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Abstract

Nanocellulose is explored as an eco-friendly cell modifier and reinforcer for

improving the thermal insulation and mechanical performance of rigid

polyurethane foam (RPUF). In this study, we report on a promising method

for achieving ‘solvent-free' dispersion of cellulose nanocrystals (CNCs) into

polyether polyol for the production of RPUF. This was achieved through wet

grinding of CNC powder in polyol in an agitator bead mill and the dispersion

of CNCs in polyol was superior to classical ultrasonication. While the improve-

ments (reduction) in thermal conductivity, due to the nucleation effect of

CNCs, in the RPUF from the milling method is comparable to that from the

ultrasonication method, it should be noted that it was achieved despite of a

reduction in closed cell content (�80%) and at a similar average cell size. This

effect has been attributed to either superior dispersion quality of the milling

method and/or involvement of a zirconium impurity within the CNC-RPUF.

Research Highlights

• Enhanced properties of polyurethane foam using well-dispersed nanocellulose.

• Superior dispersion of nanocellulose in polyol using agitator bead mill.

• Involvement of zirconium for tuning microstructure of polyurethane foam.
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1 | INTRODUCTION

Cellulose, the most plentiful source of biopolymer, is found
in both plant and non-plant sources such as algae, tunicate
(a family of sea animals) and bacteria. Cotton is the main
commercial source of cellulose because it provides a high
yield with minimal purification.1 There is growing interest
in nanocellulose as a “building block” and depending on
the sources and processing method; nanocellulose can be
produced in the form of rod-shaped nanocrystals, long-
entangled nanofibrils and sphere-like nanocrystals.2,3

Rod-shaped cellulose nanocrystals (CNCs) have been
the subject of a broad array of research interest as prom-
ising reinforcing fillers. The excellent physical properties
of the individual CNC, combined with easy surface modi-
fication plus lightweight, providing the primary interest.
The secondary factor is the abundant availability from
sustainable biologically renewable sources. The inter and
intra- molecular hydrogen bonding of hydroxyl groups
on the CNCs enhances the mechanical properties and
chemical stability of CNC reinforced polymers.4,5

Rigid polyurethane foam (RPUF) has been used as an
insulation material for many years, nevertheless, there
remains a commercial interest in improving the thermal
insulation and mechanical performance. The presence of
CNCs in RPUF, as a reinforcing nanofiller, have shown
enhanced performance in mechanical6,7 and thermal
insulation properties8,9 of RPUF. In the later studies, it

was found that the thermal conductivity decreased up to
a loading of 0.4 wt% At this loading level, the compres-
sive mechanical properties were also improved perpen-
dicular to the direction of foam rise.10,11 However, above
that loading the CNCs flocculated (re-agglomerated) and
interfered with the foam cell formation adversely affect-
ing the thermal conductivity.

Tuning the microstructure (cell size and closed cell
content) of RPUF through the selection of optimum con-
centration of the filler and the efficient dispersion of the
filler into the RPUF composites12 is one of the most effec-
tive means to control the physio-mechanical properties of
RPUF. While the most common solvent free methods
for dispersing nanoparticles into RPUF precursors
(pMDI, polyol or blowing agent) are ultra-sonication13,14

simple high shear stirring15,16 and microwave irradia-
tion17,18 it is worth noting that wet-grinding or milling
with balls (low speed mixing, bead size above 10 mm) or
beads (high speed agitation, bead size below 5 mm) can
also be a promising approach for this purpose.

Agitator bead mill (ABM) is known for efficient
nanonization of highly agglomerated particles.19 As
shown in Figure 1 ABM operates via dynamic impact
mechanisms (head-on, oblique and multi-ball impact)
to effectively fragment the particles.20 When the mill
operates, the centrifugal force is induced in the mill
which rotates the balls around the mill wall. The parti-
cles collide, are trapped and forced between the moving

FIGURE 1 Schematic representation of the

dispersion of cellulose nanocrystals (CNCs) into

polyol via agitator bead mill.
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balls which results in breaking and fragmentation of
agglomerated particles.20,21 While studies have been
done on the use of ABM to reduce the size of microcellu-
lose22,23 and cellulose nanomaterials24,25 to the best of our
knowledge no study has looked at ABM to disperse nano-
sized cellulose into polyether polyols for the production of
RPUF. However, one study from our group has reported
the use of ABM to disperse nanocellulose into
poly(tetramethylene glycol) for the production of thermo-
plastic polyurethane.26

