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ABSTRACT

Aqueous polyurethane dispersions based on castor oil and lignin sulphonate
(LS) were successfully synthesized in homogenous solution with nanoscale
PU-lignin particle sizes as small as 35 nm. The particles size was found to
be LS independent, while the dispersion viscosity increases dramatically
with increasing the LS content. The increase in viscosity with increasing LS
content was explained based on the chemical structure of LS. The LS is a
water-soluble material and chemically reacted with diisocyanate to become
a part of the dispersion particle (i.e., the nanoparticles is in fact a mixture or
copolymer of castor oil-based polyurethane and lignin dispersed in water).
The affinity of the PU-LS nanoparticle towards water could be increased
with increasing the content of LS. Therefore, the PU-LS nanoparticle can
adsorb thick water layer with increasing the LS content. According to this
suggestion, the free water in the dispersion would significantly decrease and
consequently the dispersion viscosity increases considerably. The cross-
link density was also increase with increasing the LS content of the thin
films obtained from dispersion cast. The PU-LS thin films obtained from
dispersion cast showed an excellent shape-memory effect and the shape
recovery was found to be strongly LS dependent. Furthermore, the supper
critical CO, solution was used successfully to create three-dimensional
porous structure of PU-LS with cell size depends on LS content. The
temporary folded shape of PU-LS with 5 wt.% LS changed to its permanent
shape (plane stripe) within just 17 s once the sample was immersed in a
water bath at the programing temperature.
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Introduction

Most plastic materials commonly used in different
industries, such as packaging, automotive,
biomedical, oil and gas, etc. are produced
entirely from petroleum-based products with
only few exception (Mishra et al., 2022, Araby
et al., 2021, Ionescu, 2021, Hussain et al. 2022,
Yan, et al., 2022). The high crude oil prices

as well as environmental concerns related to
petroleum-based products have triggered a
search for feedstocks and biorenewable materials
including thermoplastic elastomer, such as
polyurethane. Great attention has been devoted
to establishing sustainability and green chemistry
to replacing petroleum-based polymers with
more environmentally friendly biopolymers from
renewable resources (Jiménez et al., 2016, Zafar
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et al., 2016, Wroblewska-Krepsztul et al., 2018,
Zhao et al., 2018, Kumar et al., 2022, Dahy et al.,
2017, Jamroz et al., 2019, Visakh et al., 2019, El-
Sherbinyetal.,2017,Gutiérrezetal.,2017, Mowafi
et al. 2018, Shi et al., 2016, Mittal et al., 2022). It
is very crucial to develop inexpensive, renewable,
natural materials as alternatives to petroleum-
based products that will have a significant
positive impact on the polymer industry and the
environment. Plant oils are renewable materials
used widely to obtain new green or sustainable
monomers to synthesis large number of new bio-
based polymers with outstanding mechanical,
thermal, and biodegradable properties with similar
performance to that of petroleum-based polymers
and composites (Xia et al., 2010, Kundu et al.,
2005, Andjelkovic et al. 2006, Yuan et al., 2015,
Gandini et al., 2016, Zhu et al., 2016, Wu et al.,
2018). The different triglyceride fatty acids of
plant oils can be chemically modified with large
number of reactive groups, such as hydroxyl,
amine, carboxylic acid, epoxy, etc. to polymerize
or copolymerize new bio-based polymers with
outstanding multifunctional properties. All plant
oils with the exception of castor oil, need chemical
modification to obtain polyols for synthesis of PUs.
The four most common routes to prepare plant oil-
based polyols are: (1) epoxidation/oxirane ring
opening; (2) transesterification/amidation; (3)
hydroformylation/reduction; and (4) ozonolysis/
reduction (Lligadas et al., 2013, Bockisch, ef al.,
2015, Lu et al., 2009). A successful chemically
modification of plant oils to obtain polyols with
considerable number of hydroxyl groups suitable
for synthesis structural PUs must originally
contain at least carbon-carbon double bonds,
typically greater than 2.5 per triglyceride. Plant
oil-based polyols are inexpensive, environment-
friendly, available in large quantities, and
renewable (Gogoi et al. 2014, Madbouly et al.
2013, Chowdhury et al. 2020, Zhang et al., 2015,
Gaddam et al., 2018, Zafa et al., 2019). Castor
oil was used previously to synthesis different
polymers and polymer dispersions due to its
hydroxyl group functionality. In addition, castor
oil can be employed as an important chemical
components in the synthesis of a bio-based nylon
11 (Winnacker et al. 2016).

