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ABSTRACT: Thickening vegetable oils to different extents is of
great interest in the design and development of new bio-based
lubricant formulations, as achieving a wide range of rheological
properties is crucial to the successful replacement of petroleum-
based traditional counterparts. With this aim, the influence of
epoxidation degree, modified by altering the reaction conditions,
on the viscous flow properties of epoxidized castor oil was
investigated together with the incorporation of a lignin-enriched
fraction from sugarcane bagasse waste to more extensively modify
the rheological properties, thereby valorizing this waste fraction.
Oil thickening was achieved by promoting the cross-linking
between the epoxidized oil and the lignin-enriched fraction that
enables the compatibilization of both components. Castor oil
epoxidation was assessed by means of standard volumetric titration methods and infrared spectroscopy. In addition, a fully
rheological characterization of both epoxidized and lignin-thickened castor oils was carried out. A hydrodynamic approach was also
followed, aiming to provide an estimation of the Mark−Houwink−Sakurada parameters and relate the intrinsic viscosity with the
average molecular weight of the resulting epoxidized castor oil/lignocellulose macromolecular compounds. The chemical interaction
between castor oil and the lignocellulosic material increased as the extent of epoxidation was increased, yielding a variety of
rheological responses from Newtonian liquids of increasing viscosities (from around 1 to 500 Pa·s) to viscoelastic liquids.
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■ INTRODUCTION

Throughout the 21st century, great efforts have been made by
the chemical industry to develop novel materials from
biosources and/or biodegradable substances to replace the
petroleum-derived raw materials currently employed,1,2 aiming
to reduce the impact on climate change and pollution-derived
problems. This has forced the chemical industry to explore
more environmentally friendly alternatives while preserving the
fundamental properties and the performance of these bio-
based products, as for instance in lubricant formulations. Thus,
the replacement of mineral or synthetic oils, whose
consumption finally implies their disposal into the environ-
ment causing severe damage to soil, water, or air,3 has been
widely investigated. Their substitution with vegetable oils, or
some derivatives, has proven to be an effective alternative in
many fields, particularly regarding the development of more
sustainable lubricants.4−6 However, despite many beneficial
functional characteristics, like high viscosity index, good
lubricity, and biodegradability, vegetable oils generally present
low thermo-oxidative stability and poor fluidity at low
temperatures, which restrict their end-use applications.7 For

improvement of these properties, chemical modifications4,8 or
additives are usually required. Moreover, an important
drawback associated with the use of vegetable oils as lubricants
is the difficulty in obtaining a broad spectrum of viscosities or
rheological properties, from low viscous liquids to semisolid or
gel-like lubricants, that is, lubricating greases.9

One of the chemical modification routes widely applied to
improve some of the functional properties of vegetable oils has
been the epoxidation of the double bonds of their fatty acid
chains, which implies the formation of an oxirane ring resulting
from the acid-catalyzed peroxidation reaction between an
organic acid and hydrogen peroxide, leading to the production
of a percarboxylic acid.10,11 Reaction variables exert an
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important effect on the final properties of the epoxidized
vegetable oil, affecting the viscous flow characteristics among
others.12 Thereby, vegetable oils with enhanced properties
have been obtained by epoxidating their double bonds,
achieving a broad range of viscosities depending on the extent
of chemical modification.13 Moreover, epoxides are highly
reactive intermediate products since they are readily able to
react with active hydrogen atom-containing compounds via
nucleophilic attack, giving rise to oxirane ring opening.
On the other hand, lignocellulose is the most abundant and

