the fiber 
morphology by adjusting various conditions, which can be divided into 
two main groups: solution-related factors and operating parameters 
[30]. Solution parameters include concentration, viscosity, polymer 
molecular weight, conductivity, surface tension, and solvent type 
[31,32]. This versatility enables the production of a broad range of 
nanostructures, encompassing particles, beaded fibers, smooth fibers, 
and ribbons, rendering them well-suited for diverse applications 
[33–36].

Within the wide selection of raw materials suitable for the electro
spinning process, lignin emerges as a viable choice [37]. It is recognized 
as the second most plentiful natural polymer following cellulose, 
commonly found in plant cell walls, providing strength and rigidity 
[38]. Moreover, lignin is considered a byproduct of both the paper in
dustry and the biofuel production derived from the lignocellulosic 
biomass [39–41]. Its use as a polymer for electrospinning offers a 
promising way to valorize these wastes, unveiling new application op
portunities in different fields [42–44]. This not only helps to reduce 
dependence on fossil fuels and mitigate deforestation but also promotes 
sustainability by closing the life cycle of lignocellulosic products, thus 
advancing the principles of circular economy and environmental con
servation [45]. Nonetheless, electrospinning lignin is somehow chal
lenging due to its normally low molecular weight and complex and 
heterogeneous structure [46]. To overcome this limitation, the inter
vention of a dopant polymer is often necessary [47–49]. This additional 
polymer serves as a facilitator by increasing the entanglement density of 
lignin solutions, thus enhancing their ability to form fibers [50,51]. 
Several studies have explored different dopant polymers [52–54]. In 
particular, Ibarra et al. [55] reported the use of eucalyptus kraft lignins 
(EKL) obtained from different genotypes and precipitated at different pH 
doped with cellulose acetate. The utilization of polycaprolactone (PCL) 
as a dopant polymer is particularly noteworthy due to numerous and 
significant advantages, as it is a biodegradable and biocompatible 
polymer with excellent spinning properties [56,57].

In this work, electrospun fiber-bead EKL/PCL nanostructures are 
evaluated as structuring agents for castor oil. The electrospinnability of 
EKL solutions doped with PCL was investigated for the first time, and 
various types of nanostructures were obtained by modifying the solution 
concentration and EKL/PCL weight ratios. Further, the oil structuring 
ability of EKL/PCL nanostructures was assessed by determining the 
rheological properties of the resulting oleo-dispersions, which were 
related to their morphological attributes. The results herein shown 
reveal the potential of EKL/PCL nanofibers to replace traditional oil 
thickeners for different applications.

2. Material and methods

2.1. Materials

Eucalyptus lignin (EKL), obtained from the black liquor of a pulp mill 
in northern Spain using Kraft pulping, was kindly provided by INIA-CSIC 
(Madrid, Spain), and previously characterized as detailed elsewhere 
[58]. Polycaprolactone (PCL; Mw: 80,000 g/mol), N,N-dimethylforma
mide (DMF) and chloroform (Chl) were acquired from Merck Sigma- 
Aldrich (Darmstadt, Germany), whereas castor oil was acquired from 
Guinama (Valencia, Spain). The fatty acid composition and the primary 
physical characteristics of this vegetable oil can be found elsewhere 
[59].

2.2. Preparation and characterization of EKL/PCL solutions

EKL and EKL/PCL solutions with different concentrations (10, 20, 
30, and 40 wt%) and EKL:PCL weight ratios (from 100:0 to 95:5 wt/wt) 
were prepared. Codes applied are shown in Table 1. These solutions 
were prepared using a solvent mixture of DMF/Chl (1:1 v/v). The 
preparation process involved stirring with a magnetic stirrer at 650 rpm 
for 24 h, at room temperature (22 ◦C).

