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Abstract: Polyurethane/attapulgite (PU/ATT) nanocomposites derived from castor oil were prepared
by incorporation of 8 wt % ATT, acid-treated ATT, and KH560-treated ATT. The effects of three ATTs
(ATT, acid-ATT, and KH560-ATT) on the comprehensive properties of PU/ATT nanocomposites
were systematically investigated. The results showed that the incorporation of 8 wt % of three ATTs
could produce an obvious reinforcement on the castor oil-based PU and that the silane modification
treatment, rather than the acid treatment, has the more effective reinforcement effect. SEM images
revealed the uniform dispersion of ATT in the PU matrix. DMA confirmed that the storage modulus
and glass transition temperature (Tg) of PU/ATT nanocomposites were significantly increased after
blending with different ATTs. For PU/KH560-ATT8 nanocomposites, the thermal stability of the
PU was obviously enhanced by the addition of KH560-ATT. In particular, 8 wt % KH560-ATT
loaded castor oil-based PU nanocomposites exhibit an obvious improvement in tensile strength
(255%), Young’s modulus (200%), Tg (5.1 ◦C), the storage modulus at 25 ◦C (104%), and the initial
decomposition temperature (7.7 ◦C). The prepared bio-based PU materials could be a potential
candidate to replace petroleum-based PU products in practical applications.
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1. Introduction

Recently, the use of renewable vegetable oil-based polyols to replace the commercial
petroleum-based polyether or polyester polyols in the synthesis of bio-based polyurethane
(PU) [1–5] has attracted great public attention as functional materials in many applications, such
as thermoplastic [6,7], thermosets elastomers [8,9], adhesives [10–12], coatings [13–15], foams [16,17],
medical fields [18,19] and nanocomposites [20,21]. The advantages of these bio-based materials are their
biocompatibility, biodegradability, low cost, good thermal properties, and acceptable specific strength
properties [22,23]. In comparison to other vegetable oils, castor oil has on average 2.7 hydroxyls per
triglyceride and can therefore be directly used to synthesize PU materials [24]. However, the resulting
pure castor oil-based PU is too soft to meet application requirements in some fields. This may be
attributed to the intrinsic low OH value of castor oil and low cross-linking density of PU matrix [25,26].
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Considering the problem of the low mechanical strength of PU materials derived from castor
oil, the direct strategy is to incorporate functional nanofillers into the PU matrix. The functional
nanofillers can be one-dimensional, such as fibers and nanotubes; two-dimensional, such as layered
silicate minerals like clay; and three-dimensional, such as cubical and spherical nanoparticles. Thus,
clays, such as montmorillonite [27–29] and attapulgite (ATT) [30,31], carbon nanotubes [32], reduced
graphene oxide [33,34], cellulose nanowhiskers [35] and cellulose nanocrystals [36–38], a large number
of nanoparticles of metals, and their oxides [39–45], are used as nanomaterials in the preparation of
bio-based PU nanocomposites.

Among various clays, ATT, ideally (Si8O20Mg5(Al)(OH)2(OH2)4·4H2O), is a natural and low cost
silicate mineral with a broad range of applications [46], and due to its ready availability, low cost and
unique fibrous structure, has great potential application in the field of bio-based PU high performance
nanocomposites. To ensure sufficiently uniform dispersion of the ATT in the bio-based PU matrix and
to increase the interfacial interactions between the ATT and the PU matrix, a surface modification of
the ATT is typically required. ATT is commonly modified through the reaction between an organic
modifier and the hydroxyl groups of ATT [47–49]. Thus, the functionalized ATT, together with a silane
coupling agent, is usually used in the preparation of high-performance PU nanocomposites [28,31,50].
The silane-treated ATT could strengthen the interfacial interactions and the efficient interfacial stress
transfer between the ATT and PU matrix.