Solventborne PU systems have been used widely in
different applications, such as adhesive, coatings,
paints, ink, etc. Large quantities of organic solvents
normally evaporated to the atmosphere during the
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applications of these dispersions that normally
cause air quality and environmental problems.
Considerable efforts have been done by air quality
regulators and Environmental Protection Agency
to reduce the volatile organic compounds (VOCs)
in the atmosphere and encourage industries to
develop new environmentally friendly, bio-based
products (Mishra et al., 2017, Mehravar, et al.,
2019, Zhou et al., 2016, Song et al., 2017, Serkis
et al. 2016). Aqueous polyurethane dispersions
(PUDs) have been used in many industrial
application as alternatives to their solvent-based
due to the increasing pressure to limit detrimental
environmental and health effects. In this case, no
toxic VOCs used in the final products of PUDs
but only water as a benign and environmentally
friendly solvent.

The aqueous PUDs are the mostrapidly developing
branches of PU chemistry and driven by their
versatility and environmental friendliness. The
dispersions can be tailored to various industrial
applications based on the method of preparation,
nature of the polyols, diisocyanate, internal
surfactant and ratio of hard to soft segments. For
example, aqueous PUDs have been used as green
coatings, adhesives, paint additives, pigment
pasters, and others (Hakke et al., 2020, Akram
etal.,2020, Xie et al., 2020). The early studies of
Dieterich et al. on aqueous PUDs inspired much
of the work of these dispersions (Dieterich ef al.,
1970, Dieterich, 1981). The nature of colloidal
state, dispersion stability, particle-particle
interaction, particle size and distribution are all
important parameters and play very important
roles on the performance of film formation.

Lignin is an abundant natural polymer found in all
vascular plants between the cells and in the cell
walls. Approximately 150 billion tons of lignin is
produced by plants as the most abundantly natural
polymer next to cellulose. Lignin is naturally
hydrophobic with aromatic chemical structure
composed of three different phenyl propane
monomers (syringyl (S); guaiacyl (G); and
p-hydroxyphenyl (H) subunits) (Zakzeski et al.,
2010,). Lignin is biorenewable, environmentally
friendly, low cost, CO, neutral, and antioxidant,
stabilizer, and has antimicrobial properties
compared to most petroleum-based materials
(Dong et al., 2011). Regardless of the mentioned
advantages industrial applications of lignin are
limited due to its complex chemical structure
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and its insolubility in common organic solvents
(Sharma et al., 2020).

It also has been found that lignin could be surface
modified and functionalized into new materials
that can be employed in different applications
(Liu et al., 2019, Wang et al., 2019, Zhang et al.,
2018, Zhang et al., 2015, Li et al. 2017). For
example, wide range of carbon-based materials
were recently synthesized from different biomass
including lignocellulosic hardwood, softwood,
and agricultural waste (Yang et al., 2019). In
addition, copolymers of lignin and poly(e-
caprolactone-co-lactide) have been successfully
synthesized with different molecular weights
and T, with no organic solvent via ring-opening
polymerization (Kai et al., 2017). Hierarchical
porous with three-dimensional structure of
lignin-based material was also created for
applications of high-performance supercapacitor
electrode. lignosulfonate (LS) is a water-soluble
polyelectrolyte polymer (anionic) commonly
obtained from the sulfite pulping of the brown or
red liquor (Lebo et al., 2001). The LS can also
be obtained with high yield from pulping liquid
through ultrafiltration technique (Liu et al., 2020).