EKL and EKL/PCL spinning solutions were subjected to physico
chemical characterization, including surface tension, electrical con
ductivity, and shear and extensional viscosity measurements, which 
were performed at room temperature and in triplicate. Electrical con
ductivity was evaluated in a conductivity-meter (GLP 31, Crison, Spain) 
equipped with an immersion cell. The calibration of the conductivity- 
meter was performed using standard solutions of KCl within the suit
able concentration range. Surface tension was determined using a sur
face tensiometer (Sigma 703D, Biolin Scientific, China) with a platinum 
Wilhelmy plate (39.24 mm wide × 0.1 mm thick). The shear viscosity 
measurements of the EKL and EKL/PCL solutions were conducted by 
implementing a stepped shear rate ramp ranging from 0.1 to 600 s− 1 in a 
strain-controlled rotational rheometer (ARES Rheometric Scientific, UK) 
fitted with coaxial cylinders (inner diameter: 32 mm; length: 33.35 mm; 
gap:1 mm). The assessment of the extensional flow characteristics was 
carried out using a capillary break-up extensional rheometer (CaBER 
Haake, Thermo Scientific, Germany). This device is fitted with two 
plates, each 6 mm in diameter, initially separated by 1 mm. A fluid 
droplet was placed between the plates and subsequently stretched as the 
top plate ascended quickly. This prompts the formation of a filament 
which is influenced by viscous, elastic, and capillary forces. The varia
tion in diameter at the filament’s midpoint was measured using a laser 
micrometer with a 5 μm resolution, facilitating rapid data collection and 
allowing for high-speed measurements.

2.3. Electrospinning and characterization of EKL and EKL/PCL 
electrospun nanostructures

Electrospinning EKL and EKL/PCL solutions were conducted in a 
DOXA Microfluidics (Spain) chamber. A syringe filled with 10 ml of the 
spinning solution was employed and connected to an infusion pump, 
which regulated the flow rate in the range of 0.4–0.6 ml/h. A horizontal 
configuration was established, maintaining a distance of 10–12 cm be
tween the collection plate and the needle tip (dimensions 21G). Elec
trical connections were established between the collection plate, the 

Table 1 
Nomenclature applied to EKL/PCL solutions.

Sample code EKL (wt%) PCL (wt%)

EKL100 100 0
EKL99-PCL1 99 1
EKL97-PCL3 97 3
EKL95-PCL5 95 5

J.F. Rubio-Valle et al.                                                                                                                                                                                                                          Journal of Molecular Liquids 414 (2024) 126248 

2 



capillary, and the high-voltage power supply, generating a potential 
difference of 12–15 kV. The experiments were conducted at room tem
perature and controlled relative humidity of 45 ± 1 %.

The morphology of electrospun nanostructures was analyzed in a 
JXA-8200 SuperProbe (JEOL ltd., Japan) microscope through Scanning 
Electron Microscopy (SEM), outfitted with a secondary electron detector 
that operates at an acceleration voltage of 15 kV. The samples due to 
their chemical nature presented limited conductivity so they required 
prior sputtering with gold [60] utilizing a sputter coating device BTT150 
(HHV, UK). The analysis of the SEM images was carried out with the 
open-source software FIJI ImageJ using a plugin developed for this 
purpose called DiameterJ [61].

2.4. Preparation and characterization of EKL/PCL nanostructures 
dispersions in castor oil

The electrospun EKL/PCL nanostructures were gently removed from 
the collector plate using a pair of tweezers and a spatula. Selected 
nanostructures were dispersed in castor oil at 15 and 30 wt% concen
trations, using an IKA RW-20 (Germany) mixer fitted with a low-shear 
anchor impeller. Fine dispersions were achieved by applying a proto
col of 60 rpm rotational speed for 24 h at room temperature. The 
resulting oleo-dispersions were then allowed to stand for another 24 h 
for subsequent characterization.

Rheological characterization of oleo-dispersions was carried out at 
25 ◦C, using a Rheoscope (TermoHaake, Karlsruhe, Germany) 
controlled-stress rheometer. A rough plate-and-plate geometry was used 
to mitigate potential slip phenomena (plate diameter: 20 mm, gap: 1 
mm, relative roughness: 0.4). Small-amplitude oscillatory shear (SAOS) 
tests were performed in the linear viscoelastic range, spanning fre
quencies from 0.03 to 100 rad/s. Viscous flow measurements were also 
carried out in a range of shear rates from 0.01 to 100 s− 1. The 
morphology of the oleo-dispersions was evaluated using a Leica Stellaris 
8 Falcon model laser scanning spectral confocal optical microscope, free 
spectral detection by AOBS: 410–850 nm, equipped with Leica HCX PL 
APO lambda blue 63× 1.4 hybrid oil objectives and detectors.

2.5. Statistical analysis

A statistical analysis was conducted on each of the parameters 
evaluated. This analysis involved a one-factor variance analysis 
(ANOVA), with three independent replications of each measurement, 
which allows the calculation of various statistical parameters, including 
the mean and standard deviation. Furthermore, a test comparing means 
was executed to identify any significant differences (p < 0.05).