biorenewable material on earth, whose high production from
agricultural practices has led to highly available, inexpensive,
and interesting waste biosourced products.14 Lignocellulosic
material is composed of cellulose, hemicellulose, and lignin in
proportions that depend on the source nature, with many
functional groups in their structure available for chemical
modifications, among which hydroxyl groups are the most
relevant and feasible chemical sites.15,16 These hydroxyl groups
have been widely subjected to chemical reactions to produce
high-value and/or end-use products with different applica-
tions.17,18 Specifically, the nucleophilic attack of these hydroxyl
groups on epoxy rings can be emphasized, which may give rise
to more structured cross-linked networks. In previous
studies,19,20 different lignocellulosic fractions were function-
alized with several epoxy compounds and further dispersed in
vegetable oils resulting in chemical gels with potential
applications as bio-based lubricating greases. An opposite
approach can also be followed by inducing the epoxidation of a
vegetable oil and then adding the lignocellulosic material as a
viscosity modifier of the oil medium. This strategy would allow
tailoring the rheological properties of vegetable oils as a
function of both the oil epoxidation degree and the
concentration and nature of the lignocellulosic material,
which is an important requirement for lubricant applications.
With this goal, this work has been focused first on the chemical
modification of castor oil via epoxidation by varying the
reaction conditions to modulate the viscous flow properties
and obtain suitable products prone to further reactions. In
addition, the thickening ability of a lignocellulosic material
from sugarcane bagasse waste, mainly composed of lignin, in
the epoxidized castor oil medium was evaluated to propose a
new valorization pathway, and the average molecular weight of
the resulting macromolecular lignocellulosic species was
estimated by means of intrinsic viscosity measurements.

■ EXPERIMENTAL SECTION
Materials. Castor oil (1.46% acidity, expressed as oleic acid) was

provided by Guinama (Valencia, Spain) and further epoxidized using
hydrogen peroxide (H2O2, 30 wt %), phosphoric acid (≥85 wt %),
and glacial acetic acid (99.7 wt %), all of them supplied by Merck
Sigma-Aldrich (St. Louis). A lignin-enriched waste fraction from the
bioethanol production process involving presaccharification and
simultaneous saccharification and fermentation of sugarcane bagasse
was provided by CIEMAT (Madrid, Spain) and used as a thickening
agent of the epoxidized castor oil. This lignocellulosic fraction
contains 25.8 wt % cellulose, 3.6 wt % hemicellulose, and 56.3 wt %
lignin, with an ash content of 11.4 wt %. Other common reagents and
solvents were purchased from Merck Sigma-Aldrich (St. Louis).
Epoxidation Reaction of Castor Oil. Epoxidation of castor oil

was carried out following the protocol described by Jin et al.21 In
brief, castor oil (60 g), glacial acetic acid (9 g), and phosphoric acid
(0.6 g) were loaded into a round-bottom flask equipped with a
thermometer, a reflux condenser, and a dropping funnel. The mixture
was stirred until a constant temperature of 70 °C was reached. Then,
different amounts of a 30 wt % H2O2 solution (see Table 1) were

slowly added to the mixture, and the reaction was conducted for 4 h.
According to Omonov et al.,22 an excess of hydrogen peroxide is
necessary to ensure that the reaction proceeds to completion.
Afterward, the product was filtered, washed with distilled water, and
subjected to vacuum evaporation in a rotary evaporator at 70 °C for 1
h.

The castor oil epoxidation extent was quantified according to the
ISO 3001:1999 (E) standard, which is based on a titration method
involving the production of nascent hydrogen bromide upon reaction
with perchloric acid and tetraethylammonium bromide, determining
the end-point reaction with crystal violet as an indicator.

Preparation of Lignin-Thickened Oil Formulations. Lignin-
thickened castor oil formulations were prepared by mixing the
epoxidized castor oil with the lignin-enriched fraction in the
proportions given in Table 2 and then heating the mixture at 150

°C for 2 h in an oven followed by a homogenization treatment for 1
min at 10 000 rpm with the aid of an ULTRA-TURRAX T-25 (Ika)
rotor-stator turbine. The density of the resulting lignin-thickened
castor oil formulations was determined by pycnometric methods at 25
°C.