In our study, the ATT was successively modified by acid treatment and by KH560 surface
modification. Then, PU nanocomposites based on castor oil were prepared by incorporation of 8 wt
% different ATTs via in situ polymerization. The resulting ATT-reinforced PU nanocomposites were
systematically investigated by their mechanical, thermal properties and micro-morphology.

2. Materials and Methods

2.1. Materials

KH560 (3-glycidoxypropyltrimethoxysilane) was purchased from the Jintan Fanshi Organosilicone
Co., Ltd. (Jiangsu, China). The raw ATT was supplied by the Jiangsu Goldstone Attapulgite R&D Co.,
Ltd. (Jiangsu, China). Analytical-grade acetone, toluene, isopropyl alcohol, acetic acid, hydrochloric
acid, and castor oil were all purchased from Shanghai Energy Chemical Co., Ltd. (Shanghai,
China). The OH value of castor oil was 160 mg KOH g−1, which was determined according to the
previous report [44]. Isophorone diisocyanate (IPDI) was obtained from Shanghai Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China).

2.2. Synthesis of Acid-ATT and KH560-ATT

The raw ATT (10 wt %) was dispersed in 1 mol/L hydrochloric acid solution by sonication
for 90 min at 250 W. The ATT was activated to introduce more -OH groups on the surface.
After exhaustively washing with water and acetone until pH neutral, the acid-ATT was dried at
120 ◦C for 12 h in vacuum to remove water. For KH560-ATT, the acid-ATT (6 g) was dispersed in
120 mL toluene by sonication for 30 min at 250 W. The 20 mL KH560 was added to the 80 mL isopropyl
alcohol/water mixture (v/v = 9/1). The pH of the KH560 mixture solution was adjusted at around
34 by acetic acid. The ATT dispersion was then mixed with the KH560 hydrolysis solution, refluxing
under electromagnetic stirring at 110 ◦C for 4 h. Finally, the residue was washed six times with toluene
and acetone to remove the unreacted KH560. Once obtained, the KH560-ATT was dried at 120 ◦C for
12 h in vacuum.

2.3. Synthesis of Castor Oil-Based PU Nanocomposites

The neat PU was synthesized by the reaction of IPDI with castor oil according to our previously
described method [44]. The PU/ATT nanocomposites were prepared as follows: the three ATTs (ATT,
acid-ATT, and KH560-ATT) were respectively added in dry acetone and the obtained suspension was
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sonicated for 60 min. The castor oil was added and stirred vigorously at room temperature (RT) for
24 h. The acetone was completely removed at 80 ◦C. The IPDI was then added and stirred for 30 min
while cooling to RT. The mixtures with 8 wt % loading of three ATTs were poured to a PTFE (Teflon)
mold of 100 mm diameter and 4 mm depth and degassed under vacuum until all bubbles disappeared.
The samples were first cured at 90 ◦C for 2 h and then 110 ◦C for 24 h. Finally, the samples were slowly
cooled down to RT and demolded. The resulting PU nanocomposites with 8 wt % ATT, acid-ATT,
and KH560-ATT were denoted as PU/ATT8, PU/acid-ATT8 and PU/KH560-ATT8, respectively.

2.4. Characterization

X-ray diffraction (XRD) patterns was recorded by a XRD-6000 (Shimadzu, Kyoto, Japan) with a
crystal monochromated Cu Kα radiation (λ = 0.154 nm), the scanning rate was 6◦·min−1 from 6◦ to
60◦. Dynamic mechanical analysis (DMA) was measured by a DMA+450 (01dB-Metravib, Limonest,
France) under tension mode at a fixed frequency (1 Hz) with a heating rate of 2 ◦C·min−1 from −70 to
50 ◦C for each sample. The mechanical performances of PU/ATT nanocomposites were performed
at 23 ◦C using an 4466 universal testing machine (Instron, Norwood, MA, USA) at a strain rate of
50 mm·min−1 based on ASTM D638 standard. At least six specimens were tested for obtaining the
average value of mechanical results. Thermogravimetric analysis (TGA) were performed under a N2

atmosphere with a TGA/DSC 1 STARe system (Mettler-Toledo, Greifensee, Switzerland) at a heating
rate of 20 ◦C·min−1 in the temperature range 30–600 ◦C. Scanning electron microscopy (SEM) was
observed by an S-4800 instrument (Hitachi, Tokyo, Japan), the acceleration voltage of the electron
beam was 3 kV. The liquid nitrogen fractured surface of the samples was sputter coated with gold to
provide enhanced conductivity before observation.