Herein, the objective of this research was to investigate
the use of ABM in comparison to our earlier paper10 using
ultrasonication, to provide more efficient dispersion of
CNCs in polyol, to improve the thermal insulating proper-
ties of RPUF without compromising the compressive
mechanical properties or increasing the RPUF density.
The rheology properties of the polyol dispersions and final
properties of the RPUF were thoroughly studied to provide
a comprehensive understanding about the impact of the
milling, and identified interaction between the polyol and
zirconium impurities from the zirconium oxide beads used
in the ABM process, on the polyurethane matrix micro-
structure (cell size and closed cell content).

2 | EXPERIMENTAL

2.1 | Materials

Voranol 446® was tested as supplied at Huntsman
Australia Pty Ltd according to ASTM D4274 and the
hydroxyl value and water content found to be
456 mgKOH/g and 0.2%, respectively. Polymeric methylene
diphenyl diisocyanate (pMDI), DMCHA (dimethylcyclohex-
ylamine), Tegostab 8460®, HFC M1, sulfuric acid (98 wt %)
and Whatman filter paper no 1 were used as received.

2.2 | Preparation of CNC dispersions in
polyol via ABM

CNCs were prepared from cotton (Whatman filter paper
no. 1) by our protocol based on sulfuric acid hydrolysis.27

The rod-shaped CNCs were obtained with a yield of up to
75% and an aspect ratio of 11.3 ± 3.2 (average width of
15.7 ± 4.9 nm and length of 169.3 ± 48.6 nm). A Netzsch
ABM, Zeta@Type LMZ 10, was employed to incorporate
CNCs into the polyol. The polyol with 0.4wt% CNCs was

TABLE 1 Process parameter of agitator bead mill and formulation of rigid polyurethane foam (RPUF).

Process parameter of ABM

Parameter Loading (g) Mill speed (rpm) Pump speed (rpm) ZrO2 beads (mm) Bead loading (L) T (�C) t (h)

Setting 1200 1500 14 0.4 0.4 35 2.5

Formulation of RPUF

Formulations F0 FM FC4M FU FC4U

Part B: Polyol blend (pphp)

Voranol 446 100 100 100 100 100

CNC (% wt) 0 0 0.4 0.4 0.4

Tegostab 8460 2 2 2 2 2

Water 1.5 1.5 1.5 1.5 1.5

HFC M1 30 30 30 30 30

Catalyst

DMCHA 1 1 1 1 1

Part A: pMDI

Nominal index 110 110 110 110 110

Processing None ABM ABM Ultrasonic Ultrasonic

Reactivity (±2 s)

Cream time 40 36 35 40 37

Gelling time 248 239 231 248 226

Free rise time 362 342 339 358 341

Tack free time 656 601 593 655 650

Apparent core density (kg/m3) 37.4 ± 0.8 37.5 ± 0.8 37.2 ± 0.7 37.3 ± 0 37.6 ± 0.8
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designated as VC4M. The process parameters are summa-
rized in Table 1. After milling the polyol dispersion was
dried in a thin/wiped film evaporator (VTA, Verfahren-
stechnische Anlagen GmbH & Co. KG, Germany) to a
water content of less than 100 ppm.

2.3 | Preparation of rigid
polyurethane foam

The CNC polyol dispersions were mixed with other chemi-
cals (according to the formulations in Table 1) to afford a
homogenous Part B. The Part B was then blended with
pMDI (Part A) at an index of 110 and was directly trans-
ferred into a preheated (50�C) aluminum mold and
securely covered with the lid. After 24 h, the foam was
removed from the mold and left for a further 1 week for
post-cure before further characterization. RPUF was also
prepared without CNCs under milling treatment (FM) and
without milling treatment (control foam F0) to investigate
the effect of dispersing method on RPUF properties. The
data for the formulation prepared by ultrasonication neat
foam (FU) and nanocomposite foam containing 0.4 wt%
CNCs (FC4U) was adapted from our previous publication.10

2.4 | Analysis of CNC polyol dispersions

The effect of different processing conditions on the quality
of the CNC dispersion in polyol was investigated using
light microscopy, visual observation of storage stability over
6 months and by measuring the viscosity of the CNC polyol
dispersions on a AR-G2 rheometer under isothermal condi-
tions at 25�C and a shear rate sweep from 0.1 to 100 s�1.