Fourier Transform Infrared (FTIR) Spectroscopy. FTIR
spectra of both the epoxidized castor oil and the corresponding
lignin-based thickened formulations were acquired in transmission
mode using a FT/IR-4200 spectrometer (JASCO, Tokyo, Japan) over
a wavenumber range from 400 to 4000 cm−1 at 4 cm−1 resolution.
The device was equipped with an attenuated total reflectance (ATR)
accessory provided with a monolithic diamond crystal.

Gel Permeation Chromatography (GPC). GPC analysis of
selected lignin-thickened castor oil formulations was performed with a
Waters apparatus, equipped with a high-performance liquid
chromatography (HPLC) pump (Waters Mod. 1515) and two
Styragel HR columns (7.8−300 mm). Measurements were done at 25
°C, and tetrahydrofuran (THF) was employed as the eluent, using a
refractive index detector (Waters Mod. 2414) with a flow rate of 1.0
mL/min. Molecular weight calculations were done relatively to
polystyrene standards.

Table 1. Epoxidation Degree of Castor Oil as a Function of
H2O2 Proportions

epoxidized oil
code

H2O2
(g)

CC/acetic acid/H2O2
molar ratiosa

epoxy index
(mol/kg)

ECO1 48 1/0.77/24.4 2.2
ECO2 36 1/0.77/18.3 1.9
ECO3 24 1/0.77/12.2 1.6
ECO4 12 1/0.77/6.0 1.2
ECO5 6 1/0.77/3.0 0.5

aAssuming that castor oil comprises 100% ricinolein.

Table 2. Lignin Concentrations Used for Thickening Castor
Oil

ECO lignin-enriched waste concentrations (wt %) formulation code

ECO1

10

ECO1-WL10
ECO2 ECO2-WL10
ECO3 ECO3-WL10
ECO4 ECO4-WL10
ECO5 ECO5-WL10

ECO1

1 ECO1-WL1
2.5 ECO1-WL2.5
5 ECO1-WL5
7.5 ECO1-WL7.5
10 ECO1-WL10
25 ECO1-WL25
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Rheological Characterization. Viscosity measurements of both
raw and epoxidized castor oil samples were performed in an ARES G2
(TA Instruments) rheometer, equipped with a Peltier temperature
controller, using a plate-plate geometry (50 mm, 1 mm gap). On the
other hand, a Physica MCR 501 (Anton Paar, Graz, Austria)
controlled-stress rheometer, also outfitted with a Peltier temperature
controller, was used to rheologically characterize the lignin-thickened
oil formulations, employing a serrated plate-plate geometry (25 mm, 1
mm gap) to prevent possible wall slip phenomena.23 Viscous flow
curves were obtained in the shear rate range of 10−2−102 s−1 at
different temperatures (−5−150 °C). Moreover, small-amplitude

oscillatory shear (SAOS) tests in the linear viscoelastic regime were
carried out at 25 °C in the frequency range of 0.03−100 rad/s.

■ RESULTS AND DISCUSSION

Chemical Characterization of the Epoxidized Castor
Oil. As described elsewhere,21 epoxidation of castor oil was
enabled by the formation of peracetic acid, which was
produced through the reaction between glacial acetic acid
and hydrogen peroxide in the presence of phosphoric acid as a
catalyst. The generated compound allows the epoxidation of

Figure 1. Castor oil epoxidation reaction.

Figure 2. FTIR spectra for the different epoxidized oils.