3. Results

3.1. X-ray Diffraction (XRD) Analysis

XRD has been a useful tool for characterizing the structure of clay and its nanocomposites.
The XRD patterns of different ATTs and PU/ATT nanocomposites were presented in Figure 1. From the
diffractograms, the typical diffraction peaks at 2θ = 8.4◦, 13.8◦, 16.4◦, 19.8◦, 21.4◦ and 35.3◦ are attributed
to the diffraction of the (110), (200), (130), (040), (121) and (061) planes of the ATT, respectively. The XRD
patterns of the neat ATT clearly exhibited the six-plane characteristic peaks. The characteristic reflection
of both acid-ATT and KH560-ATT do not change at all. The results indicated that the crystal structure
of ATT did not alter or distort after acid-treated and silylated surface modification. As shown in
Figure 1, the castor oil-based PU exhibited a strong broad diffraction peak at 2θ = 20.0◦, which is
caused by the short-range order in the arrangement of amorphous PU chain segments. For the PU/ATT
nanocomposites, the new characteristic diffraction peak at 2θ = 9.0◦ is attributed to the characteristic
diffraction peak of ATT in the PU matrix. The results demonstrated that the blended ATTs in the PU
matrix could keep their intrinsic crystal structures.

3.2. Dynamic Mechanical Properties

DMA can provide insight into the effect of surface modified ATTs on the thermo-mechanical
performances of the obtained PU/ATT nanocomposites. Figure 2 showed the temperature dependence
of the storage modulus (logarithmic E′) and the loss tangent (tan δ) for neat PU and PU nanocomposites
containing 8 wt % ATT, acid-ATT and KH560-ATT. The dynamic mechanical spectra regarding the
logarithmic E′ were very similar for castor oil-based ATT-reinforced PU nanocomposites. A steep
decrease of logarithmic E′ is observed, corresponding to improved chain mobility in the PU matrix
upon transition through glass transition temperature (Tg). The logarithmic E′ curves that demonstrated
the logarithmic E′ value of PU/ATT nanocomposites within the whole test temperature range were
indeed larger than that of neat castor oil-based PU, which indicated the effective reinforcement of
three ATTs in the PU matrix. The neat castor oil-based PU had an E′ at 25 ◦C (E′25) of 2.64 MPa.
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The E′25 of PU/ATT8 and PU/acid-ATT8 was increased 70% and 77% compared with that of neat PU,
respectively. The maximum improvement (increased 104%) in E′25 is observed for PU/KH560-ATT8
with 8 wt % KH560-ATT. Such significant improvement in E′25 is likely to be due to good compatibility
and interphase interaction between KH560-ATT and the PU matrix.Polymers 2018, 10, x FOR PEER REVIEW  4 of 12 
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The Tgs of neat PU and PU nanocomposites containing 8 wt % ATT, acid-ATT and KH560-ATT
were presented in Figure 2b and Table 1. It is well known that Tg reveals the segmental mobility
of polymer chains in the matrix. Generally, an enhanced Tg indicated that the segmental mobility
of the polymer chains decreased [51]. It is noted that three ATTs in general increased the Tg of
PU/ATT nanocomposites. Compared with the Tg of the neat PU (5.5 ◦C), the Tgs of PU/acid-ATT8 and
PU/KH560-ATT8 were respectively improved by 5.6 and 5.1 ◦C. The improvement can be attributed
to both acid-ATT and KH560-ATT decreased segmental mobility of the castor oil-based PU chains and
the enhanced interfacial interaction between the ATTs and the PU matrix.