The effect of different processing methods (ultrasoni-
cation and ABM) on the polyol structure was investigated
using FTIR, 1H-NMR and matrix-assisted laser desorp-
tion/ionization–time of flight (MALDI–TOF). The
1H-NMR spectra of polyol was recorded on an AV3400
NMR spectrometer at a concentration of 6 mg of the
sample in 600 μL of deuterated chloroform (CDCl3). The
distribution of the molecular weight of polyol before and
after processing treatment was analyzed by MALDI-TOF
by applying 1 μL of the specimen to the MALDI-TOF tar-
get plate, followed by 1 μL of 2,5-dihydroxybenzoic acid
(DHB) matrix (saturated solution in 50% acetoni-
trile/0.1% formic acid). Samples were analyzed in reflec-
tion mode across 400–3000 m/z. An external calibration
was performed using the ABSciex 6-peptide mix, and a
minimum of 1000 shots acquired for each sample on
a Bruker Autoflex III MALDI-TOF/TOF mass spectrome-
ter. ATR-FTIR spectroscopy was conducted on a Thermo-
Nicolet 5700 (Waltham, USA) at a resolution of 4 cm�1

and the wavenumber range of 500–4000 cm�1.

ICP-OES was used to measure the zirconia content in
polyol and foam samples. Samples were digested using
nitric acid and analyzed using a Varian Vista Pro ICP-
OES instrument.

2.5 | Analysis of RPUF properties

ATR-FTIR spectroscopy was also performed on RPUF,
similar to the CNC polyol, using a Thermo-Nicolet 5700
(Waltham, USA).

Scanning electron microscopy analysis using a
Neoscope JCM-5000 (JEOL 1011, Japan) operating at
10 kV was used to study the surface morphology of the
RPUF. Cell size was measured using ImageJ software at a
minimum of 25 measurements to calculate the average
value and the standard deviation. Closed cell content of
the RPUF was measured at Huntsman Australia Pty Ltd
using an air pycnometer according to ASTM D2856.

Five rectangular specimens (51 mm in length and
width and 40 mm thick) were prepared for analysis of
mechanical properties using an Instron 5584 equipped
with a 5 kN load cell under compression mode according
to ASTM D1621-10.

Dynamic Mechanical Analysis (DMA) was conducted
on cylindrical specimens (diameter of 10 mm) in com-
pression mode using simultaneous differential thermal
analysis (SDTA) on a Mettler Toledo 861e at a frequency
of 1 Hz and a heating rate of 2�C/ min between
20 and 250�C.

Rectangular specimens with dimensions of 200 mm �
200 mm � 25 mm were prepared for thermal conductiv-
ity (λ) analysis using a heat flow meter (FOX200, Laser-
Comp, USA) equipped with a cooling unit (Huber)
according to ASTM C518-10. The specimens were placed
between the upper plate at 10�C and the bottom plate
at 35�C.

Dimensional stability of foam specimens (100 mm �
100 mm � 5 mm blocks) was performed at 70 ± 2
and � 73 ± 3�C according to ASTM D 2126-09. The % lin-
ear changes were obtained by measuring the dimensions
using digital calipers over a period of time up to14 days.

3 | RESULTS AND DISCUSSION

3.1 | Data analysis of CNC polyol
dispersions

3.1.1 | Storage stability of CNC polyol
dispersion

In the commercial production of RPUF the viscosity of
the polyol blend (Part B) component must be low
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enough to allow efficient mixing with the pMDI using
only a high shear mixer and preferably to be stable
(no phase separation) over time. As the viscosity of the
polyol blend depends on the viscosity of the base polyol,
the degree of dispersion28 of the nano-filler and the
nano-filler loading level, there is a balance that needs to
be achieved between these three parameters. The physi-
cal dispersions of CNCs in polyol were monitored for a
period of 6 months (Figure 2A). Neat polyol, subjected
to ultrasonication (VU), was indistinguishable to the
control polyol (V0), but the polyol processed by ABM
(VM) was cloudy.

The difference was postulated as the result of contam-
ination by the zirconia beads from the milling process
forming a zirconia-polyol gel which was stable for the
duration of the study. Zirconium was detected at
21 mg/kg in sample VM, as measured by ICP-OES. The
precedence for formation of zirconia-polyol gel is consis-
tent with the use of block poly(ethyleneoxide)-poly(pro-
pyleneoxide)-poly(ethyleneoxide) polyether polyols as a

stabilizer for making nano-zirconia.29 It is also consistent
with the following facts.