3. Results and discussion

3.1. Physicochemical properties of EKL/PCL spinning solutions

As previously highlighted and documented in numerous studies 
[43,62,63], the electrospinnability of a polymer solution is inherently 
connected to both the electrospinning process parameters and the 
physicochemical properties of the spinning solution, specifically surface 
tension, electrical conductivity, and viscosity [64,65]. These properties 
and process parameters are influenced by the nature of the polymer, the 
solvents employed, and the concentration of the polymer in the spinning 
solution [31,33]. Table 2 presents the surface tension, electrical con
ductivity, and dynamic and extensional viscosity data of the EKL/PCL 
solutions used in this study to feed the spinning chamber as a function of 
concentration and EKL:PCL weight ratio. It is observed that the surface 
tension values, ranging from 27.71 to 33.75 mN/m, increase with EKL/ 
PCL concentration and decrease as the PCL proportion increases. These 
results are consistent with previous studies on the spinnability of lignin 
doped with other polymers [66,67] and may be ascribed to the polar 
character of lignin, which confers a marked affinity for the solvents 

used, resulting in increased cohesion and consequently higher surface 
tension [49,55]. Surface tension favors the formation of nanofibers, due 
to the enhanced cohesive forces that facilitate the stretching of the liquid 
within the capillary, preventing the formation of droplets [31]. Besides, 
the electrical conductivity of spinning solutions containing a higher 
proportion of PCL was lower than those containing only EKL. Moreover, 
the electrical conductivity initially increased with the spinning solution 
concentration, reached a maximum value at a given concentration 
which depends on the EKL:PCL weight ratio, and then gradually 
decreased. This decrease is consistent with previous research [32], 
which investigated the influence of solution properties on the electro
spinning process of various cellulose derivatives. This phenomenon is 
due to the decreased movement of intertwined macromolecules once 
they exceed the overlap concentration threshold [50,68].

Fig. 1a shows the viscosity versus shear rate plots for EKL/PCL 
spinning solutions prepared at 40 wt% as a function of EKL:PCL weight 
ratio, while Fig. 1b collects the shear viscosity data of all the spinning 
solutions examined. As can be observed, all solutions studied exhibited a 
Newtonian response within the shear rate range applied. An increase in 
shear viscosity is observed as the EKL/PCL concentration increases, 
while the viscosity decreases as the proportion of EKL increases. This 
phenomenon is explained by the interactions between the EKL and PCL 
molecules, where higher PCL contents result in greater flow resistance 
due to the higher molecular weight and intermolecular bonds, yielding 
an increased entanglement density [27,47,69]. These results are 
consistent with those of other authors, especially Oroumei et al. [70], 
who investigated the electrospinnability of a hardwood organosolv 
lignin. They created submicron fiber mats from a broad spectrum of 
polymer solutions with varying ratios of organosolv lignin and poly
acrylonitrile (PAN) and different concentrations. In general, solution 
viscosity, which reflects the degree of polymer entanglement, is 
emerging as a critical factor of fiber formation during the electro
spinning process [71]. Several studies have established correlations 
between different ranges of polymer concentration and typical fiber 
structures, such as beaded fibers and homogeneous smooth fibers 
[33,43]. Numerous authors have investigated the relationship between 
the viscosity of the solution and polymer concentration and identified 
several concentration regimes ranging from dilute to concentrated, 

Table 2 
Surface tension (σ), electrical conductivity (Λ), shear (η) and extensional (ηext) 
viscosities, and relaxation time (λ) of EKL:PCL solutions in 1:1 v/v DMF:Chl 
mixture.

Concentration 
(wt%)

EKL: 
PCL 
ratio

σ 
(mN/ 
m)

Λ (μS/ 
cm)

η (mPa. 
s)

ηext,0 

(mPa.s)
λ (ms)

10 100:0 29.65a 190.1A 19.9aa 57.6AA –
99:1 29.55a 185.2B 21.5aa 61.1AA –
97:3 28.32b 184.3B 29.6bb 91.5BB –
95:5 27.71c 178.9C 51.1cc 148.9CC 12.1α