Table 1. Dynamic mechanical properties of neat PU and PU nanocomposites containing 8 wt % ATT,
acid-ATT and KH560-ATT.

Sample E′25
a (MPa) E′50

b (MPa) Tg
c (◦C) νe

d (mol/m3)

neat PU 2.64 2.17 5.5 269.2
PU/ATT8 4.50 3.67 6.5 455.3

PU/acid-ATT8 4.68 3.05 11.1 378.4
PU/KH560-ATT8 5.38 4.14 10.6 513.6

a Storage modulus at 25 ◦C; b Storage modulus at 50 ◦C; c Glass transition temperature; d Crosslink density.

Usually, the thermo-mechanical properties of thermosets usually were strongly associated with
crosslink density (νe). Based on the kinetic theory of rubber elasticity [52], the νe of the cured
crosslinking systems can be calculated from the rubbery E′ using Equation (1):

E′ = 3 νeRT (1)

where E′ represents the storage modulus of cured crosslinking systems in the rubbery plateau region,
T is the absolute temperature, and R is the gas constant. In this study, the rubber modulus at
Tg + 40 ◦C was selected for the calculation of νe. The data for E′ at 50 ◦C (E′50) and the calculated νe

of PU/ATT nanocomposites are summarized in Table 1. The value of νe for castor oil-based PU was
269.2 mol/m3. It is noted that the νe of PU/KH560-ATT8 was increased to 513.6 mol/m3 (increased by
91%). Furthermore, the νe of PU/ATT8 and PU/acid-ATT8 was respectively increased 69% and 40%,
compared with that of neat PU.

3.3. Mechanical Properties

For superior PU nanocomposites, the mechanical performances of PU nanocomposites are
significantly influenced by the nanofiller dispersion and interfacial interaction between nanofiller with
the PU matrix. The ATT surface modification via acid treatment and KH560 modification should be an
effective strategy to improve ATTs’ dispersion and load transfer efficiency. The stress–strain curves
and tensile performances of neat PU and PU nanocomposites containing 8 wt % ATT, acid-ATT and
KH560-ATT were presented in Figure 3 and the detailed data were listed in Table 2. From the curves in
Figure 3a, neat PU and three PU nanocomposites showed similar linear elastic deformation behavior.
The neat PU had a tensile strength of 2.0 MPa and a Young’s modulus of 1.9 MPa. The tensile strength
and Young’s modulus of PU/ATT nanocomposites were dramatically improved with incorporation
of different ATTs into the PU matrix. The maximum improvement in the tensile strength (255%)
and Young’s modulus (200%) was observed for PU/KH560-ATT8, which is likely to be due to
better homogeneous dispersion and good compatibility between KH560-ATT and the PU matrix.
The PU/ATT8 and PU/acid-ATT8 had a 30% and 170% increment in the tensile strength, and had a
105% and 137% increment in Young’s modulus, respectively. The increase of tensile strength indicated
that three ATTs have an obvious reinforcement effect on the PU matrix, which were consistent with the
DMA results. The reinforcement effects of different ATTs are in the order of KH560-ATT > acid-ATT
> ATT and thus the KH560-ATT has the best reinforcement effect among three ATTs. It is noted that
the elongation at break of PU/acid-ATT8 and PU/KH560-ATT8 were higher than that of neat PU.
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The elongation at break slightly improved because the decrease of ductility was not significant after
incorporation of homogeneous dispersed ATTs, which contributed to a tougher PU matrix.Polymers 2018, 10, x FOR PEER REVIEW  7 of 12 
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Table 2. Mechanical properties of neat PU and PU nanocomposites containing 8 wt % ATT, acid-ATT
and KH560-ATT.