Thermoplastic and thermosetting shape-memory
polymers and composites (SMPs) are widely
used in manufacturing of medical devices, such
as cardiac pacemakers, stents, surgical sutures,
etc. (Lendlein et al., 2019, Bellin et al. 2006).
The principle of shape-memory effect (SME) is
based on the ability of material to temporarily
stay in a certain deformed shape and then return
to its permanent shape when exposed to external
stimulus, such as heat, light, magnetic field (Jian
etal.,2006, Lendlein et al. 2005, Santo et al. 2020).
The thermal-induced SME is the most common
one and can be obtained via direct heating (e.g. hot
air, hot fluid, electric heater) or indirect heating
(e.g. exposure to light, exothermic reaction, or
an alternating magnetic field) (Madbouly et al.
2012, Kratz et al. 2011, Madbouly et al., 2009).
For biomedical applications, the SMPs will be
fixed in their compressed temporary shape after
that they will be implanted and then they will
be recovered to their original shape inside the
body. Biodegradability of SMPs is an additional
desire function for certain applications allowing
completely biodegradation of the materials in
the boy without a need for a second surgery
for device explantation. Programming of SMPs
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is a process based on combination of a suitable
polymer  morphology/architecture ~ with a
thermomechanical procedure. The permanent
shape of the SMPs is defined by physical or
chemical cross-links and prevent polymers to flow
at high temperatures. The temporary shape can be
fixed by the solidification of switching domains
either by vitrification or crystallization or by a low
T,. The SMPs can be recovered to their original
permanent shapes by heating the deformed
samples under zero force. The temperature must
be exceeded the switching temperature T,
associated with the thermal transition 7, of the
switching soft domains. In general, the SME can
be summarized based on the following steps: (i)
using conventional processing techniques, such
as extrusion and/or injection molding to create
the permanent shape of the SMP (ii) Increase the
temperature of the SMP to T}y, > T and deform
it to ey, (iii) cool the sample down to T, < Tyans
while keeping the stress s,, obtained at e,, constant.
After removing the external stress, the temporary
shape of the SMP can be obtained. The permeant
original shape cab be recovered by heating the
sample to Tjq,.

The chemical structure of LS has several hydroxyl
groups suitable for polyurethane synthesis through
reaction with diisocyanate. Therefore, the goal of
this current manuscript is to synthesis a new castor
oil-based PUDs with different concentrations of
LS that will be chemically copolymerized with
diisocyanate similar to the reaction of castor oil
polyols. It is expected that LS can significantly
improve the thermomechanical properties,
shape-memory effect, biocompatibility, and the
ability of the cast film to form three-dimensional
porous structure with supper critical carbon
dioxide. This current study is a continuation to
our previous series of study and contribution of
aqueous bio-based polyurethane dispersions and
nanocomposites (Zhang et al., 2017, Madbouly
et al., 2009, Madbouly et al., 2006).

Experimental section
Materials

The castor oil, sodium LS, DMPA, dibutyltin
dilaurate (DBTDL), and isophorone diisocyanate
(IPDI) were obtained from Aldrich Chemical
Co. (Milwaukee, WI). The methyl ethyl ketone
(MEK) and triethylamine (TEA) were purchased
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from Fisher Scientific Company (Fair Lawn, NJ).
The materials used as received without additional
analysis or treatment.

Synthesis of castor oil-based PU-LS aqueous
dispersions

The castor oil, IPDI, DMPA, and one drop of
DBTDL as a catalyst were mixed at 78 °C for 1 h
in a three-necked flask reactor. Different weights
of LS were added to the mixture to prepare 1, 3,
5, and 7 wt.% LS. While the total concentration
of the polymer solid in liquid water was kept at
15 wt.%, the molar ratio between NCO in IPDI,
the OH in castor oil and LS, and the OH in DMPA
was kept at 2.0:1.0:0.99. After 2 h reaction time,
the TEA (3 equiv. per DMPA) was added to
neutralize the free carboxylic acid groups. The
water was added over 30 min (dropwise) under
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600 rpm agitation speed. The MEK was then
removed and PUDs with no organic solvent
obtained. All the dispersions were prepared with
a solid content of =15 wt.%, as mentioned above.
Figure 1 shows the elementary steps for the
synthesis of castor oil-based PU-LS dispersion.