20 100:0 31.34d 191.1A 24.4aa 74.7DD –
99:1 29.77a 188.5C 39.9dd 123.4EE 13.3α

97:3 28.75b 185.1B 79.2ee 236.5FF 21.2β

95:5 28.15b 165.3D 156.5ff 470.4GG 49.9γ

30 100:0 31.91d 196.6E 49.4cc 146.2CC –
99:1 30.01e 191.7A 70.1ee 208.8HH 30.7δ

97:3 29.44a 168.4D 187.6gg 592.5II 95.8ε

95:5 28.85b 129.5F 416.9hh 1179.7JJ 185.8ᵨ

40 100:0 33.75f 197.3E 72.2ee 210.3HH 15.6α

99:1 31.19d 175.7C 132.6ii 336.1KK 45.4γ

97:3 30.91e 145.3G 313.4jj 920.3LL 128.2φ

95:5 30.06e 91.5H 920.9kk 2817.5MM 245.1χ

Values on the same column differing in their superscripts were significantly 
different (p < 0.05).
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Fig. 1. (a) Shear viscosity vs. shear rate plots for 40 wt% solutions and variable EKL:PCL ratios; (b) values of shear viscosity for all EKL/PCL spinning solutions; (c, d, 
e, and f) specific viscosity vs. EKL/PCL concentration plots and estimation of the critical entanglement concentration (Ce) in EKL/PCL spinning solutions; and (e) 
Kraemer and Huggins plots for EKL solutions, with intrinsic viscosity values for all EKL/PCL solutions shown in the inset.
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including both entangled and non-entangled semi-dilute states [50,51]. 
Fig. 1c–f display the correlation between the specific viscosity (ηsp,) and 
polymer concentration for the different EKL:PCL weight ratios. The 
critical entanglement concentration (Ce), indicating the transition from 
the non-entangled semi-dilute and entangled semi-dilute regimes, can 
be calculated by the intersection of lines with different slopes [72]. As 
can be seen, Fig. 1c basically shows one linear trend with a slope value 
associated with the non-entangled semi-dilute regime. This was to be 
expected for the PCL-free solutions, i.e. prepared exclusively with EKL. 
On the other hand, Fig. 1d-f, corresponding to the EKL99-PCL1, EKL97- 
PCL3, and EKL95-PCL5 systems, respectively, depict varying Ce, which 
decreases with increasing PCL concentration. Approximate Ce values 
obtained were 31.2, 25.7, and 20.5 wt%, respectively. For C > Ce, an 
increment of the scaling exponent was observed, going from ηsp ~ C1.1- 

1.5 to ηsp ~ C3.1-3.5, in accordance with the corresponding values pre
dicted for neutral polymers in a suitable solvent [73]. Ce is crucial for 
assessing the electrospinnability of polymeric solutions and for pre
dicting the resulting electrospun structures’ morphology [32]. It has 
been suggested that the concentration of the spinning solution should be 
at least 2–2.5 times the Ce [33], underscoring its significance. Further
more, these experimental results strongly support the previous hy
pothesis regarding the reduction of macromolecular mobility when 
discussing the effects of solution concentration and EKL:PCL weight 
ratio on electrical conductivity, which was found at a concentration that 
fairly well matches the transition to the semidilute entangled regime.

To gain deeper insights into polymer–solvent interactions, the 
intrinsic viscosity [η] was estimated. As well-known, the intrinsic vis
cosity reflects the capacity of macromolecules to increase the solution 
viscosity without intermolecular interactions [74]. The Kraemer and 
Huggins models are the most commonly used methods for predicting [η] 
[75]. Fig. 1g shows how the intrinsic viscosity of the EKL100 system was 
extrapolated as the Y-intercept, corresponding to zero concentration 
[47]. Both models exhibited a fairly satisfactory fit to the measured data, 
providing similar [η] values ranging between 5.49 and 5.55 cm3/g. The 
intrinsic viscosity values for solutions prepared with varying EKL:PCL 
weight ratios are also included in the inset table (Fig. 1g). As can be seen, 
a higher PCL proportion leads to higher [η] values. Intrinsic viscosity is 
recognized for its ability to offer an understanding of the interactions 
between the individual polymer and the solvent, as well as the polymer’s 
specific hydrodynamic volume or average molecular weight [76]. High 
[η] values indicate compact EKL/PCL structures in the DMF/Chl with 
strong solvent interactions [50], suggesting good compatibility. Finally, 
the [η] can be correlated with Ce, which helps to validate the accuracy of 
the rheological measurements performed. According to Graessley [77], 
who proposed a relationship between [η] and the overlap concentration 
(C*) derived from the De Gennes reptation theory, C* is assumed to be 
0.77/[η], whereas Ce ≈ 10 C*. Using these expressions, Ce values of 32.7, 
25.6, and 20.4 wt% are predicted for the EKL99-PCL1, EKL97-PCL3, and 
EKL95-PCL5 systems, respectively, which are very similar to those ob
tained empirically in Fig. 1d–f.

