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SX358 (not shown) and in PE, as already noted. This suggests that at least some polymers decompose
exothermically under shock loading. The temperature rise due to reaction at constant pressure varies
considerably, from < 1% in epoxy to well over 100% in solid polyurethane. Foam product temperatures
are a good bit higher than that for solid density at the same pressure, and their slope increases with
initial porosity.

Figure 11. Reactant and product temperatures for epoxy (left), CP and CE composites (center), and
both porous and solid-density PMDI polyurethane (right). All reactant curves are black, product curves
are red; only the full-density reactant curve is shown for polyurethane.

An even more difficult quantity to measure is chemical composition, and existing means for
doing so are highly indirect [97]. In addition to it providing a more realistic representation of a
reacting material, one of the advantages of thermochemical modeling is that it provides some physical
basis for predicting this feature. Because they are based purely on thermodynamics, thermochemical
compositions approximate those in the infinite time and bulk matter limits, the applicability of the
former (in particular) to O(μs) experiments being not at all obvious. Figure 12 displays compositions
for full-density polyurethane (left), epoxy (center), and 70% porous polyurethane (right) as functions
of pressure on their Hugoniot. In each case we have excluded some minor constituents never present
at >2% and included others for the sake of consistency in the presentation. Variations in epoxy
composition with increasing pressure are well described by the simple equation

CH4 → C + 2H2, (20)

with water and ammonia serving largely as spectators. Polyurethane compositions show even less
variation as a function of pressure, and the primary difference between full-density and foam results
is the replacement of methane with hydrogen. This is to be expected, in that higher temperatures
(see Figure 11) enhance the role of entropy, which is maximized by increasing moles of fluid. In each of
the three cases—and we find this to be the case in general—the products as a whole are dominated by
solid carbon and water.

Figure 12. Chemical composition of the product mixture along the products Hugoniot of solid PMDI
polyurethane (left), epoxy (center) and 75% porous PMDI polyurethane (right).
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3.3. Porosity and Reaction Thresholds

As described in the previous section, most full-density polymers react at ∼25 GPa on their
principal Hugoniots. However, as described in Section 1.1.3, the amount of P − V work performed on
the material upon loading increases dramatically with initial porosity. This has the effect of reducing
the pressure needed to input a given energy, meaning also that shock heating is much greater at a given
shock pressure. Standard reaction rate laws such as Arrhenius are strongly temperature-dependent, so
perhaps it is not surprising that the pressures needed to observe shock-driven decomposition on the
timescale of dynamic experiments drops dramatically as a function of initial porosity. By calibrating
reactant and product EOS to full-density material, adding a P-α compaction model [8,17,52,98] to
account for porosity in the unreacted material (this involved only one adjustable parameter), and
adjusting the initial density as required to calculate the porous Hugoniots, we were able to clearly
distinguish between reacted and unreacted polyurethane under shock loading [6]. By taking the
threshold for reaction as the midpoint between the lowest-pressure reacted and highest-pressure
unreacted points (and setting the uncertainty accordingly), we estimated this threshold as a function
of initial porosity, as shown in Figure 13. Its value drops by more than an order of magnitude, from
26 GPa at full density to just over 1 GPa at 75% porosity.
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Figure 13. Threshold pressure for shock-driven decomposition of PMDI polyurethane along its
principal Hugoniot, as a function of initial porosity.

3.4. Wave Profiles

One of the great advantages of modern velocimetric diagnostics is their ability to measure wave
profiles. Older diagnostics provided mean wave speeds based on times of arrival, whereas profiles
capture their full temporal evolution including reshock, release, and wave splitting. The last is
particularly helpful for identifying shock-driven chemistry, and dramatic multiwave structures have
been observed in conjunction with decomposition of organic liquids [99].