Rheological measurements and transmission
electron microscopy

The dynamic viscosity of PUDs as a function of LS
content at 20 °C was measured using an AR2000ex
rheometer (TA Instruments) with 25 mm diameter
parallel plates. The measurments were carried out
at 1% strain in the linear viscoelastic regime, and
0.1 to 100 rad/s angular frequency. A thin layer of
low-viscosity silicone oil was applied to the air/
sample interface to eliminate any evaporation of
the liquid water during the measurements.
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Figure 1. Elementary steps for the synthesis of castor oil-based PU-LS dispersion. The TEM picture is for

5 wt.% LS dispersion and the glass jar shows a picture of the aqueous dispersion.
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The morphology of the dispersions or particle size
analysis was investigated using Transmission
Electron Microscopy, TEM (1200EX by JEOL,
Ltd.) the dispersion must be diluted to 0.5 solid
wt.% using DI water to obtain successful particle
size analysis. After that , a 3 ml small drop of the
diluted dispersion was deposited onto a TEM
carbon film grid. Excess deposited dispersion
can be removed from the TEM grid using a filter
paper. Approximately 2 wt.% aqueous uranium
acetate solution was used as a negative stain agent
for better contrast.

Cast-film preparation, DSC, and DMA
measurements

The PU-LS films of different LS contents were
obtained via dispersion casting process. The
dispersions casted onto a polypropylene plate
at room temperature. The films were obtained
after drying at room temperature for 2 days and
under vacuum at 60 °C for another 2 days. About
0.77 mm thick samples for all dispersions were
obtained.

The DSC measurements were investigated using a
TA Instruments Q2000. The T, of the casted PU-
LS films were determined at 10 °C/min heating
rate under dry nitrogen atmosphere. The T, were
evaluated accurately from the temperature at the
half of the step height in a specific heat curve.
The TA Q800 dynamic mechanical analyzer, was
employed for the DMA measurements for all PU-
LS films. The measurments were carried out for
rectangular-shaped samples of 0.77 mm thickness
and 8 mm width from — 90 °C to 100 °C at
2 °C/min heating rate and 1 Hz frequency under
a nitrogen atmosphere. The DMA measurements
are used to evaluate the effect of LS on the glass-
relaxation process of castor oil-based PU-LS
samples. The T, of the films were obtained from
the temperature at the peak maximum of the tan
d curves.

Foam process and SEM morphology

The samples of different LS contents were
saturated with supercritical carbon dioxide
(scCO,) at 25 °C and 100 bar for 20 min in a
pressure vessel. The foam structure was created as
a result of nucleation and expansion of dissolved
CO, during the high depressurization rate. The
obtained foam was stabilized at low temperature
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(10 °C) for 12 hours. The morphology of the
PU-LS foams was investigated using scanning
electron microscopy (SEM). Surface fractured of
the foams were carried out in liquid nitrogen, then
the samples were fixed on special SEM holders,
and sputtered with gold. The morphology of the
foams were investigated using a field emission
scanning electron microscope (FE-SEM, FEI
Quanta 250) at 10 kV in a high vacuum chamber.

Thermomechanical shape-memory cycles:

The shape memory properties were investigated
using the TA Instruments Q800 dynamic
mechanical analyzer. Thermomechanical
cycle was employed to investigate the shape
memory effect (SME) of PU-LS of different
concentrations. The samples were heated up to the
programming temperature, 7, =37 °C and held
at this temperature for 2 min equilibrium time.
The samples were stretched to 100% maximum
strain (g,,) at a rate of 10%/min. The samples were
then cooled down to T}, = -20 °C at 10 °C/min
cooling rate under the applied stress and holding
for 10 min. Finally, the temperature was increased
to Ty at a rate of 3 °C/min and held at this
temperature for 30 min to recover a fixed strain
(g,).recovery time. The values of T),ug, Tiows Thig
based on the different 7, values of the samples
will be discussed later.

Results and discussion

The rheological behavior of PU-LS dispersion was
found to be strongly influenced by the LS content.
Figure 2 depicts the composition dependence
of PU-LS dispersion of dynamic shear moduli,
G’ and G” as well as complex viscosity, n"at
20 °C. Clearly both G, G”, and n* are strongly
increased with increasing the LS content as
clearly seen in Figure 2. The significant increase
in the rheological properties (G’, G”, and ) of
PU-LS dispersions with increasing content of
LS can be attributed to several reasons. The first
one is the particle size of PU-LS in the aqueous
dispersion. The TEM investigation revealed
that all the PU-LS dispersions with different
LS contents have almost the same particle size
(35 nm) as clearly seen in figure 2. Therefore, the
particle size plays no role in the increase of the
G’, G”, andn". It must be mentioned here that the
concentration of DMPA (internal surfactant) and
the neutralizing agent (TEA) are exactly the same
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Figure 2.