Figure 3. Viscosity values of (a) lignin-free and (b) lignin-thickened epoxidized castor oil formulations.
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castor oil double bonds via donation of oxygen atoms and
producing an extra amount of acetic acid (Figure 1).
Although castor oil is successfully epoxidized after 4 h of

reaction, the epoxidation degree can be modulated by varying
the addition of hydrogen peroxide in the functionalization
reaction, maintaining the amounts of the rest of the reagents
constant.24 Table 1 shows the different quantities of hydrogen
peroxide used to modify 60 g of castor oil, as well as the
epoxidation degree quantified as the epoxy index. As can be
seen, an increase of the H2O2 amount used in the reaction
process allowed the epoxidation of castor oil double bonds to
increase as a consequence of the higher production of peracetic
acid, favoring the transference of the active oxygen and
therefore the formation of the epoxy ring.25 On the contrary,
an excess of glacial acetic acid in the mixture would trigger the
opening of the newly generated epoxy rings, contributing to
the reduction of the epoxy index.22

This castor oil chemical modification can also be verified by
means of the infrared spectroscopy technique. Figure 2 shows
the FTIR spectra of all of the epoxidized castor oil samples in
comparison with the neat castor oil, where several differences
can be highlighted. As previously discussed, the epoxidation of
castor oil was carried out at the unsaturation sites, i.e., in the
fatty acid chain double bonds, with an apparent characteristic
vibration band at 3006 cm−1 (Figure 2a).11,22 The progressive
disappearance of this characteristic band, as the H2O2 amount
increases, in the epoxidized samples allows confirmation of the
chemical modification of castor oil double bonds and supports
the different epoxidation degrees shown in Table 1. On the
other hand, the presence of epoxy rings in the castor oil
molecular structure can be verified by the appearance of new
peaks in the wavenumber range of 900−700 cm−1, as
illustrated for sample ECO1 (Figure 2b), corresponding to
the stretching vibration of the C−O−C bonds in the generated
epoxy groups.26,27

Rheology of Lignin-Free and Lignin-Structured
Epoxidized Castor Oils. The influence of both the extent
of epoxidation on the viscosity of modified castor oil and the
further addition of 10 wt % of the lignocellulosic waste material
is displayed in Figure 3. As previously discussed, the increment
of hydrogen peroxide amount used in the epoxidation reaction
of castor oil favored the introduction of epoxy groups into the
double bonds of the fatty acid chains, which yielded a
progressive increase in viscosity (Figure 3a). For example, a
10-fold viscosity increment was achieved with an epoxy index
of 1.9, while a nearly 20-fold increase was obtained for the
sample having an epoxy index of 2.2. The formation of the
epoxy ring produces an enhanced steric hindrance as a
consequence of new dipole−dipole interactions among
molecules, which tend to cluster, hindering their flow and
increasing the viscosity.28,29 However, as reported else-
where,30,31 the Newtonian character was not altered over the
range of epoxidation degrees achieved.
Besides, the addition of the lignin-enriched fraction from

sugarcane bagasse waste significantly increased the viscosity
values to a greater extent as the degree of epoxidation of the
castor oil was increased (Figure 3b). As previously reported,19

mixtures of unmodified castor oil and lignin inexorably gave
rise to physically unstable dispersions, due to the lack of
chemical interactions, whereas the addition of epoxidized
lignin to castor oil resulted in stable gel-like dispersions as a
result of the chemical reaction between epoxy and hydroxyl
groups. Similarly, it is well known that castor oil epoxidation

generates new reactive sites susceptible to chemical attacks,
which have been exploited for the development of novel
formulations in different applications.2,32 With that in mind,
the addition of the lignin-enriched waste fraction to castor oil
subjected to low epoxidation extents (samples ECO4 and
ECO5) produced only slight changes in viscosity, resulting in
stable mixtures but conditioned by a reduced number of
chemical interactions between lignin hydroxyl groups and
castor oil epoxy rings. On the contrary, a highly reinforced
chemical structure was obtained when using the ECO1 sample,
with a higher epoxy index, thus favoring the reaction between
both chemical groups and leading to a strong increase in
viscosity, i.e., more than a 30-fold increment.
Apart from the viscosity measurements, rheological charac-

terization of the lignin-thickened epoxidized castor oil samples
was carried out in terms of linear viscoelastic properties. Figure
4 shows the evolution of both the storage (G′) and the loss

