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With the urgent need for the development of sustainable materials and a circular economy, a surge of
research regarding biobased materials and associated processing methods has resulted in many
experimental biobased foams. Although several biobased foams are already shown to have thermal and
mechanical properties competitive with expanded polystyrene, there remains a fundamental knowledge
gap leading to limited understanding of the principles that determine performance. This review outlines
the progress in this burgeoning field, introducing materials selection and processing, comparing
performance, examining efforts in modelling physical properties, and discusses challenges in applying
models to real biobased systems. The focus is on low thermal conductivity, which is a critical property
for temperature-controlled applications such as packaging for refrigerated/frozen foods, medications,
and vaccines as well as building materials. Currently, the trend in the field is moving towards fully
biobased and compostable foams, though partially biobased polyurethane foams remain the most
consistent performers. To illustrate the foam structure—property relationship, thermal conductivity, cell
size, and density data were compiled. Given the complexity of biobased foams, heat transfer models aid
in identifying crucial variables. However, data relevant to the insulation capability of biobased foams is
not fully reported in many references. To address this issue, we employed a dimensional analysis to fill
the gaps, revealing a power law correlation between thermal conductivity and relative density. Our
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1. Introduction

The growing push towards a more sustainable, circular
economy has increased attention on biobased materials that are
useful in many applications including coatings, adhesives,
medical equipment and single use packaging.* Besides being
more sustainable, multiple studies show that replacing
petroleum-based materials with biobased alternatives signifi-
cantly reduces environmentally harmful emissions.>™® Addi-
tionally, biobased materials are often biodegradable, thus
reducing landfill waste accumulation."** Development of bio-
based foams has realized significant advancements in recent
years utilizing a multitude of materials and foaming methods.
Low thermal conductivity is highly desirable for thermal insu-
lation foams that could be used for packaging and building
materials. Several studies have demonstrated biobased or
partially biobased foams with thermal conductivity comparable
(within 10%) to commercial petroleum-based foams, which are
widely used in industry due to their low cost and excellent
thermal insulation properties.*?” Expanded polystyrene (EPS),
commonly referred to by the brand name Styrofoam™, and
extruded polystyrene (XPS) are the current standards of foam.
Though petroleum-based foams possess high performance
for lightweight, insulating packaging, the materials are highly
problematic with regard to sustainability. For example, the
production of polystyrene is associated with consumption of
non-renewable resources as well as environmentally harmful
emissions.”®** The foaming process, particularly for extruded
foams, has historically contributed to ozone depletion. For
example, the use of hydrochlorofluorocarbon (HCFC) blowing
agents caused increases in ozone degradation prior to being
phased out as mandated by the Clean Air Act and Montreal
Protocol.**** Additionally, EPS and XPS products are often
disposed in landfills after one-time use rather than recycling.
This is in part due to limitations in recycling infrastructure as
well as difficulty in shipping and low economic benefit from
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recovering and recycling polystyrene foams.** It is important to
note that there has been progress in making recycling EPS more
practical. Businesses and governments across the globe are
currently increasing their recycling efforts.>® Along with recy-
cling, finding a more sustainable alternative to EPS/XPS that is
comparable in performance is extremely desirable. Given the
progress made in recent years, biobased foams have the
potential to provide desired properties and eventually replace
EPS/XPS."52%23

Since foaming methods are usually selected based on the raw
material, it is critical to understand different processing
methods in order to choose the appropriate processing
approach and conditions for biobased materials. Foaming
methods can be categorized by the blowing agent mechanism:
physical or chemical. The blowing agent is a material that
rapidly expands inside a polymer melt upon a reduction in
pressure.*** Both physical blowing agents (PBAs) and chemical
blowing agents (CBAs) are commonly applied to make foams
with different mechanical properties. PBAs currently in use are
either supercritical fluids (e.g. supercritical carbon dioxide) or
low boiling point liquids (e.g. pentane) introduced and blended
directly into a polymer melt.*"** CBAs, on the other hand, are
solid materials that are added to the polymer melt and
decompose to generate dissolved gases during processing.
These reactions can be endothermic (e.g. citric acid/sodium
bicarbonate) or exothermic (e.g. azodicarbonamide).’® PBAs
and CBAs both typically require a heated and pressurized vessel
such as an extruder, injection mold, or autoclave. Despite
similar processing equipment, PBAs and CBAs will typically
produce drastically different structures. CBAs often create
denser foams and PBAs sometimes result in cell collapse due to
oversaturation and fast diffusion.*"** In cases for which forming
a melt at high pressure is not feasible, a foam structure can be
formed through other methods including mixing, phase sepa-
ration, or a chemical reaction between primary components.**~’
In some cases, the term “chemical blowing agent” may refer to
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a reactive component that is not necessarily an independent
solid additive. The most typical example of this is using water as
a CBA with polyurethane foams, which undergo a chemical
reaction induced free rise foaming process. It should be noted
this review paper only focuses on foaming methods which
produce structurally stable foams. Methods such as Pickering
emulsions®*® that produce insulating foams with short life-
times on the order of days or hours are not discussed here.