The extensional viscosity of the EKL/PCL solutions was investigated 
by capillary breakage experiments. The filament thinning profiles for 
several EKL95-PCL5 concentrations are presented in Fig. 2a. Once the 
filament was created at t = 0, the diameter at the midpoint, D(t), was 
measured using a laser micrometer and recorded as a function of time. 
The evolution of D(t) was normalized with the initial filament diameter, 
D0. For EKL/PCL concentrations lower than 20 wt%, measuring D(t) was 
challenging due to sudden filament breakages or no filament formation, 
whereas at higher concentrations more stable filaments with exponen
tially decreasing diameters were observed. This pattern aligns with 
previous findings [47,66]; noteworthy are the studies of Dallmeyer et al. 
[48]. They encountered challenges in filament formation within solu
tions containing solely lignin at low weight concentrations, indicating a 
threshold viscosity below which filament formation is hindered. In the 
case of EKL:PCL solutions prepared at 30 and 40 wt% with high EKL/PCL 
weight ratios, an almost linear thinning of the filaments was observed, 

which is characteristic of pure Newtonian fluids. Conversely, a charac
teristic exponential reduction in filament diameter, typically found in 
viscoelastic fluids, was noted at lower EKL:PCL weight ratios, as shown 
in Fig. 2a. Rodd et al. proposed a functional model to fit the evolution of 
D(t) (Eq. (1)) as a function of the solution characteristic relaxation time 
(λ) [78]. 

D(t)
D0

= A • e(− t/3λ) =

(
GD0

2σ

)1/3

•e(− t/3λ) (1) 

where G is the elastic modulus. Table 2 shows the λ values obtained by 
fitting Eq. (1) to the experimental data. The relaxation time increases 
with the solution concentration and PCl proportion, varying from 12.1 
ms for the system prepared with 10 wt% EKL95-PCL5 to 245.1 ms for the 
system prepared with 40 wt% EKL95-PCL5. Numerous studies have 
emphasized the impact of λ on the electrospinning process [27,33,66]. 
In addition to this, the extensional viscosity was determined as follows 
[79]: 

ηext =
σ

− d(D(t))
dt

(2) 

Fig. 2b represents the extensional viscosity of EKL95-PCL5 solutions 
in the form of the Trouton ratio (ηext/η) versus the Hencky strain (ε), 

Fig. 2. Extensional flow properties of EKL95-PCL5 solutions at different poly
mer concentrations: (a) evolution of filament diameter with time; and (b) 
Trouton ratio versus Hencky strain.
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defined as [80]: 

ε = − 2ln
(

D(t)
D0

)

(3) 

Table 2 lists the values of the short-limiting extensional viscosity 
(ηext,0). The extensional viscosity of these solutions stayed fairly con
stant over time during the early stages of the tests and later significantly 
increased as the extensional deformation increased [80,81]. In general, 
the extensional viscosity increased with both the spinning solution 
concentration and the PCL proportion, as a result of the enhanced 
viscoelastic character. As seen in Fig. 2b, the theoretical value of the 
Trouton ratio (around 3) predicted for low strains (or low stretching 
times) was fulfilled in all cases over a wide deformation range, and then 
the Trouton ratio experienced a notable increase over time, particularly 
in the case of more concentrated spinning solutions. These results un
derscore the importance of conducting extensional and shear viscosity 
tests to evaluate the electrospinnability of polymer solutions. While 
shear tests reveal both Newtonian and non-Newtonian behaviors, 
extensional experiments encompass the viscoelastic character and fila
ment stability, which can be crucial in the process of electrospinning as 
discussed below.