(G″) moduli with frequency, in the linear viscoelastic regime,
for castor oil samples epoxidized to variable degrees and
modified with 10 wt % of the lignin-enriched waste fraction. As
can be seen, all samples displayed higher values of the loss
modulus (G″) than the storage modulus (G′) in the whole
frequency range studied, exhibiting a rheological response
characteristic of the terminal (or flow) region of the
mechanical spectrum of nonentangled viscoelastic polymeric
fluids.33 However, although generally these samples showed
liquidlike rheological characteristics, some differences can be
noticed in the slopes of the G′ and G″ vs frequency log−log
plots (see the inset of Figure 4), depending on the epoxidation
degree of castor oil (Table 2). In fact, only lignin-thickened
formulations prepared with the low-epoxidized castor oil
exhibited rheological responses that are strictly in accordance
with the terminal flow law, i.e., G′(ω) ≈ ω2, G″(ω) ≈ ω1.34

However, upon increasing the epoxidation degree of castor oil,
a noticeable change in the slope of G′ was found, and finally G′
and G″ attained similar frequency dependence, with both
viscoelastic functions becoming closer and almost parallel
when the lignin fraction was added to the most epoxidized
castor oil (sample ECO1-WL10), which revealed an increased
cross-linking degree.33 A higher structuring level was achieved

Figure 4. Viscoelastic response of lignin-structured oil formulations.
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by adding 25 wt % of the lignin-enriched fraction with both
viscoelastic functions becoming even closer, i.e., resulting in
higher relative elasticity, and slopes for both G′ and G″ vs
frequency plots lower than 1 in the log−log scale. Therefore,
despite all samples exhibit liquidlike characteristics, the use of a
highly epoxidized castor oil and lignin-enriched waste fractions
allowed obtaining relatively structured formulations.
The most thickened castor oil sample (ECO1-WL10) was

selected to study the influence of temperature on viscosity.
Figure 5 shows the different viscosity curves as a function of
the shear rate for this sample, at several temperatures (from −5
to 150 °C) in comparison with the corresponding lignin-free
epoxidized castor oil (ECO1). As can be seen, from 25 to 150
°C, both samples (ECO1 and the lignin-thickened counter-
part) displayed a Newtonian behavior, decreasing the viscosity
when increasing the temperature. However, a change in the
rheological properties of the lignin-thickened oil was found
when applying temperatures below 25 °C, revealing shear
thinning characteristics at shear rates higher than around 1 s−1.
These curves may be described according to the Cross−
Williamson model (R2 > 0.98)

η
η

γ
=

+ ̇K1 ( )m
0

(1)

where η (Pa·s) is the dynamic viscosity, η0 (Pa·s) is the low-
shear-rate-limiting viscosity, γ̇ is the applied shear rate (1/s),
and K (s) and m are the Cross fitting parameters,35,36 with
values shown in Figure 5b.
Hydrodynamic Properties of the Lignin-Thickened

Epoxidized Castor Oil. The hydrodynamic study of the
lignin-containing epoxidized castor oil was performed by
modifying the concentrations of the lignin-enriched fraction
from sugarcane bagasse waste in the most epoxidized castor oil
sample (ECO1, see Table 2). The viscous flow curves of these
systems were obtained (Figure 6) and evaluated to estimate
the intrinsic viscosity properties of this lignocellulosic complex
in the epoxidized castor oil. A variety of rheological responses
from Newtonian liquids of increasing viscosities to non-

Newtonian viscoelastic liquids were obtained by increasing the
lignocellulose fraction content.
As is well known, the hydrodynamic behavior of macro-

molecular solutions in the diluted and semidiluted non-
entangled or entangled regimes can be studied by analyzing the
intrinsic viscosity, which provides information about the
specific hydrodynamic volume of the chain under particular
conditions (constant temperature and pressure and absence of
shear) in the limit of infinite dilution. According to this, and
accepting that this lignin-enriched fraction is a polymeric
complex that even reacts with the epoxidized triglyceride
molecules, the relationship between the reduced viscosity, ηred,
and lignin-enriched fraction concentration allows determina-
tion of this parameter from the intercept with the ordinate axis
in accordance with the following equations37,38

Figure 5. Influence of temperature on the viscosity of (a) one selected epoxidized castor oil sample (ECO1) and (b) the lignin-thickened
counterpart.