It was only recently that we reported the first observation of multiwave structure due to chemical
reaction in a polymer, although with structure much less dramatic than that shown in Ref. [99].
Transmission experiments at shock stresses of approximately 30 to 50 GPa were performed on CP
and CE, using the configuration of Figure 7B. Particle velocity profiles measured with VISAR at the
rear CE/LiF windowed interface are shown in Figure 14 (offset arbitrarily in time), where a dashed
line has been used to indicate the average interface particle velocity. The profiles were selected from
shots with input shock stresses ranging from 29.1 to 46.8 GPa. The rounding in the shock front at 29.1
and 34.7 GPa constitutes a form of two-wave structure, as discussed above. Reaction occurred in the
2nd wave, and so its risetime provides the timescale for shock-driven decomposition. At 29.1 GPa,
for example, chemical reactions transformed the composite to higher density products over a period of
roughly 45 ns. The transmitted shock fronts sharpen into single waves above 40 GPa, and rounding
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in the front disappears within the temporal resolution of the VISAR measurement at 46.8 GPa. This
indicates that transformation of the material was complete within the measured risetime of the shock,
∼1 ns as determined by VISAR and PDV. Measured Hugoniot states in the high-pressure regime
(>40 GPa) lie on the products locus. The mixed phase region, in which two waves appeared, extended
over a large pressure range from 25 to 40 GPa.

Figure 14. Transmitted particle velocity wave profiles measured at the windowed sample/LiF interface
in selected top-hat experiments performed on the CE composite. The profiles span pressures from 29.1
to 46.8 GPa. Average interface particle velocities for each experiment are indicated in the Figure by the
dashed lines. (reprinted with permission)

3.5. Reaction Reversibility and Hydrodynamics

Figure 15 depicts epoxy shock data alongside three different EOS drawn from the SESAME
database. SESAME 7602-3 are based upon the SESAME decomposition of Section 2.3.1, whereas 97607
is a thermochemical EOS meant to describe reaction products only, as described in Section 2.3.2. The
cold curves of SESAME 7602-3 (φ of Equation (16)) are based on fits to Hugoniot data: that used to
build 7602 ignores the points in the mixed phase regime (artifacts of recording the arrival of the first
wave only, see Section 1.1.2), whereas that of SESAME 7603 incorporates them and thereby retains
their full structure. This structure propagates to all thermodynamic loci (e.g., isotherms, isentropes,
etc.) until the temperature is high enough that the ionic and electronic contributions (which do not
possess this structure) are together sufficient to mute it.
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Figure 15. Hugoniot data for epoxy taken from Refs. [31,38,100,101], as compared with those calculated
using three different numbered equations of state.

Figure 16 compares results obtained for epoxy in the experimental configuration of Figure 9.
The black lines are averages of PDV 1, 2, 5, and 6, while the colored lines are based on hydrodynamic
simulation using the same pair of SESAME EOS shown in Figure 15. Agreement between theory and
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experiment is good for the peak velocities, as one would expect given that all the EOS are in part
calibrated to Hugoniot data. The point at which the release wave arrives at the interface is largely a
function of the sound speed at pressure in the shocked material, differences that are highlighted in the
insets. Here the thermochemical EOS performs noticeably better, reducing the error in sound speed
from 16% in 7602 and 29% in 7603 to 8% in 97607. The improvement is less for the higher pressure
shot shown on the right, but still clearly discernible. A more curious feature is the obvious multiwave
structure seen in the simulation performed with 7603.

Figure 16. Particle velocity at the sample/window interface in deep-release experiments performed on
epoxy; see Figure 9 for the experimental configuration. The average experimental PDV trace is dotted,
while solid lines are results of hydrodynamic simulation performed with the SESAME EOS indicated
and have the same color correspondence as those in Figure 15.

The origin of this multiwave structure is provided in Figure 17, where release paths have been
included from shocked states above the threshold for reaction. The isentrope from 7603 retains the
structure built into the cold curve, as shown in Figure 15 (right). Relaxation of the pressure back
through this feature leads to wave splitting and thus “back reaction”. Because the products are treated
as an entirely separate material—with a different EOS—no such feature is present in 97607. Similar
results hold for 7602, where the structure due to reaction was not included as part of the cold curve. The
way shock-driven transitions are incorporated into EOS representations can thus have hydrodynamic
consequences, depending on how hard the material is shocked and how long it is simulated.
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Figure 17. Principal Hugoniots and release isentropes (originating from a shocked state above the
threshold for chemical decomposition) as read from SESAME EOS 7603 and 97607. Please note that the
structure built into the cold curve of 7603 (see Figure 15, right) is retained also in the isentrope.
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4. Conclusions

Polymers decompose chemically under shock loading of sufficient strength, which tends to be
up ∼ 2.5–3.5 km/s and P ∼ 20–30 GPa on their principal Hugoniots. The reaction is accompanied
by an increase in density, the extent of which varies widely and correlates at least qualitatively with
initial chain structure and degree of crystallinity. We believe the products of this reaction to be those of
full chemical decomposition (i.e., the polymer “blows apart”) and not additional consolidation of the
original matrix, as in a polymorphic phase transition. The transition manifests itself as a cusp in the
principal Hugoniot (Figure 1A) and as multiwave structure in particle velocity profiles obtained in situ
(Figure 1B) or at interfaces (Figure 14).