First, while the dispersion of CNCs in polyol
processed by ultrasonication (VC4U) gradually phase
separated over a timeframe of between 3 and
5 months, the polyol-CNC dispersion obtained
through the milling method (VC4M) was visually sta-
ble. Photo-microscopy (Figure 2B) also confirmed the
better dispersion quality of the ABM process compared
to the ultrasonication process, showing much smaller
CNC agglomerates.

Second, hydroxypropylcellulose is used as a stabilizer
to prevent agglomeration of nanozirconia (by forming a
covalently bound ligand) prepared by the sol–gel
process.30 Third, zirconium compounds are known as
inorganic crosslinkers with reactive groups on polymers.31

Possible interactions of zirconia with polyol or other
polymers containing hydroxyl groups is depicted in
Figure 3. Zirconia has a very high affinity for oxyanions
and hydroxyl groups, such as the hydroxyl groups on

FIGURE 2 (A) Storage stability of CNC polyol dispersions and (B) microscopic images of CNC polyol dispersions: neat treated ABM

polyol (VM); CNC-polyol via ABM (VC4M); CNC-polyol dispersion via ultrasonication (VC4U).
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CNCs and polyol, to give strong adsorption.32 Fourth, the
preparation of zirconium impregnated CNCs has been
previously reported.33 Finally, zirconium was detected at
19 mg/kg in sample VC4M.

3.1.2 | Rheology studies of CNC polyol
dispersion

According to Harikrishnan et al.34 independence of the
storage modulus from the frequency sweep during
rheology testing is evidence for the presence of a highly
cross-linked 3D gel network. Obviously, such an effect
will be very evident above the percolation network
threshold.28 In this case, due to the low level of zirconia
contamination, the gel structure formed was weak
(Figure 4A) as reflected by higher loss modulus (G") for
all the polyol samples compared to that of storage modu-
lus (G') which implies there was only a weak network
between individual molecules in polyol samples. How-
ever, the plateau of storage modulus curve at low fre-
quency was more apparent and smoother with the milled
samples (VM and VC4M) compared to the ultrasonicated
polyol samples (VU and VC4U) and this was considered to
be evidence of viscoelastic behavior35 due to the presence
of a zirconia-polyol (VM) and/or zirconia-CNC (VC4M)
3D gel.

Another way to confirm the quality of a nano-particle
dispersion is by investigating the independency of viscos-
ity values towards shear rate. Figure 4B shows the
viscosity of the base polyol (V0) and the polyol containing
CNCs using the different processing methods. In regards
to polyol samples containing CNCs by ultrasonication the
viscosity of VC4U was only slightly higher than the base
polyol at low shear rate but approached that of the
base polyol at higher shear rate. This behavior was analo-
gous to a rheology study of CNC in castor oil polyol36

and supported by phase separation and CNC agglomera-
tion observed in this study in the macroscopic analysis
(Figure 2).

In contrast the milled sample VC4M was signifi-
cantly higher in viscosity and was also strongly shear

thinning. We interpreted this pronounced viscosity
increase as evidence for exfoliation of the CNCs in
polyol analogous to the work of Harikrishnan et al,28

who reported such behavior as evidence for exfoliation
of nanoclay in polyol.

3.1.3 | Chemical and molecular structure
changes of polyol upon ABM process

In regards to polyol samples without CNCs, VM shows
similar viscosity to V0 at low shear rate but slightly
decreased viscosity at higher shear rate. It has been
reported that ABM can have deleterious effects on poly-
mers such as polyisoprene, poly (methyl methacrylate),
and poly(ethylene-alt-polypropylene),37 that can affect the
viscosity of the polymer after treatment. Hence, the effect
of ABM on the polyether polyol (Voranol™ 446) chemical
and molecular structure was further examined by using
FTIR, 1H-NMR and MALDI–TOF as shown in Figure S1.

FIGURE 4 Comparison of rheological properties of polyol/

cellulose nanocrystal dispersion under agitator bead mill and

ultrasonication; (A) storage modulus (G0) and loss modulus (G00) (B)
viscosity.