3.2. Electrospinnability of EKL/PCL solutions

Fig. 3 shows the morphological characteristics of electrospun EKL/ 
PCL nanostructures obtained by SEM as a function of the spinning so
lution concentration and EKL:PCL weight ratio. As can be seen, the so
lutions prepared with 10 wt% of the EKL/PCL blend did not produce 
interconnected nanofibers regardless of the EKL:PCL ratio, resulting in a 
physical electrospray of particles instead of a electrospinning (Fig. 3a, e 
and i). By increasing the concentration of the solutions up to 20 wt%, 
micro- and nanometer-sized particles eventually connected by thin fil
aments (of approximately 90 nm diameter) were obtained (Fig. 3b, f and 

j), to a greater extent for the EKL95-PCL5 system. Particles embedded in 
a nanofiber mat and/or beaded fibers were observed when increasing 
EKL/PCL concentration up to 30 wt% for the lower EKL:PCL weight 
ratios (Fig. 3g and k). In addition, the fiber diameter of the EKL95-PCL5 
system increased significantly compared to that obtained with the 20 wt 
% spinning solution (from 130 nm to 310 nm). Finally, beaded nanofiber 
mats were obtained from 40 wt% solutions in all systems containing PCL 
(Fig. 3d, h and i), with larger particles as the PCL proportion decreases. 
On the contrary, the average fiber diameter increased with PCL content 
in the electrospinning solution, from 240 nm to 680 nm.

As above mentioned, the different morphologies obtained depend on 
the physicochemical properties of the spinning solutions. According to 
Fig. 1c–f, solutions in the semi-dilute non-entangled regime essentially 
produced particles or aggregates of particles, while solutions in the semi- 
dilute entangled regime with concentrations close to the estimated Ce 
yielded beaded fibers or fibers interconnecting particles. Finally, it is 
confirmed that solutions with concentrations higher than 2–2.5 times Ce 
produced more uniform nanofiber mats. In addition, these results are 
consistent with the minimum relaxation times previously reported for 
successful electrospinning [28,82].

In this case, λ values of around 45 ms are required to see the tran
sition from structures essentially formed by micro- or nano-particles to 
nanofibers connecting nanoparticles. Higher λ values (of around 
100–245 ms) are needed to maintain stable the spinning process and 
achieve nanostructures predominantly composed of nanofibers.

In general, more uniform fiber mats and thicker fibers were obtained 
by increasing the solution concentration and lowering the EKL:PCL 
weight ratio. Fig. 4 shows two empirical relationships between the 
specific viscosity and relaxation time versus the mean fiber diameter of 
EKL/PCL spinning solutions. As can be seen, in both cases, the specific 
viscosity and relaxation time follow a potential evolution with the 
average fiber diameter, having power-law exponents of 1.5 and 1.2, 
respectively. According to this, the architecture of electrospun 

Fig. 3. SEM images of electrospun nanostructures obtained from solutions with varying concentrations and EKL:PLC ratio: (a) EKL99-PCL1 at 10 wt%; (b) EKL99- 
PCL1 at 20 wt%; (c) EKL99-PCL1 at 30 wt%; (d) EKL99-PCL1 at 40 wt%; (e) EKL97-PCL3 at 10 wt%; (f) EKL97-PCL3 at 20 wt%; (g) EKL97-PCL3 at 30 wt%; (h) 
EKL97-PCL3 at 40 wt%; (i) EKL95-PCL5 at 10 wt%; (j) EKL95-PCL5 at 20 wt%; (k) EKL95-PCL5 at 30 wt%; and (l) EKL95-PCL5 at 40 wt%.
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nanostructures is essentially dependent on the rheological properties of 
the spinning solution, with the effect of electrical conductivity and 
surface tension being marginal, at least in the experimental ranges 
studied.

3.3. Capability of EKL/PCL electrospun nanostructures for oil structuring

According to previous research [10,66], only electrospun nano
structures consisting of well-established uniform nanofiber mats, or at 
least beaded nanofibers, can develop stable gel-like systems when 
dispersed in castor oil. In contrast, nanostructures composed of particles 
obtained by electrospraying, such as those obtained with EKL100 solu
tion, result in unstable dispersions that lead to oil separation. This 
discrepancy is explained by the enhanced stabilization promoted by 
nanofibers achieved through physical interactions, mainly hydrophobic 
and van der Waals intermolecular forces [27,67], which allows the 
entrapment of the oil within the three-dimensional network. Therefore, 
the formation of nanofiber mats by electrospinning is crucial for the 
generation of stable dispersions due to the high specific surface area and 
aspect ratio [26,83]. This premise was initially confirmed in previous 
studies [26,47] and subsequently validated by other researchers such as 
Valoppi et al. [25], who have pioneered the development of oleogels 
based on the oil structuring ability of lipid nanofibers with potential 
applications for replacing solid fats in the food, cosmetics, and phar
maceutical industries.