Introduction of porosity complicates the picture largely through the significantly higher
temperatures generated in the process of pore collapse. This effect substantially lowers the threshold
pressure and particle velocity for shock-driven decomposition (Figure 13), even by an order of
magnitude in 75% porous PMDI polyurethane. Thermal expansion due to shock heating can be
so considerable that the Hugoniot becomes anomalous in the sense that final volumes actually
increase with increasing input stress (Figure 3C), an effect observed also in metal foams. Detonating
high explosives also expand as they react, but with exothermic heat release sufficient to drive a
self-sustaining wave [54]. While preliminary indications are that some solid polymers do decompose
exothermically (Figure 11), the degree of heat release is insufficient to compensate for the effects of
volume collapse and the criterion for detonation is not satisfied. At high porosities, the data also
exhibit a high degree of scatter, likely due to some combination of “hot spots” from void collapse,
nearly equivalent wave velocities Us ∼ up, and non-equilibrium conditions.

Future Directions

There are several outstanding questions regarding shock-driven compression and dissociation
of polymers and foams. As in the case of high explosives, in situ measurement of the product
composition remains challenging experimentally, and even the best post-mortem studies are now
decades old [18,19]. Our current treatment of carbon (based mostly on graphite shock data [31]) is
particularly crude: as diamond at pressures P � 20 GPa, and as graphite at P � 20 GPa. X-ray-based
methods are promising in their ability to penetrate the optically dense, high-pressure–temperature
product mixture, and we have recently reported the evolution of carbon particle size and morphology
in a detonating explosive in situ [102,103].

New in situ measurements of reactive wave profiles in polysulfone [104] demonstrate strong
temperature-dependence of chemical reaction rates and complex two-wave structures such as those
observed in CP and CE. These wave profiles are being used to calibrate reactive flow models for
polymers, the first of their kind. However, EOS temperatures are unconstrained by experiment and
most reaction rate forms depend exponentially on temperature, so a great deal of uncertainty regarding
the details remains. Many interesting facets of the chemistry—mechanisms, intermediates, even the
number of basic steps—are almost completely unknown. In the absence of such knowledge, there is
little justification for use of anything beyond a single, global Arrhenius reaction rate.

Precise measurement of shock response in foams is also hindered by several sources of
ill-quantified uncertainty. Sample heterogeneity (often of an extreme degree, see Figure 4) and high
shock temperatures (Figure 11) can reduce the quality of velocimetric and embedded gauge data, as
well as that of other diagnostics. Impedance matching to a high impedance impactor or drive plate can
result in errors in particle velocity with measured shock velocities. In addition, it remains the case that
only the initial (first) shock breakout is measured in many experiments, and wave profiles that might
otherwise display temporal evolution are incapable of doing so. Advances in in situ and spatially
resolved diagnostics, such as direct density measurements using proton or X-ray radiography and
multiple point or line imaging velocimetry, offer the potential for reducing these errors.

295



Polymers 2019, 11, 493

Author Contributions: D.M.D. and J.D.C. wrote and edited the work.

Funding: Funding for this work was provided by DOE/NNSA. Los Alamos National Laboratory is operated by
Triad National Security, LLC, for the National Nuclear Security Administration of U.S. Department of Energy
(Contract No. 89233218NCA000001).

Acknowledgments: The authors would like to acknowledge contributions from Katie Maerzke, Rachel Huber,
Jeff Peterson, John Lang, and Anthony Fredenburg. We also thank Stephen Sheffield, E. Bruce Orler (of Virginia
Polytechnic University), Richard (Rick) Gustavsen, Paulo Rigg, Charles Kiyanda, Sam Shaw, and Tinka Gammel
of Los Alamos National Laboratory for valuable technical discussions. Lee Gibson, Brian Bartram, Adam Pacheco,
and Ben Hollowell provided experimental target assembly, and support with firing the gas guns at Chamber 9.
Mark Byers and Steve DiMarino fired the high-performance powder gun.