FIGURE 3 Possible interactions of a polymer containing

hydroxyl groups with zirconia.
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Based on these analyses, there was no evidence of any
significant chemical and molecular distribution change
detected after ABM. Further, the facts that hydroxyl
values of the polyether polyol, before and after ABM were
determined to be 456 and 457 KOH/g, respectively, and
the statistically insignificant difference (α = 0.05)
between the viscosity of polyether polyol before (V0) and
after ABM treatment (VM) (Figure 4B) also supports the
conclusion that no significant change in chemical struc-
ture occurred.

3.2 | Properties of RPUF

3.2.1 | The chemical interaction of CNCs
with RPUF

Figure 5A shows the infrared spectra of the RPUF samples.
All of which shows the typical urethane peaks at 3320 and
1510 cm �1 (stretching and bending modes of the N-H
group), 1704 cm�1 (stretching vibration of urethane car-
bonyl OC O), 1220 cm�1 (O CO vibration) and
1060 cm�1 (C O vibration). In principle, the chemical

interaction between CNCs and the RPUF matrix can be
estimated qualitatively7 from the reduction in intensity of
the OH stretching and NH vibration signal at 3500 cm�1

normalized to the carbonyl group at 1710 cm�1 (Figure 5B).
Unfortunately, it would appear that the trace zirconia in

the milled samples interferes with the IR analysis because
the milled sample FM exhibits a significant reduction of the
ratio of the hydroxyl peak to the carbonyl group, compared
to the same ratio for the ultrasonicated sample FU, presum-
ably due to the high affinity of zirconia for hydroxyl
groups.32 Therefore, although the dispersion of CNCs into
polyol by milling (VC4M) was clearly better than by ultraso-
nication (VC4U), it is difficult to judge the difference in the
level of cross-linking between the FC4U and FC4M samples
by this IR methodology.

Nevertheless, whatever the difference on the level of the
cross-linking between samples VC4M and VC4U, it is
assumed that the absolute levels of cross-linking are small
which would be consistent with the following facts. First,
it has been estimated that the number of accessible OH
groups available at the surface is only one-third of the OH
groups in the cellulosic chain.38 Second, these accessible
OH groups on the surface of CNCs are further reduced by

FIGURE 5 (A) Fourier transform infrared spectroscopy –
attenuated total reflectance (FTIR-ATR) of rigid polyurethane foam

(RPUF) and (B) FTIR-ATR spectra after normalization to the

carbonyl group at 1710 cm�1.

FIGURE 6 Scanning electron microscopy of rigid

polyurethane foam for (A) parallel to the foam rise ("rise) and
(B) perpendicular to the foam rise (ʘrise) direction.
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 15480569, 2023, 12, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.27743 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [10/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



conversion to sulfonic acid groups during the acid hydrolysis
process.39,40 Third, the overall number of hydroxyl groups at
the CNC surface that can react with isocyanates is restrained
by the level of accessible OH groups and estimated at only
around 5% in the case with n-octyldecylisocyanate.41

3.2.2 | Structural morphology of RPUF

The structural morphology of the RPUF, parallel and per-
pendicular to foam rise, was predominantly a polygon
closed cell structure (Figure 6). The average foam cell size
of the RPUF, at about 523 ± 140 μm, was measured using
ImageJ software and there was no significant difference
between the neat RPUF (F0 and FM) and the nanocompo-
site RPUF (FC4M) containing 0.4 wt% of CNCs for all the
samples both parallel and perpendicular to foam rise
direction, including no statistically significant (α = 0.05)
anisotropic behavior.

The insignificant difference in the morphology
between the control foam (F0) and milled neat RPUF
(FM) was in good agreement with the previous results
that there were no chemical changes in the polyol before
and after ABM (V0 and VM respectively). In the case of
the milled RPUF nanocomposite (FC4M), the presence

of zirconium-polyol-CNC gel clearly prevented the CNCs
from acting as a nucleating agent.

3.2.3 | Dynamic mechanical analysis data

DMA is a sensitive method to understand the molecular
movement of materials in response to stress, temperature,
and other variables in a cyclic manner. Figure 7 shows the
storage modulus (E') and loss peak (tan δ) of all the RPUF
samples at temperature dependencies.