The gentle dispersion of nanofiber mats in castor oil does not 
significantly alter the morphological properties of the electrospun 
nanostructures. Fig. 5 presents confocal microscopy images illustrating 
the microstructure of electrospun nanostructures once dispersed in 
castor oil. As can be seen, the EKL97-PCL3 nanostructure, derived from 
40 wt% spinning solutions, exhibits a rather heterogeneous morphology 
in which embedded particles or beaded fibers can eventually be 
observed (Fig. 5a and b). In contrast, the oleo-dispersion formulated 
with EKL95-PCL5, obtained from a spinning solution at a concentration 
of 40 wt%, shows a regular network predominantly composed of fibers 
(Fig. 5c and d). The only effect observed when the nanofibers are 
dispersed in oil is a noticeable swelling. Therefore, the diameter of the 
particles and fibers within the percolation network increases signifi
cantly, a phenomenon consistently observed for nanofibers prepared 
with different PCL proportion.

The oil structuring capacity of electrospun nanostructures derived 
from EKL was also evaluated by means of rheological tests. The rheo
logical characteristics of EKL/PCL oleo-dispersions are significantly 
affected by the morphological properties of the electrospun 

nanostructures, which in turn depend on both the spinning solution 
concentration and the EKL:PCL ratio, as discussed above. Fig. 6a, b and c 
display the evolution of the SAOS functions (specifically, storage 
modulus (G′), loss modulus (G″), and loss tangent (G″/G′)) with fre
quency for oleo-dispersions obtained by dispersing 15 and 30 wt% 
electrospun EKL97-PCL3 and EKL95-PCL5 nanostructures in castor oil. 
As can be observed, all the oleo-dispersions display mechanical spectra 
that are remarkably similar, characteristic of colloidal dispersions 
[27,67], where G′ values surpass those of G″ across a broad frequency 
spectrum with low-frequency dependency, while G″ approaches a min
imum. This mechanical spectrum is indicative of the packing density 
achieved within the fiber network of electrospun fibers [84]. The main 
distinction lies in the magnitude of G’ and G“, which increase by almost 
one order of magnitude with both the PCL proportion and the electro
spun nanostructure concentration. As shown in Fig. 6a and b, the values 
of G′ range from around 102 to 104 Pa, depending on the electrospun 
nanostructure used and its concentrations, while the values of G″ are 
roughly one order of magnitude lower. However, interestingly, the 
relative elastic character (i.e., the loss tangent) does not show significant 
differences (Fig. 6c).

Fig. 6d displays the viscous flow curves, of the oleo-dispersions 
formulated with the electrospun EKL/PCL nanofibers. Over the entire 
range of experimental shear rates investigated, a consistent shear- 
thinning response was observed in all cases. This shear-thinning 
behavior is adequately described by the power-law model (R2 > 0.905): 

η = K • γ̇n− 1 (4) 

where K and n are the consistency and flow indices, respectively. Table 3
shows the K and n values obtained by fitting the data to Eq. (4). 
Consistent with the aforementioned influence observed in the SAOS 
functions, increasing nanofiber concentration and PCL proportion 
resulted in higher viscosity and, therefore, higher K values. Moreover, a 
more pronounced shear thinning behavior, i.e. lower n values, was 
found when increasing nanofiber concentration or PCL content. Overall, 
the rheological properties of the resulting oleo-dispersions are influ
enced by the morphology of the electrospun nanoarchitectures, which 
can be fine-tuned by adjusting the concentration of the spinning solution 
and/or the EKL:PCL weight ratio. Finally, it is noteworthy that the 
rheological behavior of oleo dispersions containing 30 wt% nanofibers is 
very similar to that reported for conventional lubricating greases 
[33,85].

Fig. 4. Correlations between (a) the specific viscosity; and (b) the relaxation 
timeof EKL/PCL spinning solutions and the average diameter (DAV) of electro
spun nanofibers.

Fig. 5. Micrographs of the oleo-dispersions obtained with (a, b) EKL97-PCL3; 
and (c, d) EKL95-PCL5 electrospun nanostructures (spinning solution concen
tration: 40 wt%).
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Fig. 6. Influence of the concentration and EKL:PCL weight ratio on the rheological properties of electrospun nanofiber oleo-dispersions: evolutions of (a) the storage 
modulus (G′); (b) the loss modulus (G″); (c) the loss tangent as a function of frequency; and (d) viscosity versus shear rate plots. Viscosity data were fitted to the 
power-law model (Eq. (4)). (Spinning solution concentration: 40 wt%).