Lignin composition (LS) dependence of shear moduli, G’and G ” and complex viscosity, "at 20

°C. Waterborne PU-LS dispersions and their TEM photographs for different LS concentrations. Schematic
diagram for PU-LS dispersion with different contents of LS. The thickness of the water layer on the surface
of PU-LS nanoparticles increases with increasing concentration of LS, as clearly described by the arrow.

for all PU-LS dispersions. Therefore, all particles
should have similar ionic charges regardless of
the different concentration of LS. In addition,
the TEM photographs were taken after dilution
of the dispersions with DI water to 0.5 wt.%, as
mentioned in the Experimental Section. A small
drop of approximately 3 pL was then taken from
the diluted dispersion and deposited onto the TEM
grid to form a thin layer. A filter paper was used
to remove the water excess from the TEM grid.
Therefore, the TEM technique cannot provide any
information about the thickness of the water layer
surrounding the PU-LS nanoparticles. Based on
the above discussion, it appears that the main
reason for the increase in G’, G”, and n° with
increasing lignin content is the chemical structure

and water affinity of LS. As shown in Figure 1, the
LS is soluble in water due to its salt-like chemical
structure with hydrophilic and hydrophobic
functional groups. The LS can react with the IPDI
via the hydroxyl groups in the LS and become a
part of the PU backbone that will be dispersed in
water.

The PU-LS can form stable dispersions only when
the PU-LS nanoparticles are uniformly dispersed in
the continuous water phase. However, on the other
hand unstable PU-LS dispersion can be obtained
in the case that the PU-LS particles coalesce and
form larger droplets with a considerable decrease
in the surface area. Flocculation is another form of
unstable dispersion commonly occurs in dispersions
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when the particles aggregate without making a
new particle. No sign of dispersion instability
or particle aggregation or flocculation has been
observed in the PU-LS aqueous dispersions as seen
in the TEM photographs of PU-LS dispersions of
different LS contents as already mentioned above.
The hydrophobic nature of the LS leads to the
fact that the PU-LS nanoparticle adsorbs more
water molecules onto the surface than that of the
castor oil-based PU dispersion with no lignin. With
increasing the lignin content, the thickness of the
water layer absorbed on the PU-LS nanoparticles
increases. Therefore, with keeping the numbers
of the PU-LS nanoparticles constant, the water
thick layer leads to a significant decrease in the
continuous water phase with increasing the lignin
content, and consequently a dramatic increase in
the G’, G”, and n* was observed as clearly seen
in Figure 2.

The LS was found to have a considerable influence
on the glass transition temperature of the cast PU-LS
film as illustrated in the thermograms in Figure 3a.
The T, was determined from the temperature of
half of the step height in specific heat curves (see
the arrows in Figure 3a). The 7, of pure castor
oil-based PU with no lignin is about 9.7 °C. The
T, increases by almost double (7, = 18.6 °C) with
3 wt.% LS due to the highly aromatic rigid structure
of LS. For higher LS contents (higher than 3 wt.%),
the T, of the PU-LS was almost constant regardless
the increase in the LS content. Figure 3b shows the
temperature dependence of tan ¢ for PU-LS films
obtained from the solvent cast of the dispersions.
The inset plot of Figure 3b shows the temperature
dependence of the storage modulus (£").

The peak maximum of tan 9 is related to Micro-
Brownian cooperative relaxation process of the
main polymer chain (o—relaxation) process and
related to the T, of the PU-LS films. For PU-LS
films with LS < 3 wt. %, the T, obtained from the
tand peak maximum increases with increasing
concentration of LS. Both tan 6 and E' reached
constant values regardless of the content of LS
for higher LS concentrations. The plateau of E’
at 7> 90 °C (i.e., E' is temperature-independent)
is related to the cross-link dentistry of the PU-LS
films. In principle the cross-link density can be
evaluated from the plateaus or the rubbery moduli
at 40 °C above the T, of each composition based
on the rubber elasticity theory using the following
equation (ward et al. 1971):
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E'=30,RT (1)

Where E’ is the storage modulus at 40 °C above
T,, v, is the cross-link density, T is the absolute
temperature, and R is the universal gas constant.
The cross-link densities of PU-LS films increase
from 123.7 mol/m™ for castor oil-based PU
with no LS to 208.7 mol/m~ for PU-LS with LS
content from 0 to 7 wt.%. This experimental fact
is attributed to the rigid structure of LS, which
provides more stability to the cross-linked films

and consequently, the cross-link density increases.