Figure 6. Viscosity values of the lignin-thickened castor oil as a
function of the lignocellulosic fraction content.
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where ηrel and ηsp are the relative and specific viscosities,
respectively; ηsol and ηECO1 refer to the viscosities of the lignin-
thickened sample and the epoxidized castor oil; and c is the
polymer concentration in g/mL, which was converted from the
weight fractions using the density of the blends. In this sense,
Huggins expression39 is the most employed procedure to
determine the intrinsic viscosity [η] (eq 6), which usually
follows a linear relationship between ηred and the concentration
in the diluted and semidiluted regimes. However, a nonlinear
dependence can be found in more complex systems,40,41 as
shown by the lignin-enriched fraction solutions in the
epoxidized oil studied herein (Figure 7a), where a dramatic
increase in the reduced viscosity can be noticed at low
concentrations. Similar trends were observed by other
authors,41,42 whose results showed an unpredicted behavior
in the low concentration regime. In those cases, the intrinsic
viscosity was estimated according to the Wolf approach given
for polyelectrolytes,43,44 which can be used for other kinds of
macromolecules while considering the viscosity of mixtures in
terms of a state function.42 In accordance with that, the
intrinsic viscosity was estimated by means of the natural
logarithm of the relative viscosity (ln ηrel) and its dependence

on the polymer concentration, via the slope of the curve at low
concentrations, which can be fitted to two similar expressions

η η= − + − [η− [ ]A p cln (1 e ) (1 ) )pc A
rel

/
(7)

η η η η
η

= [ ] + [ ][ ]
+ [ ]

c Bc
Bc

ln
1rel

2 0

(8)

where A, p, B, and [η]0 are constants. Although both
expressions proved to be applied with equal accuracy, the
second one includes parameter B, which, according to the
authors, provides information about the solvent−polymer and
polymer−polymer interactions in the solution with the same
physical meaning as KH (the Huggins constant).42−44

As shown in Figure 7c, not very different intrinsic viscosity
values were obtained from the fitting to both equations. On the
other hand, values of parameter B lower than 0.5 denote a high
quality of solvents, typically associated with strong polymer−
solvent interactions, whereas a reduced solvent performance is
usually attributed when B > 0.5.40,45 The B value obtained (B =
0.3) from the fitting is not surprising if the chemical interaction
between the lignin complex and the epoxidized castor oil is
considered, which logically makes this a good solvent. This fact
can also be corroborated by plotting the specific viscosity as a
function of concentration (Figure 7b), from which the
concentration regimes and solvent−polymer interactions may
be elucidated.46,47 Thus, the transitions among dilute,
semidilute unentangled, semidilute entangled, and concen-
trated regimes can be typically determined by changes in the
slope of ηsp vs concentration plots at the three threshold
concentrations, c*, ce, and c**, delimiting the different
regimes.48 Although only one dilution regime is apparent in
Figure 7b for the lignin-thickened castor oil formulations
studied, the value of the slope allows its identification.
According to other authors, slopes of around 0.5−0.7 reveal
a semidiluted unentangled regime with prevailing strong

Figure 7. (a) Huggins plot for the lignin-structured epoxidized castor oil, (b) specific viscosity vs concentration plot, and (c) fitting the intrinsic
viscosity to the Wolf model.
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interactions between polymer and solvent, again exhibiting
characteristics similar to those found in polyelectrolytes.47−50