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

Abbreviations

The following abbreviations are used in this manuscript:
CE cyanate ester
CM Carter and Marsh, the authors of Ref. [36]
CP carbon phenolic
EOS equation(s) of state (singular or plural)
FSI front surface impact
HE high explosives
LANL Los Alamos National Laboratory
LLNL Lawrence Livermore National Laboratory
PDV photon Doppler velocimetry
PE polyethylene
PTFE polytetrafluroethylene
VISAR velocity interferometer system for any reflector
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Abstract: Bio-based polyurethane materials with abundant open-cells have wide applications because
of their biodegradability for addressing the issue of environmental conservation. In this work,
open-cell rigid polyurethane foams (RPUFs) were prepared with bio-based polyols (BBPs) derived
from the liquefaction of peanut shells under different post-processing conditions. The influences
of the neutralization procedure and filtering operation for BBPs on the foaming behaviors, density,
dimensional stability, water absorption, swelling ratio, compressive strength, and microstructure of
RPUFs were investigated intensively. The results revealed that a small amount of sulfuric acid in the
polyols exhibited a great impact on physical and chemical properties of RPUFs while the filtering
operation for those polyols had a slight effect on the above properties. The RPUFs prepared from
neutralized BBPs possessed higher water absorption, preferable dimensional stability and compression
strength than that fabricated from the non-neutralized BBPs. Moreover, the prepared RPUFs exhibited
preferable water absorption of 636–777%, dimensional stability of <0.5%, compressive strength of
>200 KPa, lower swelling rate of ca. 1%, as well as uniform cell structure with superior open-cell rate,
implying potential applications in floral foam.

Keywords: rigid polyurethane foams; bio-based polyols; peanut shell; floral foam

1. Introduction

Rigid polyurethane foams (RPUFs) are extensively used in numerous engineering applications,
such as building and tank thermal insulation, structural support material, and composite wood
due to their light weight, considerable specific strength, and superior heat insulation, etc. [1–3].
The major components for synthesizing RPUFs are isocyanate and polyols obtained basically from
the petroleum industry. Due to the fast consumption of fossil oil reservoirs and environmental
conservation, it is necessary to explore renewable feedstocks to substitute petroleum-based polyols
for RPUFs production [4–6]. Biomass resources could make great contributions to the polyurethane
industry development, because they are widely available, renewable and CO2-neutral feedstocks for
the subsequent applications, especially in the preparation of RPUFs [7–11].

Generally, vegetable oils [4,8,12–22] and plant fibers [23–29] contain abundant hydroxyl groups
or double bonds, which require chemical modification or liquefaction to generate bio-based polyols
(BBPs) with proper hydroxyl numbers [10,11]. BBPs with hydroxyl numbers in the range of 200–550 mg
KOH·g−1 would be suitable alternatives to replace the petroleum-based polyols for RPUFs synthesis [30].
As previously reported, foams prepared from BBPs could be used in thermal insulating materials
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with properties comparable to those of commercial products [8,11]. Agricultural residues such as
crop straws and hulls, containing abundant polysaccharide and lignin with ample phenolic hydroxyl
groups, are valuable biomass resources, which could be effectively converted into BBPs, as reported
previously [31,32].

RPUFs are usually closed-cell foams due to the usage of low boiling point substance as foaming
agents, resulting in the tightly reticular air barrier, low moisture vapor permeability and resistance to
water. Therefore, closed-cell RPUFs have excellent thermal insulating properties and can be used for
building thermal insulation materials [14,15,33]. However, in several new application areas, such as
floral foam and noise reduction materials, RPUFs with high open-cells are required with properties
of high water absorption [34] or sound absorption [35]. In the present studies, RPUFs with open-cell
structure have rarely been reported. Typically, open-cell RPUFs can be synthesized by utilizing
cell-opening agents, such as 1-butanol or the lithium salt of 12-hydroxystearic acid (Li-12HSA) [36].

This study was to synthesize the open-cell and bio-based RPUFs by using the liquefied products
of peanut shell (defined as bio-based polyols, BBPs) as one of the dominant raw materials, where
the BBPs were treated with four post-processing conditions. The effects of different post-processing
conditions on the physical and mechanical properties, as well as the cell morphology of open-cell
RPUFs have been intensively assessed.