J.F. Rubio-Valle et al.                                                                                                                                                                                                                          Journal of Molecular Liquids 414 (2024) 126248 

8 



4. Concluding remarks

Solutions of eucalyptus kraft lignin (EKL) doped with small amounts 
of polycaprolactone (PCL), in a 1:1 v/v N,N-dimethylformamide/chlo
roform solvent mixture, show variable electrospinning performance, 
depending on the solution concentration and EKL:PCL weight ratio. 
Electrospinnability mainly correlates with shear and extensional rheo
logical properties of the solutions, resulting in a more successful pro
duction of nanofibers with larger average diameters as specific viscosity 
and relaxation time increase.

Oleo-dispersions were obtained by dispersing electrospun nanofiber 
mats in castor oil at different concentrations (15 and 30 wt%). Elec
trospun nanostructures predominantly composed of nanofibers, or at 
least beaded nanofibers, produced stable gel-like dispersions in castor 
oil. In contrast, nanostructures composed of particles, such as those 
obtained from PCL-free EKL spinning solutions, resulted in unstable 
dispersions. The rheological response and microstructure of electrospun 
EKL/PCL nanofiber-based oleo-dispersions were significantly affected 
by both the EKL:PCLweight ratio and the nanofiber concentration. The 
linear viscoelasticity functions and viscosity values of the resulting oleo- 
dispersions increase with nanofiber concentration and PCL proportion.

In addition, the rheological behavior of castor oil structures with 
EKL/PCL electrospun nanofibers showed similarities with conventional 
lubricating greases. This suggests that EKL-based nanostructures derived 
from pulp mill black liquor have the potential to replace conventional oil 
thickeners in the lubricant, contributing to the circular economy para
digm. In this respect, further work is required to thoroughly study the 
lubrication performance of these systems.
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editing. José M. Franco: Writing – review & editing, Visualization, 
Validation, Supervision, Resources, Project administration, Methodol
ogy, Funding acquisition, Investigation.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

This work was part of Research Project PID2021-125637OB-I00, 
funded by MCIN/AEI/10.13039/501100011033 and by “ERDF A way of 

making Europe”. J.F. Rubio-Valle additionally received a PhD Research 
Grant PRE2019-090632 from Spain’s Ministry of Science and Innova
tion. All funding is gratefully acknowledged. Open Access funding pro
vided by Universidad de Huelva / CBUA, thanks to the CRUE-CSIC 
agreement with Elsevier.

Data availability

Data will be made available on request. 

References

[1] Q. Hassan, P. Viktor, T.J. Al-Musawi, B. Mahmood Ali, S. Algburi, H.M. Alzoubi, 
A. Khudhair Al-Jiboory, A. Zuhair Sameen, H.M. Salman, M. Jaszczur, The 
renewable energy role in the global energy transformations, Renew. Energy Focus 
48 (2024) 100545, https://doi.org/10.1016/j.ref.2024.100545.

[2] M. Sadiq, K. Chavali, V.V.A. Kumar, K.-T. Wang, P.T. Nguyen, T.Q. Ngo, Unveiling 
the relationship between environmental quality, non-renewable energy usage and 
natural resource rent: fresh insights from ten asian economies, Resour. Policy 85 
(2023) 103992, https://doi.org/10.1016/j.resourpol.2023.103992.

[3] C. Yu, M. Moslehpour, T.K. Tran, L.M. Trung, J.P. Ou, N.H. Tien, Impact of non- 
renewable energy and natural resources on economic recovery: empirical evidence 
from selected developing economies, Resour. Policy 80 (2023) 103221, https:// 
doi.org/10.1016/j.resourpol.2022.103221.

[4] C. Patermann, A. Aguilar, The origins of the bioeconomy in the European Union, 
New Biotechnol. 40 (2018) 20–24, https://doi.org/10.1016/j.nbt.2017.04.002.
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[14] M. Trejo-Cáceres, M.C. Sánchez, J.E. Martín-Alfonso, Impact of acetylation process 
of kraft lignin in development of environment-friendly semisolid lubricants, Int. J. 
Biol. Macromol. 227 (2023) 673–684, https://doi.org/10.1016/j. 
ijbiomac.2022.12.096.
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