Biobased foams have been demonstrated with diverse sets of
materials, additives, and processing methods, producing
structures different from the traditional foam EPS/XPS. Wick-
lein et al.** developed anisotropic foams which incorporated
graphene nanoparticles to dramatically reduce thermal
conductivity in the radial direction. Mihai et al.*® explored the
impact of polymer structure on foam crystallinity and resulting
density. Qu et al.** selected a blowing agent specifically to create
a disparity between foaming kinetics in the two components of
a blend causing a bimodal cell distribution to form. These
methods greatly expand the selection of biobased foams.
However, the downside of having such wide variety of options is
that comparing foam performance and predicting which
methods are most promising becomes increasingly complex.

Heat transfer models offer a means to compare and predict
foam thermal conductivity. When utilized with knowledge of
processing, models can provide insight to how these materials
can be manipulated to achieve improved performance. In the
majority of cases, convection cannot occur due to gas flow
restrictions within closed cells. Therefore, conduction and
radiation are generally the main heat transfer mechanisms, but
the degree to which they act varies.**** In XPS, conduction
accounts for roughly 60-80% of heat transfer while radiation
accounts for 20-40%.* Thermal conductivity models are able to
calculate the contributions of these mechanisms by making
assumptions about foam structure and the molecular structure
of materials with equations derived from physics of heat
transfer.*>*¢ Historically, many models have taken a simplified
approach to defining structure in order to make separation and
analysis of physical variables easier. Wang et al. created a model
which reduced the structure down to two dimensions and was
able to thoroughly examine a large range of average cell sizes
and foam void fractions on each heat transfer component.*”
More recent models have increased applicability to less
simplified structures. Bernardo et al. used parallel and series
setups to account for a complete cell size distribution rather
than just an average cell size.** Though no single model
captures the full array of structures displayed by various
experimental biobased foams, each model can provide crucial
insight into different factors which generally impact thermal
performance.

By tuning the assumptions in a model to more accurately
reflect materials and processing conditions, models are
becoming increasingly effective in fitting and predicting the
experimental data. However, even with well-constructed
models, there remain gaps in current literature on reported
data of thermal conductivity and structure characterization for
biobased foams. For example, relative density has been shown
to be a reasonably good predictor of thermal conductivity in EPS
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and polypropylene foams,* but is not always reported for bio-
based foams. Some studies may report apparent density but, as
discussed later in this review, these data are insufficient for
providing a holistic understanding of foam structure and
thermal conductivity. Underreporting thermal conductivity data
and critical structural characteristics have created a challenge
in validating model performance in predicting properties for
biobased systems. Therefore, at the end of this review, we
present a new dimensional analysis to fill the data gaps by
optimizing fitting parameters. Our mathematical fit is prelimi-
nary and not intended to be viewed as a robust model. It does,
however, offer a simple means to compare multiple biobased
foams datasets to quickly determine which experimental foams
are likely to be competitive with EPS. The potential value in
applying fitting parameters could be to make heat transfer
models more adaptive and representative of real-world
scenarios.

This review will first discuss different types of biobased
materials used for fabricating foams along with the foaming
methods typically employed for each of those materials. The
next section will discuss heat transfer modelling in depth by
providing background on heat transfer mechanisms and
common assumptions and conclusions of various models. The
applicability of heat transfer models to biobased foam systems
is discussed by comparing the validity of different assumptions
and how more recent models derived conclusions which
contradict the assumptions of past models. In the last section,
thermal conductivity data and structural characteristics of these
biobased foams are compiled to identify potential trends
present. Finally, a dimensional analysis method is applied to
the biobased foam data available in the literature, allowing us to
gain a clearer view of trends and to fill in data gaps.