Wu et al.,42 has reported that for an RPUF, the Tg

reflects the rigidity of the polymer matrix. Thus, the
higher the cross-link density, or the higher the aromatic-
ity level of the RPUF, the higher the Tg. The crosslink
density can be increased through either an increase in
the functionality of the polyols used or the index of
the pMDI. In regard to the milled sample, it is more com-
plex due to the potential for alternative competitive
hydrogen bonding. In addition to the competition
between polymer-CNC and CNC-CNC hydrogen bonding
(agglomeration) there is an option for zirconia-polyol
interactions and zirconia-CNC interactions. The zirconia-
polyol interaction and the zirconia-CNC interaction has
been previously discussed. In the case of FM and FC4M,

FIGURE 7 Storage modulus and tan δ of

rigid polyurethane foam.
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there is a slight reduction in the Tg compared to the base
formulation F0 (Figure 7 and Table 2) and it was postu-
lated that the zirconia-polyol (FM) and/or zirconia-CNC
(FC4M) interaction interfered with the normal hydrogen
bonding in RPUF.

A schematic description of hydrogen bonding formed
in the presence of CNCs in RPUF is illustrated in
Figure 8. The hydrogen bonding network in the polymer
matrices can be estimated as the activation energy for the
dissociation of polymer chains in the ‘rubbery regime'.
The primary relaxation of polymer segments might occur
at the glass transition temperature, whereas the second-
ary relaxations or dissociation of hydrogen bonding occur
above their Tg. This can be quantified according to
kinetic theory, as activation energy for the dissociation at
‘rubbery region’ the ‘storage modulus curve', using the
following Equations (1) and (2).43,44

E0 ¼ARTexp
Ea

RT

� �
, ð1Þ

ln
E0

T

� �
¼ lnARþEa

R
1
T

� �
, ð2Þ

Ea is apparent activation energy of hydrogen bonding
dissociation, A is a constant, and R is gas constant. Thus,
Ea can be obtained from the slope plotting of ln E0

T

� �
versus 1

T

� �
as described in Table 2.

Although the CNC dispersion under ABM was supe-
rior to ultrasonication, Ea for FC4M was less than for
FC4U. Similarly, in the case of FM it was less than FU
(Table 2). The surface chemistry of zirconia is chemically
very complex. For example, the presence of hard Lewis
acid sites leads to a very high affinity for hard
Lewis bases, like the residual sulphate groups on the
CNCs, and subsequent strong adsorption.32 In addition to
the glass transition (Tg), the tan δ curve (Figure 7) also
shows a temperature transition (Tα) of around 50�C for
milled samples (FM and FC4M). Thus, although the pres-
ence of the zirconia-polyol (FM) and/or zirconia-CNC

(FC4M) gel was relatively small, the Tα at 50�C was postu-
lated as partially or wholly preserved segments of
zirconia-polyol and/or zirconia-CNC gel formed during
the RPUF formation. Further work will be required in
the future to fully elucidate the underlying mechanisms.
The zirconium content in the RPUF formulations FM and
FC4M was 64 and 61mg/kg, respectively, or around about
0.006wt%.

3.2.4 | Mechanical properties of RPUF

The compressive strength and Young's modulus of the
RPUF samples are shown in Table 3. The compressive
strength between any of the RPUF samples (F0, FM,
FC4M and FC4U) both parallel and perpendicular to
foam rise showed no statistical difference in compari-
son to F0. Further, there was no statistical difference
in Young's modulus parallel to foam rise but a statisti-
cally significant (<5%) increase perpendicular to foam
rise with both the FC4M and the FC4U sample
(Table 3).

This approximate 15% increase in stiffness of the
milled nanocomposite sample (FC4M) perpendicular to
foam rise was postulated to arise due to CNC alignment
within the cell struts. This CNC alignment in the struts
is consistent with carbon nanofiber alignment in poly-
styrene foam parallel to foam rise45 and was confirmed
in our previous study by using aluminum oxide
coated CNCs which allowed direct observation of the
CNC alignment.11 Because the cross-sectional area of
the reinforcing CNCs in the perpendicular (to rise)
direction is greater than that parallel (to rise) direction,
the compressive strength in the perpendicular direction
was greater than that in the parallel direction due to the
more effective stress transfer from matrix to CNCs
(filler).

TABLE 2 Thermomechanical properties of foams.