Sample Tensile Strength at Break (MPa) Elongation at Break (%) Young’s Modulus (MPa)

neat PU 2.0 ± 0.3 164.4 ± 17.5 1.9 ± 0.4
PU/ATT8 2.6 ± 0.1 110.7 ± 5.5 3.9 ± 0.2

PU/acid-ATT8 5.4 ± 0.5 179.1 ± 17.0 4.5 ± 0.1
PU/KH560-ATT8 7.1 ± 0.8 167.9 ± 22.3 5.7 ± 0.4

3.4. Thermal Stability

The thermal stabilities of neat PU and PU nanocomposites containing 8 wt % ATT, acid-ATT and
KH560-ATT were investigated with TGA in nitrogen. Figure 4 displays the TGA thermograms
versus temperature of neat PU and PU/ATT nanocomposites. The TGA and DTG curves were
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analyzed and the data were listed in Table 3. The addition of 8 wt % KH560-ATT into the PU matrix
remarkably improved the IDT (5% mass loss temperature), T10% and T50% of PU. Especially, the IDT of
PU/KH560-ATT8 was delayed by 7.7 ◦C compared with that of neat PU. The TGA results indicated that
the incorporation of KH560 surface modified ATT into the PU matrix significantly improved its thermal
stability. The increase in thermal stability was due to the barrier effect of well dispersed KH560-ATT
(Figure 5), which delays the release of volatile degradation compounds from the PU matrix.Polymers 2018, 10, x FOR PEER REVIEW  8 of 12 
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Table 3. TGA and DTG results for neat PU and PU nanocomposites containing 8 wt % ATT, acid-ATT
and KH560-ATT.

Sample IDT a (◦C) T10%
b (◦C) T50%

c (◦C) T1max
d (◦C) T2max

e (◦C) wchar
f (%)

neat PU 318.0 331.9 402.7 344.1 409.0 1.1
PU/ATT8 316.7 332.3 409.3 344.8 418.6 7.8

PU/acid-ATT8 312.9 331.4 410.9 346.1 418.2 8.4
PU/KH560-ATT8 325.7 337.1 412.5 345.8 418.9 6.7

a Initial decomposition temperature, 5% mass loss temperature; b 10% mass loss temperature; c 50% mass loss
temperature; d Maximum rate of degradation temperature of first stage; e Maximum rate of degradation temperature
of second stage; f Char at 600 ◦C.
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As can be seen in Figure 4b, the decomposition processes of PU/ATT nanocomposites were
similar with that of the PU. The decomposition of neat PU and PU/ATT nanocomposites showed
the typical decomposition steps [53,54]: the first loss step (230–368 ◦C) corresponds to degradation
of urethane and urea groups in hard segment, while the second loss step (368–520 ◦C) can be due
to the decomposition of the soft segment from castor oil. After the incorporation of different ATTs
into the castor oil-based PU matrix, both of the decomposition steps of the PU/ATT nanocomposites
were slightly subdued compared to that of neat PU. Besides, the Tmax2 (maximum rate of degradation
temperature of second stage) and the char at high temperatures of PU/ATT nanocomposites were
higher than that of the neat PU. The results indicated that different ATTs were well dispersed in the
PU matrix and resulted in the shift of the Tmax2 to higher temperature. As shown in Table 3, the char
at 600 ◦C (wchar) of neat castor oil-based PU is 1.1%. The wchar of PU/ATT nanocomposites was larger
than that of the neat PU, ranging from 6.7% to 8.4% as the 8 wt % different ATTs in the PU matrix.
Usually, the thermal stability of polymer and its nanocomposites can be evaluated by the value of
IDT and wchar. Thus, the introduction of KH560-ATT into the PU matrix could obviously improve
the thermal stability of castor oil-based PU nanocomposites, which is attributed to homogeneous
KH560-ATT dispersion and strong interfacial interaction between KH560-ATT and the PU matrix.