2. Experimental

2.1. Materials

The liquefaction process of peanut shells for the preparation of BBPs could be found in previous
report [31]. The properties of four BBPs are listed in Table 1, where A, B, C, and D stand, respectively, for
the liquefied products of peanut shells filtered through a Buchner funnel with the filter paper (pore size:
30–50μm) to remove residue (1.3 wt% relative to the original peanut shell) that cannot be liquefied by the
solvents and neutralized with sodium hydroxide, the sample unfiltered and neutralized with sodium
hydroxide, the sample filtered and non-neutralized, and the sample unfiltered and non-neutralized.
Polymeric methylene-4,4′-diphenyl diisocyanate (PM-200) was obtained from Wanhua Chemical Group
Co., Ltd. Triethylene diamine (A-33), stannous octoate (T-9) and silicone-based surfactant (L-580) were
produced by Air Products & Chemicals, Inc. (Allentown, PA, USA).

Table 1. Properties of bio-based polyols.

Sample
OH Number,
mgKOH·g−1

Acid Number,
mgKOH·g−1

Viscosity(25◦C),
mPa·s Color

A 451.9 1.0 47 black
B 473.3 1.0 143 black
C 451.9 8.9 47 black
D 473.3 8.9 143 black

2.2. Preparation of Open-Cell RPUFs

The open-cell RPUFs were synthesized through a one-step method. The content of all the additives
was a relative mass ratio to the BBPs. Firstly, the BBPs (100 wt %), blowing agent (distilled water, 2
wt%), L-580 (2–3 wt %) and complex catalysts (A-33 of 0.75–1.00 wt % and T-9 of 0.3–0.4 wt %) were
fully blended in a 500 mL plastic beaker with stirring (800 rpm) for one minute. Then the pre-weighted
PM-200 (where NCO index was 1.00–1.05 and the isocyanate content was calculated in our previous
study [37]) was poured into the beaker rapidly under continuous stirring of another 90–120 s. Finally,
the homogeneous mixture rose freely and then was cured at room temperature for 24 h before taking it
out of the plastic beaker. The samples were kept at ambient temperature for at least three days before
their properties were measured. The RPUFs from BBPs A, B, C and D were defined respectively as
RPUF-A, RPUF-B, RPUF-C and RPUF-D.
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2.3. Characterization and Property Testing of RPUFs

The gel time and free rise time of RPUFs were tested according to the standard “cup-test” in ASTM
D7487-13E1 using a digital timer. Each test was conducted repeatedly at least five times for minimizing
experimental error. The inner temperature of RPUF was measured by inserting the thermometer into
the mixture during the foaming process to record the maximum value of the temperature. The density
of RPUF was measured according to GBT 6343-2009. Prior to the test, the samples with the size of 50
mm × 50 mm × 50 mm were kept at the temperature of 25 ◦C and relative humidity of 50% for at least
16 h. Dimensional stability of RPUFs was measured in accordance with GBT 8811-2008 over the foams
with the size of 100 mm × 100 mm × 25 mm as the temperature was −25 ◦C and 85 ◦C, respectively.
The compressive strength test of RPUFs (50 mm × 50 mm× 50 mm) was carried out according to GB
T 8813–2008 using an electronic universal testing machine (H10KS, Hounsfield, England) under the
loading speed of 5 mm·min−1. The water absorption and swelling ratio in the water of RPUFs (150
mm × 150 mm × 50 mm) were tested based on method A and method B in GBT 8810–2005 under the
temperature of 25 ◦C and relative humidity of 50%. The porosity and cell microstructure of RPUFs
were observed using a cold-field emission scanning electron microscope (S-4800, Hitachi) with the
cross-section sampling to the foam growth direction after coating with gold.

3. Results and Discussion

3.1. Foaming Behaviors

The reactions of isocyanate with water and polyols are intense exothermic processes. The carbon
dioxide generated from the blowing reaction between the isocyanate and water would act as foaming
gas to expand bubbles. Meanwhile, the backbone of the urethane group is formed from the gelling
reaction between isocyanate and polyols with different molecular weight as shown in Figure 1.