Porous structure or scaffold can be fabricated
with many techniques including solvent cast/salt
leaching (Mikos et al., 1994) phase separation,
(Lo et al., 1995) fabric foaming processing (Freed
et al., 1994) fiber extrusion and gas foaming
(Singh et al., 2004) as well as scCO, method (Tai
et al., 2007). The scCO, has a great advantage
compared to the other techniques due to its high
efficiency for creating highly interconnected
porous structure in relatively short saturation
times. Normally the polymer will be saturated with
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Figure 3. (a) DSC thermograms for PU-LS
films of different lignin (LS) contents, the ar-
rows show the T, of the films. (b) Temperature
dependence of tan ¢ for PU-LS with different LS
contents. The inset plot of Figure 3 (b) shows the
temperature dependence of storage modulus, £’
for different LS contents.
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scCO, at pressure and elevated temperature for
certain saturation time, then the porous structure
will be generated when the high pressure will be
depressurized at high rate, where the nucleation
and expansion of dissolved CO, making the
foam. The foaming temperature, saturation time
and depressurization rate are the most important
factors commonly used to control porosity, pore
size, distribution of pores, and density. The scCO,
foaming technique is environmentally friendly,
where no usage of volatile organic compounds
in the foaming process. The PU-LS films with
different LS contents obtained from dispersions
cast can be used to fabricate porous structure via
scCO, foaming technique. The SEM photographs
of PU-LS foams of different LS contents are
shown in Figure 4. Clearly the average pore size
was found to be LS content dependent. The higher
the concentration of LS the lower the pore size.
The average pore size of castor oil-based PU (no
LS) foam was decreased from about 70 um to
approximately 30 um for PU-LS with 7 wt.% LS.
The degree of porosity of all samples was about
85% based on the pycnometry measurements,
10% of the pores were accessible by nitrogen.
The lower size of the pores with increasing the LS
contents might be attributed to the rigid structure
and the high 7, and viscosity of the films with high
contents of LS. This porous structure could be
suitable for biomedical applications if the PU-LS
is biocompatible. The cytotoxicity tests of PU-LS
sample with comparison with other PCL-based
polymers will be studied in another manuscript.

Shape memory effect

Active movement with respect to changing
temperatures (i.e., thermally induced-SME) is an
important characteristic parameter for creating
smart PU-LS multifunctional films. The SME

3 wit% LS
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of PU-LS films obtained from the dispersion
cast method were carried out using cyclic
thermomechanical tensile tests. The tests were
performed by stretching the samples to 100%
gnat T,,, of 37 °C and rapidly cooled down to
Ty = =20 °C. Cooling the SMP samples to 7T},
= —20 °C must be occurred under the applied
stress to efficiently fix the temporary shape. The
temporary shape will be fixed by the 7, of the
PU-LS sample. The crosslink nature of all PU-
LS films act as permanent net points determining
the permanent shape. The recovery of all samples
to its original permanent shapes was recorded by
heating the sample at 2 °C/min heating rate up to
70 °C. The recovery module was applied under
stress-controlled condition in this manuscript. A
typical cyclic thermomechanical measurement
for castor oil-based PU film with no LS under
stress-controlled condition is shown in Figure 5
shows.