3.5. Morphology

The morphologies and dispersion of the ATTs in the PU matrix were examined with SEM.
The fractured micrographs are shown in Figure 5. The increase in roughness after addition of different
ATTs into the PU matrix is the result of the deflection of the crack path induced by the presence of
the rigid ATT in the path of the growing crack. The bright points were the broken ATTs, illustrating
that most of the ATTs had broken apart from the fractured surface. Despite the existence of some
aggregations in the PU/ATT8 and PU/acid-ATT8, the KH560-ATT dispersion was uniform throughout
the PU matrix. The rougher surface and KH560-ATT uniform dispersion in Figure 5d indicates
that KH560 surface modification could improve compatibility and interfacial interaction between
ATT with the PU matrix. Hence, among the three ATTs, KH560-ATT had the most reinforcement
effect on the PU matrix, which demonstrated the mechanical performance results of neat PU and
PU/ATT nanocomposites.
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4. Conclusions

PU nanocomposites based on castor oil were prepared by incorporating neat ATT, acid-ATT,
and KH560-ATT into the PU matrix. The results showed that the incorporation of 8 wt % of the three
ATTs could result in a significant reinforcement on the castor oil-based PU. SEM revealed that KH560
surface modified ATT enhanced the dispersion of KH560-ATT in the PU matrix. DMA confirmed that
the 8 wt % KH560-ATT loaded castor oil-based PU nanocomposite exhibits the obvious improvements
in the storage modulus at 25 ◦C (104%) and Tg (5.1 ◦C). Remarkably, at 8 wt % KH560-ATT loading,
the 255% increase in tensile strength, 200% increment in Young’s modulus were obtained. Furthermore,
the thermal stability of PU/KH560-ATT8 was significantly enhanced and the initial decomposition
temperature increased by 7.7 ◦C. This work may provide an effective and potential approach to develop
bio-based PU materials for practical applications.

Author Contributions: Conceptualization, C.W.; methodology, C.W., S.L., M.H., L.D. (Liang Ding) and H.X.;
validation, C.W., L.D. (Lili Dai), Z.Y. and C.G.; formal analysis, C.W., S.L., M.H., L.D. (Liang Ding) and H.X.;
investigation, L.D. (Lili Dai), Z.Y. and C.G.; resources, C.W. and H.X.; data curation, L.D. (Lili Dai), Z.Y. and
C.G.; writing-original draft preparation, C.W.; writing-review and editing, C.W., S.L. and L.D. (Liang Ding);
visualization, M.H. and L.D. (Liang Ding); supervision, C.W.; project administration, C.W.; funding acquisition,
C.W., S.L., M.H., L.D. (Liang Ding) and H.X.

Funding: This research was funded by the National Natural Science Foundation of China grant number [21774107,
51603179 and 51503177], the Top-notch Academic Programs Project of Jiangsu Higher Education Institutions
grant number [PPZY2015A025], the Jiangsu Overseas Research & Training Program for University Prominent
Young & Middle-aged Teachers and Presidents, the Initial Scientific Research Foundation of Yancheng Institute of
Technology grant number [KJC2014001], the Program for Changjiang Scholars and Innovative Research Team in
University (PCSIRT), and Priority Academic Program Development of Jiangsu Higher Education Institutions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhu, Y.; Romain, C.; Williams, C.K. Sustainable polymers from renewable resources. Nature 2016,
540, 354–362. [CrossRef] [PubMed]

2. Lligadas, G.; Ronda, J.C.; Galia, M.; Cadiz, V. Plant oils as platform chemicals for polyurethane synthesis:
Current state-of-the-art. Biomacromolecules 2010, 11, 2825–2835. [CrossRef] [PubMed]

3. Pfister, D.P.; Xia, Y.; Larock, R.C. Recent advances in vegetable oil-based polyurethanes. ChemSusChem 2011,
4, 703–717. [CrossRef] [PubMed]

4. Desroches, M.; Escouvois, M.; Auvergne, R.; Caillol, S.; Boutevin, B. From vegetable oils to polyurethanes:
Synthetic routes to polyols and main industrial products. Polym. Rev. 2012, 52, 38–79. [CrossRef]

5. Lligadas, G.; Ronda, J.C.; Galià, M.; Cádiz, V. Oleic and undecylenic acids as renewable feedstocks in the
synthesis of polyols and polyurethanes. Polymers 2010, 2, 440–453. [CrossRef]