 

Figure 1. Gelling reaction between the isocyanate and polyols.

The gel time and the free rise time were recorded during the foaming process and listed in Table 2.
It can be found that the gel time and free rise time of RPUF-A and -B could be dramatically reduced
in comparison with that of the RPUF-C and -D due to the use of the BBPs neutralized with sodium
hydroxide, indicating the great influence of neutralization procedure of BBPs on the synthesis of the
RPUFs. For instance, using the filtered BBPs, the gel time and free rise time significantly increased
from 24 and 39 s for RPUF-A to 449 and 578 s for RPUF-C, respectively. Moreover, the filtration
process of BBPs had a slight effect on both the gel time and free rise time of foams, illustrating that
the preparation of BBPs without filtration process could save the time as well as the cost of the final
RPUFs. The foaming variation with the elevated free rise time for RPUF-B (Figure 2) and RPUF-D
(Figure 3) further clearly verified that the free rise time of foam prepared from neutralized polyols was
substantially shortened. The alkaline amine catalyst A-33 could fully exhibit its catalytic performance
for promoting the reaction of isocyanate and water to generate carbon dioxide during the foaming
process due to the removal of sulfuric acid through the neutralization procedure.
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Table 2. The gel time and free rise time of the foaming process in different reaction conditions.

Samples Gel Time, s Free Rise Time, s

RPUF-A 24 39
RPUF-B 28 41
RPUF-C 449 578
RPUF-D 480 593

 

Figure 2. Foaming process of RPUF-B prepared from unfiltered bio-based polyols (BBPs) with
neutralization by sodium hydroxide.

 

Figure 3. Foaming process of RPUF-D prepared from unfiltered BBPs without neutralization by
sodium hydroxide.

Figure 4 shows the inner temperature variation trend of RPUF-B and RPUF-D during the foaming
process. It could be seen that the inner temperature of the two samples increased with respect to the
test time. The inner temperature of RPUF-B reached the maximum value of 136 ◦C after 386 s, which
is relatively higher and faster than that (103 ◦C after 625 s) of RPUF-D. The presence of sulfuric acid
in the BBPs without neutralization would react with alkaline amine catalyst A-33 to slow down the
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reaction between the isocyanate and water during the preparation of RPUF-D, resulting in the mild
exothermic process, thus the relatively low inner temperature. This is consistent with the observation
of Figures 2 and 3. Therefore, the neutralization procedure could be necessary to prepare the BBPs for
the subsequent RPUFs synthesis. It was also found that the initial temperature of foaming mixture had
an obvious effect on the inner temperature during the foaming process (Figure 5), illuminating that
the high initial temperature of foaming mixture can accelerate the reaction rate to shorten the overall
reaction time.

Figure 4. Inner temperature variation of foams prepared from unfiltered BBPs with (RPUF-B) and
without (RPUF-D) neutralization by sodium hydroxide.

Figure 5. Inner temperature variation during the foaming process under different initial temperatures
of the foaming mixture.
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3.2. Apparent Density

The apparent density of RPUFs is presented in Figure 6. It can be found that the apparent
density of all RPUFs was in the range of 75–90 Kg·m−3, suggesting the formation of the dense structure.
Furthermore, the apparent density of RPUF-A and B was higher than that of RPUF-C and D, respectively.
The relatively high inner temperature of the RPUF-A and B would facilitate the formation of the
framework of the urethane group in the stage of the gel reaction between the BBPs and isocyanate,
resulting in the high apparent density of the prepared RPUFs. Thus, the remaining sulfuric acid in the
BBPs exhibited a certain impact on the properties of the final RPUFs and should be removed by the
neutralization with sodium hydroxide.

 
Figure 6. The apparent density of prepared RPUFs.

3.3. Dimensional Stability and Water Absorption

The dimensional stability of RPUFs under different temperature is listed in Table 3. As expected,
the dimensional changes of RPUFs under low temperature and thermal treatment were unregulated
and negligible (−0.07% to 0.50%), indicating that the prepared RPUFs is favorable for the practical
engineering application in the wide range of temperature.

Table 3. Dimensional stability of RPUFs at different temperature.