Samples

Storage
modulus
at Troom

(MPa)
Damping
peak/Tg (�C)

Activation energy
of hydrogen bond
dissociation
Ea (KJ/mol)

F0 5.49 170.43 55.50

FU 5.26 169.96 53.10

FC4U 6.89 172.74 59.45

FM 5.66 166.64 51.39

FC4M 6.01 168.89 56.37 FIGURE 8 Possible polymer-filler interactions in

nanocomposite foam. Hashed lines represent hydrogen bonding

between cellulose nanocrystals (CNCs) and rigid polyurethane

foam while dashed lines represent inter (green and blue) and intra

(red) hydrogen bonding in CNCs.
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3.2.5 | Thermal conductivity of RPUF

The thermal conductivity was monitored over 6 months.
The initial thermal conductivity value is depended on
several factors, but the most crucial factors are the selec-
tion of blowing agent and the cell size.46,47

3.3 | Initial thermal conductivity
of RPUF

Given a constant blowing agent, the cell size and closed
cell content are the usual crucial factors affecting the
thermal conductivity. Figure 9A shows the thermal con-
ductivity of RPUF samples in relation to the closed cell con-
tent. The RPUF nanocomposites containing CNCs from
both the ultrasonication (FC4U) and milling (FC4M) process
had similar initial thermal conductivity values which were
lower than that of the control sample (F0).

While the lower thermal conductivity of ultrasoni-
cated RPUF nanocomposite (FC4U) is due to the smaller
cell size and the higher closed cell content10 the milled
nanocomposites foam (FC4M) which contained the
zirconia-polyol and zirconia-CNCs gels also exhibited
lower initial thermal conductivity than the control sample
(F0) despite having similar cell sizes and a lower closed
cell content. Further, the milled neat sample (FM) also
exhibited significantly lower thermal conductivity than
the ultrasonicated neat sample (FU) and control sample
(F0). The overall thermal conductivity (λ) of a material is a
function of the λradiative, λsolid, λgas, and λconvection.

λtotal ¼ λradiativeþ λsolidþλgasþ λconvection:

In the current study both the λconvection and λradiative
can be ignored as the source of this difference due to the
similar density and small and consistent cell size in
the RPUF samples. Similarly λgas can be dismissed as the
blowing agent composition is constant across all samples.
While the significant increase of closed cell content up to
99% of neat milled sample (FM) can be attributed to
improved thermal insulation (similar to the FC4U), it
does not explain the lower thermal conductivity of the
milled sample containing 0.4 wt% CNCs (FC4M) which
has a lower closed cell content (Figure 9A).

TABLE 3 Mechanical properties of

rigid polyurethane foam (RPUF) in two

directions.Samples
Compressive
stress (MPa)

% Change
(unit
mass)

Young's
modulus
(MPa)

% Change
(unit
mass)

Parallel to foam rise

F0 0.21 ± 0.02 – 5.11 ± 0.26 –

FM 0.20 ± 0.02 �5.25 4.87 ± 0.36 �5.11

FC4M 0.21 ± 0.03 �1.23 4.96 ± 0.58 �2.24

FC4U 0.21 ± 0.03 0.05 5.45 ± 0.93 5.70

Perpendicular to foam rise

F0 0.15 ± 0.02 – 3.47 ± 0.32 –

FM 0.17 ± 0.02 7.26 3.76 ± 0.32 5.26

FC4M 0.15 ± 0.02 �0.11 4.01 ± 0.43 15.41

FC4U 0.17 ± 0.02 7.38 3.97 ± 0.20 13.28

FIGURE 9 Thermal conductivity for (A) fresh and (B) aged

cellulose nanocrystal (CNC) dispersed rigid polyurethane foam.

8866 SEPTEVANI ET AL.

 15480569, 2023, 12, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.27743 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [10/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



The effective thermal conductivity of a composite is
influenced by the interfacial thermal resistance
between constituents. As the heat carriers (electron or
phonon) flow through an interface between two constit-
uents, they may undergo scattering, leading to a tem-
perature drop between the interfaces.48 Localized
atomic disorder or crystal imperfections may also
enhance the phonon scattering.48 Hence, the addition
of small (nano-sized) particles, even those having a
higher solid conductivity than the polyurethane, and at
an addition level below the percolation threshold can
decrease the effective thermal conductivity (increase
the thermal resistance) of the composite due to the
interfacial thermal resistance effect by the formation of
a phonon barrier.49–51