In this sense, it must be again emphasized that the chemical
interaction between the lignocellulosic components and the
epoxidized castor oil not only generates cross-linking to some
extent but also makes these biopolymers much more
compatible with the castor oil. This compatibilizing effect
enables the lignocellulosic components to be incorporated into
the solvent, i.e., the castor oil, through covalent bonding. This
fact explains why most of the lignin-thickened formulations
displayed Newtonian characteristics even at relatively high
concentrations (see Figure 6).
On the other hand, as well known, the intrinsic viscosity is

directly correlated with the polymer molecular weight
according to the Mark−Houwink−Sakurada expression51,52

η[ ] = αKMw (9)

where K and α are the characteristic parameters for each
polymer−solvent system. Both constants are usually estimated
by means of experimental tests through the determination of
the intrinsic viscosity of polymer solutions with known
molecular weights.53 However, the fact that the lignocellulosic
waste material used in this study is composed of a mixture of
different polymers, forming a complex three-dimensional
structure,14 together with the subsequent reaction of this
complex with epoxidized triglycerides, makes the molecular
weight characterization highly complicated. Instead, the
Mark−Houwink−Sakurada expression has been employed in
this work to provide a general estimation of the average
molecular weight of this industrial lignin-enriched waste
fraction obtained from sugarcane bagasse bioethanol produc-
tion using reasonable assumptions of the likely values of the
constants based on the data found in the literature for lignin
solutions in different solvents. In this way, α usually displays
values from 0 to 2 depending on the characteristics of polymers
in solutions. Thus, α < 0.5 is typical for polymers formed by
rigid spheres dispersed in an ideal solvent; 0.5 < α < 0.8
indicates the presence of good solvents with random polymer
coils; and 0.8 < α < 2 implies a rodlike structure.54 Some
previous studies reported α values in the range of 0.2−0.3 for
several isolated lignin solutions in different solvents [dime-
thylformamide (DMF) and dimethyl sulfoxide (DMSO)],
which are typical values for polymer molecules arranged in the
form of rigid spherical conformations.55−58 Nevertheless, by
applying these α values to the intrinsic viscosity obtained from
the Wolf model, excessively high molecular weight values of
the order of 1012−1018 g/mol are derived, which makes no
physical sense. In this regard, as was previously mentioned,
although this lignocellulosic waste material used in this study
mostly comprises lignin, it is also composed of cellulose and
hemicellulose in the proportions given in the Experimental
Section. This composition, together with the fact that these
different biopolymers have reacted with the epoxidized
triglycerides, significantly increasing their compatibility as
mentioned above, can presumably modify the conformation
of the macromolecules in the castor oil medium, thus affecting
the value of the Mark−Houwink−Sakurada exponent. This
hypothesis is supported by the relatively high value of intrinsic
viscosity estimated from eq 7, which may be related to the
presence of randomly distributed polymer coils.54,59 In
addition, the B parameter in the Wolf expression and the
specific viscosity vs concentration plot suggest very good
solvent characteristics for the lignin complex with prevailing

strong polymer−solvent interactions, indeed covalent inter-
actions. Therefore, a more feasible value in the range of 0.6−
0.8 for the Mark−Houwink−Sakurada exponent might
reasonably be assumed for these systems, which is also in
agreement with Karmanov et al.,60 who reported an α value of
0.69 for isolated lignin in DMF.
Regarding K parameter, values in the range of 10−3−10−2