6. Wang, R.; Zhang, J.; Kang, H.; Zhang, L. Design, preparation and properties of bio-based elastomer
composites aiming at engineering applications. Compos. Sci. Technol. 2016, 133, 136–156. [CrossRef]

7. Poussard, L.; Mariage, J.; Grignard, B.; Detrembleur, C.; Jerome, C.; Calberg, C.; Heinrichs, B.; De Winter, J.;
Gerbaux, P.; Raquez, J.M.; et al. Non-isocyanate polyurethanes from carbonated soybean oil using monomeric
or oligomeric diamines to achieve thermosets or thermoplastics. Macromolecules 2016, 49, 2162–2171.
[CrossRef]

8. Galia, M.; Montero de Espinosa, L.; Carles Ronda, J.; Lligadas, G.; Cadiz, V. Vegetable oil-based thermosetting
polymers. Eur. J. Lipid Sci. Technol. 2010, 112, 87–96. [CrossRef]

9. Llevot, A. Sustainable synthetic approaches for the preparation of plant oil-based thermosets. J. Am. Oil
Chem. Soc. 2017, 94, 169–186. [CrossRef]

10. Ahn, B.K.; Kraft, S.; Wang, D.; Sun, X.S. Thermally stable, transparent, pressure-sensitive adhesives from
epoxidized and dihydroxyl soybean oil. Biomacromolecules 2011, 12, 1839–1843. [CrossRef] [PubMed]

11. Wang, X.-L.; Chen, L.; Wu, J.-N.; Fu, T.; Wang, Y.-Z. Flame-retardant pressure-sensitive adhesives derived
from epoxidized soybean oil and phosphorus-containing dicarboxylic acids. ACS Sustain. Chem. Eng. 2017,
5, 3353–3361. [CrossRef]

http://dx.doi.org/10.1038/nature21001
http://www.ncbi.nlm.nih.gov/pubmed/27974763
http://dx.doi.org/10.1021/bm100839x
http://www.ncbi.nlm.nih.gov/pubmed/20939529
http://dx.doi.org/10.1002/cssc.201000378
http://www.ncbi.nlm.nih.gov/pubmed/21598405
http://dx.doi.org/10.1080/15583724.2011.640443
http://dx.doi.org/10.3390/polym2040440
http://dx.doi.org/10.1016/j.compscitech.2016.07.019
http://dx.doi.org/10.1021/acs.macromol.5b02467
http://dx.doi.org/10.1002/ejlt.200900096
http://dx.doi.org/10.1007/s11746-016-2932-4
http://dx.doi.org/10.1021/bm200188u
http://www.ncbi.nlm.nih.gov/pubmed/21413679
http://dx.doi.org/10.1021/acssuschemeng.6b03201


Polymers 2018, 10, 1236 10 of 11

12. Tenorio-Alfonso, A.; Sánchez, M.C.; Franco, J.M. Preparation, characterization and mechanical properties
of bio-based polyurethane adhesives from isocyanate-functionalized cellulose acetate and castor oil for
bonding wood. Polymers 2017, 9, 132. [CrossRef]

13. Sharmin, E.; Zafar, F.; Akram, D.; Alam, M.; Ahmad, S. Recent advances in vegetable oils based environment
friendly coatings: A review. Ind. Crop. Prod. 2015, 76, 215–229. [CrossRef]

14. Noreen, A.; Zia, K.M.; Zuber, M.; Tabasum, S.; Zahoor, A.F. Bio-based polyurethane: An efficient and
environment friendly coating systems: A review. Prog. Org. Coat. 2016, 91, 25–32. [CrossRef]

15. Gaddam, S.K.; Palanisamy, A. Anionic waterborne polyurethane-imide dispersions from cottonseed oil
based ionic polyol. Ind. Crop. Prod. 2017, 96, 132–139. [CrossRef]
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