It was also postulated that possibly the presence of
nanoscale soft domains as supported by the Tα in DMA
(Figure 7), enhanced the phonon effect and the interfa-
cial thermal resistance of the RPUF polymer matrix
(λSOLID). The reduction of thermal conductivity
because of increased interfacial thermal resistance
between two different constituents (between nanofiller
and PU matrix or between nanofillers) was also in
agreement with the observations of a previous study on
RPUF containing CNCs in mixed polyol systems
(PKObP and Voranol™ 446).9

3.4 | Aged thermal conductivity of RPUF

The data for long-term retention of thermal conductivity
is summarized in Figure 9B. As expected, the ultrasoni-
cated sample (FU) had negligible difference with respect
to the control sample (F0). The ultrasonicated sample
(FC4U) also had similar rates of aging to the control sam-
ple (F0) which is not surprising considering the low load-
ing of CNCs and the fact that the CNCs are more likely
to go into the struts rather than the windows. This is sim-
ilar to a study by Minogue52 who reported that graphite
gathered exclusively in the foam struts.

In contrast, both milled samples (FM and FC4M)
exhibited a lower rate of aging compared to the control

(F0). This was hypothesized to arise due to the presence
of a zirconia-polyol (FM) and/or zirconia-CNC (FC4M)
gel. Perhaps, the zirconia-polyol and/or zirconia-CNC gel
was partially or wholly preserved during the formation of
the RPUF in the cell windows as well as the struts
because the gas diffusion occurs through the cell win-
dows rather than the struts. The fact that the rate of aging
for milled samples (FM and FC4M) was similar, negated
the idea that the superior dispersion of the CNCs by
ABM decreased permeability due to increased tortuosity.

3.4.1 | Dimensional stability of RPUF

All RPUF specimens (Table 4) exhibited acceptable
dimensional stability after 14 days exposure at both �73
± 3�C and + 70 ± 2�C according to BS4370: Part1: 1988
which requires linear change of less than 3% when tested
at 70�C and 1% when tested at �15�C for 24 h.53 Further,
the compressive strength of milled RPUF samples in this
study exceeds the recommended minimum value of
100 kPa to achieve excellent dimensional stability.54

4 | CONCLUSION

CNCs were incorporated into RPUF by dispersion into
polyol using the ABM process. The initial thermal con-
ductivity of the milled samples, with and without CNCs,
were lower than the control foam. While the significantly
improved thermal conductivity can be attributed to the
increase of closed cell content up to 99% of the neat
milled sample (FM), the milled nanocomposite foam
(FC4M) also exhibited a lower initial thermal conductivity
than the control sample (F0), despite having a similar cell
size and lower closed cell content. It was postulated that
the improved thermal conductivity was due to the
increased presence of soft zirconium-polyol-CNC
domains in the polyurethane matrix, as well as the possi-
ble interfacial thermal resistance between the nanofillers
(CNC-CNC) and the matrix. Further, in terms of
mechanical properties, the compressive strength between

TABLE 4 Dimensional stability of rigid polyurethane foam at �73 ± 3�C and + 70 ± 2�C.

Samples Duration (days) % Linear change at �73 ± 3�C % Linear change at +70 ± 2�C

FM 1 �0.01 ± 0.01 �0.02 ± 0.00 �0.30 ± 0.11 0.04 ± 0.00 0.03 ± 0.00 0.18 ± 0.10

7 �0.04 ± 0.02 �0.04 ± 0.00 �0.92 ± 0.10 0.07 ± 0.02 0.08 ± 0.10 0.30 ± 0.00

14 �0.05 ± 0.00 �0.05 ± 0.00 �1.21 ± 0.02 0.09 ± 0.02 0.10 ± 0.00 0.48 ± 0.06

FC4M 1 �0.02 ± 0.01 �0.01 ± 0.00 �0.32 ± 0.13 0.05 ± 0.02 0.02 ± 0.01 0.23 ± 0.05

7 �0.04 ± 0.02 �0.03 ± 0.00 �0.86 ± 0.14 0.06 ± 0.02 0.10 ± 0.01 0.39 ± 0.12

14 �0.05 ± 0.01 �0.06 ± 0.02 �0.52 ± 0.15 0.09 ± 0.01 0.12 ± 0.00 0.48 ± 0.09
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milled RPUF samples with and without CNCs showed no
statistical difference, but the stiffness perpendicular to
foam rise of milled samples containing 0.4 wt% CNCs sig-
nificantly improved.
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