The cyclic thermomechanical tensile tests for
PU-LS films of different LS contents under
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Figure 5. DMA thermomechanical cycle (stress
control) as time dependence of €% and tempera-
ture for the castor oil-based PU film. The meas-
urement was carried out at 7,,,= 37 °C, ¢, =

100%, T}, = =20 °C, and T, = 70 °C

7 wt% LS

Figure 4. SEM morphologies for PU-LS films of different LS contents. The porous structure was created

using scCO2 technique at 25 °C and 100 bar for 20 min.
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Figure 6. The €% for PU-LS films of different LS
contents as a function of recovery time. The thermo-
mechanical cyclic tests were investigated at 7,,,,, =
37°C, €, = 100%, T}, = -20 °C, and 7}, = 70 *C.

stress-controlled condition is shown in Figure 6.
Clearly the LS has a significant impact on the shape
fixity rate, R, shape recovery rate, R,, and T,,. The
value of R, can be calculated from the deformation
in the temporary shape e, and the extension at the
stress-free state after recovery e, (N) from two
subsequent cycles (N-1) and N according to the
following equation (Madbouly et al. 2012, Kratz
et al. 2011, Madbouly et al., 2009):

— _&a)-&I)
Rr(N) - el N)—&,(N-1) (2)

The value of R,can be calculated for cycle N
according to the Equation (3):

o(V) = =42 3)
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Figure 7. Temperature dependence of €% for

PU-LS films of different LS contents. The thermo-

mechanical cyclic tests were investigated at 7,,,,, =
37°C, €,, = 100%, T}, =-20°C, and T}, = 70 *C.

For all PU-LS with different LS contents, the
value of R, was found to be approximately 99%.

The temperature dependence of €% for PU-LS of
different LS contents is shown in Figure 7. Clearly
R, decreases systematically from 80% for castor oil-
based PU film with no LS to 70% for PU-LS with
7 wt.% LS. The decrease in R, with increasing LS
content is mainly attributed to the high stiffness of
LS compared to the pure castor oil-based PU film.

To demonstrate the SME for the PU-LS solid
film obtained from their aqueous dispersion with
5 wt.% LS, a plane stripe sample was folded at a
program temperature of 37 °C and the temporary
shape was fixed by cooling the sample in an ice

Figure 8. Thermal-induced SME of PU-LS with 5 wt.% LS. The folded temporary shape changes quickly
(17 sec) to its plane stripe permanent shape (100% recovery) once the sample immersed in a petri-dish with

hot water at 37 °C.
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water bath. The temporary folded shape changed
to its permanent shape (plane stripe) within just
17 s once the sample was immersed in a water
bath at 37 ° C as clearly shown in Fig. 8.

Conclusion

Aqueous bio-based dispersions based on castor
oil and LS were successfully synthesized with
nanoscale dispersions as small as 35 nm with
excellent dispersion stability of different LS
contents. Incorporation of small concentration of
LS was found to have strong positive impact of both
dispersion behavior and solid films. Transparent
thin films of PU-LS with different concentrations
of LS were obtained via solution (dispersion) cast
technique. The dynamic viscosity of the PU-LS
was increased dramatically with increasing the
concentration of LS with keeping the solid content
constant at 15 wt.% for all dispersions. This
experimental fact was attributed to the nature
of the chemical structure of LS. The LS is
a water-soluble material and reacted with
diisocyanate similar to the polyols. Therefore,
lignin is a part of the dispersion particle
(i.e., the nanoparticles is in fact a mixture
(copolymer) of polyurethane and lignin
dispersed in water). Therefore, the PU-LS
nanoparticle can adsorb thick water layer with
increasing the LS content. Therefore, the free
water in the dispersion would significantly
decrease and consequently the dispersion
viscosity increases. The T, of the PU-LS
films were measured from the temperature of
the tan 8 peak maximum. The 7, was found to
be increased with increasing the LS content
up to 3 wt.% LS. For high LS content, no
additional increase in 7, was observed. The
cross-link density was evaluated from the
storage modulus plateau at 40 °C above the T,
using DMA measurments based on the theory
of rubber elasticity. The PU-LS films were
used to fabricate porous structure using scCO,.
The average pore size was found to be LS content
dependent. The higher the concentration of LS the
lower the pore size. The average pre size of castor
oil-based PU (no LS) foam was decreased from
about 70 um to approximately 30 um for PU-LS
with 7 wt.% LS. The PU-LS films were found to
have excellent thermally induced shape-memory
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effect. The rate of shape recovery decreases
systematically from 80% for pure castor oil-
based PU film with no LS to 70% for PU-LS with
7 wt.% LS. The decrease in the shape recovery
with increasing LS content is mainly attributed
to the high stiffness of LS compared to the pure
castor oil-based PU film.
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