mL/g have been reported by different authors for lignin
solutions with very low intrinsic viscosity values (up to 10 mL/
g).55,57 However, the estimation of this parameter must be
consistent with the polymer molecular weight and its
corresponding intrinsic viscosity. For instance, K values of
around 0.01−0.15 have been reported for cellulose and pectin
in different solvents.59,61,62 The average molecular weight of
lignocellulosic biomass has been estimated by many
researchers in previous fractionations, reporting values from
3000 to 100 000 g/mol.58,63,64 This needs to be considered for
their hydrodynamic characterization since, apart from lignin,
lignocellulosic waste contains cellulose, hemicellulose, and
other carbohydrate impurities in its composition. In this sense,
Zeng et al.65 determined a Mw value on the order of 4000 g/
mol for a sugarcane bagasse-derived lignin fraction. On the
other hand, Bezerra et al.66 studied the chemical characteristics
of sugarcane bagasse constituents, deducing the molecular
weight for each fraction previously extracted by different
methods. Thus, raw sugarcane bagasse showed average
molecular weights of 160 000, 7400, and 507−3973 g/mol
for cellulose, hemicellulose, and lignin fractions, respectively.
As mentioned, due to the structural complexity and poor
solubility of the lignin-enriched sugarcane bagasse fraction
studied in most common solvents, the molecular weight
characterization by GPC analysis of the raw material could not
be performed satisfactorily. Nonetheless, the solubility of the
lignin-thickened epoxidized castor oil formulations, for
instance in THF, was higher as a consequence of the chemical
interaction between the lignocellulose and the epoxidized
castor oil. Although the high-molecular-weight fractions,
mainly cellulose and lignocellulosic complexes, were not
completely solubilized in THF, the GPC analysis allows an
estimation of the average molecular weight of the soluble part
of this thickened castor oil. Thus, the soluble part of sample
ECO1-WL10 displayed a weight average molecular weight
(Mw) of 7400 g/mol, with a fraction of the maximum
molecular weight of around 29 500 g/mol. However, it is
worth mentioning that this average molecular weight data also
takes into account the free triglycerides in excess and, in any
case, it is an underestimated value since the nonsoluble fraction
in THF, presumably corresponding to the high-molecular-
weight molecules, mainly cellulose and lignin-carbohydrate
complexes (LCCs), was not considered. According to these
bibliographic and experimental data, and bearing in mind the
chemical composition of the raw material employed in this
work, a rough estimation of the average molecular weight of
the resulting cross-linked castor oil-lignocellulose macro-
molecule might be around 15 000−40 000 g/mol, which is in
agreement with Mark−Houwink−Sakurada constants in the
range of α = 0.80−0.85 and K = 0.05−0.15 mL/g.

■ CONCLUSIONS
The extent of castor oil epoxidation was modified by varying
the amount of H2O2 used in the functionalization reaction,
which allowed the viscous flow properties of the resulting
epoxidized samples to be tailored. Up to 20-fold viscosity
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increment was obtained for the most epoxidized castor oil
samples while maintaining the Newtonian characteristics.
Further, the epoxidation of castor oil led to the development
of novel lignin-thickened oil formulations by promoting the
nucleophilic interaction between lignocellulose hydroxyl
groups and epoxy groups. A variety of rheological responses
from Newtonian liquids of increasing viscosities (from around
1 to 500 Pa·s) to non-Newtonian viscoelastic liquids were
obtained by modifying both the castor oil epoxidation degree
and the content of the lignin-enriched fraction from sugarcane
bagasse waste to be valorized.
A hydrodynamic study based on the determination of

intrinsic viscosity properties by means of the Wolf expression
allowed us to elucidate good solvent characteristics of the
epoxidized castor oil with prevailing strong interactions
between the lignocellulosic fraction and the epoxidized castor
oil, proving the compatibilization of the lignin-enriched
fraction and castor oil via chemical interaction. Moreover, an
estimation of the Mark−Houwink−Sakurada parameters based
on the GPC analysis of the soluble part of the lignin-thickened
castor oil formulations and the data found in the literature
provided an intrinsic viscosity-average molecular weight
relationship for the resulting epoxidized castor oil/lignocellu-
lose macromolecular compound, from which an average
molecular weight on the order of 15 000−40 000 g/mol was
deduced. Overall, lignin-enriched fractions from sugarcane
bagasse waste can be proposed as effective thickening agents of
vegetable oils via epoxidation.
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