Samples
−25 ◦C 85 ◦C

Length, % Width, % Height, % Length, % Width, % Height, %

RPUF-A −0.13 −0.07 −0.03 0.02 0.08 0.07
RPUF-B −0.12 −0.05 −0.16 0.13 0.26 0.18
RPUF-C −0.35 −0.07 −0.15 0.07 0.50 0.15
RPUF-D −0.34 −0.10 −0.27 0.06 0.27 0.20

Water absorption is usually associated with the open-cell ratio and density. As shown in previous
work on the RPUF from rapeseed oil polyol with a high content of closed cells, the water absorption
foams are less than 10% [16]. However, as listed in Table 4, the four prepared RPUFs in this study
possessed substantially higher water absorption (636%–777%) as well as the extremely low swelling
ratios (around 1%), implying the high open-cell ratio and density of prepared RPUFs. The RPUFs with
the properties of high water absorption, low swelling ratio, and suitable density are favorable for the
application of floral foam [38].

306



Polymers 2019, 11, 1392

Table 4. Water absorption and swelling ratio of RPUF in different compositions.

Samples Water Absorption, % Swelling Ratio, %

RPUF-A 687 1.06
RPUF-B 777 1.05
RPUF-C 636 1.09
RPUF-D 678 1.03

3.4. Mechanical Properties

The mechanical properties of prepared RPUFs were evaluated by compressive strength test and
the results are illustrated in Figure 7 and Table 5. The compressive strength of foams prepared from
the neutralized BBPs (RPUF-A and B) was substantially higher than that of RPUF-C and D, indicating
that the neutralization process of the BBPs would significantly influence the compressive strength of
the subsequent RPUFs. Moreover, the unfiltered BBPs containing few residues can strengthen the
mechanical strength of the RPUFs, resulting in the higher compressive strength of the foams derived
from the unfiltered BBPs in comparison with foams from filtered BBPs. Typically, the compressive
strength of RPUF-B was obviously higher than that of RPUF-A. The mechanical test results are also in
accordance with the density results (Figure 6); that is, the foam with high density also exhibited the
superior mechanical strength. Except for density, the compressive strength of RPUFs is also relative
to the cell size and shape of the final foams. The RPUFs with regular cell shape and uniform cell
size usually possessed high compressive strength [34,39]. This can be proved by the morphology
investigation in the following discussion. Furthermore, the compressive strength of prepared RPUFs
in this work is superior in comparison with the foams from others’ work [16,26].

Figure 7. Stress-strain curves of the prepared RPUFs for the determination of the compressive strength.

Table 5. Mechanical properties of RPUFs.

Samples
Maximum
Pressure, N

Compression
Strength, KPa

Stress-Strain

10%, KPa 20%, KPa 25%, KPa

RPUF-A 63.4 248.5 221.9 278.6 307.5
RPUF-B 89.5 350.7 326.4 337.7 349.6
RPUF-C 51.0 200.1 171.4 189.0 197.9
RPUF-D 59.2 231.7 204.4 215.1 218.3
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3.5. Cell Morphology

SEM images (Figure 8) of prepared RPUFs reveal that the foam cells have a regular shape and
uniform size, indicating the isotropic growth of the bubble during the foaming process. This result also
verified the conclusion from the analysis of the compressive strength test. Furthermore, the cells are
approximately hexagonal and completely opened. In the foaming process, the slow-gelling reaction
rate allowed the bubbles to easily escape from the matrix before it forms the firm struts. Finally, an
equilibrium was reached between the gelation and blowing reaction, leading to the formation of RPUFs
with uniform cell size. The superior performance of the prepared RPUFs enable them to be potentially
used as floral foam.

 
Figure 8. SEM images of the prepared RPUFs.

4. Conclusions

The bio-based rigid polyurethane foams (RPUFs) with high open-cell ratio were successfully
prepared with bio-based polyols (BBPs) derived from the liquefaction of peanut shells under different
post-processing conditions. Compared to the filtration post-processing of BBPs, the neutralization of
BBPs with sodium hydroxide would significantly influence the properties of the final foams due to
the elimination of the small amount of sulfuric acid, which could slow down the reaction between
the isocyanate and water during the preparation of RPUFs. The RPUFs prepared from neutralized
BBPs exhibited the suitable density, superior compressive strength, especially high water absorption of
636%–777% and low swelling ratio of ca. 1% as well as uniform cell structure with high open-cell rate.
These properties of the obtained RPUFs are favorable for application as a floral foam.
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