2. Biobased foams

Biobased foams exist in a broad spectrum. As shown in Fig. 1,
materials selection is the first step towards making a biobased
foam. Examples of common biobased materials are listed in
Fig. 1 along with the key product properties that are typical of
those materials. Materials selection then determines possible
processing methods. Some processing methods, such as extru-
sion with a PBA, are relatively universal and can be applied to
many different materials. Other methods may be completely
exclusive to specific materials, such as the free-rise foaming of
partially biobased polyurethanes. In general, each foaming
method follows a few fundamental steps: (1) mixing of bulk
materials and additives, (2) dispersion of a blowing agent within
the bulk mixture, (3) phase separation of blowing agent from
bulk to form voids. Beyond these fundamental steps however,
the exact mechanisms of each foaming method vary. For
example, in the extrusion method, the phase separation of the
blowing agent from the bulk occurs via a drop in pressure,
allowing the blowing agent to expand into a gas phase. Con-
trastingly, in the freeze-drying method, phase separation occurs
when ice crystals are formed and the bulk material is no longer
in solution.
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Fig.1 Schematic plot summarizing biobased materials, their corresponding foaming methods, common additives, and possible foam structures.
For simplicity, this review focuses on cellulose, polyurethane, and poly(lactic acid) (PLA) though other materials have also been explored. Portions

of this figure have been adapted with permission from ref. 41, 53, 53,

The materials, processing, and additives collectively deter-
mine the foam structure and properties. Though some of the
resulting foam structures are similar to foams made with
traditional materials and foaming methods (e.g. XPS), there is
a much wider variety in possible structures of biobased foams.
As seen in Fig. 1, processing methods determined by the
materials selection have influence on structure density,
anisotropy, and closed-cell fraction. Typically, the factors which
can alter foam structure include temperature, mixing parame-
ters, pressure, time, blowing agents selection and additives. For
example, extrusion can provide extensive control over the final
structure through adjustments in temperature profile, screw
rotation speed, screw element selection, etc.*' The temperature
of the polymer melt as it leaves the die is a determining factor in
how much the foam is able to expand and how stable the foam
structure is upon cooling. A very low temperature at the die
could cause the outer skin of the foam to rapidly become rigid,
preventing expansion. Contrastingly, a very hot temperature
prevents the foam from becoming rigid quickly enough,
resulting in collapse as it cools. Every processing method can
produce multiple foam structure characteristics by adjusting
method parameters.'**3%* In addition, additives influence the
structure of foams in a variety of ways highly dependent on how
the additive interacts with the bulk material and blowing agent.
For instance, an additive which acts as a nucleating agent will
typically reduce average cell size of the foam.”” Alternatively, if
an additive acts as a filler material (e.g. biomass) it may increase
the foam density or disrupt the formation of cell walls, thus
reducing the closed-cell fraction.*

The next sections will explore specific materials in depth and
provide examples of biobased foam structures. Processing

4378 | RSC Adv, 2021, 11, 4375-4394

61, 64 and 76.

methods and additives will be discussed within the context of
corresponding biobased materials rather than separately. This
review will focus on some of the most popular biobased mate-
rials for producing foams, biobased polyurethanes, cellulose,
and poly(lactic acid) (PLA).

2.1 Polyurethanes synthesized with biobased polyols

Traditional polyurethanes are made with petroleum-based
components: polyols and isocyanates. Biobased polyurethanes
are mostly synthesized using biobased polyols. Polyurethane
foams are most commonly made using an exothermic “self-
rising” method in which an isocyanate reacts with a water
molecule and generates carbon dioxide gas.” Thus, water is
referred to as a chemical blowing agent in this context. The
nature of this foaming method tends to yield very low thermal
conductivity foams with closed-cell structures and low density.
Additionally, polyurethane (PU) foams have strong hydrogen
bonding which results in superior mechanical properties rela-
tive to other traditional and biobased foams. Because these
properties are so desirable, a vast amount of research has been
dedicated to finding biobased replacements for the traditionally
petroleum-based polyols.’**>°*¢ The alternative polyols are
commonly developed from different plant oils, of which the
typical structure does not contain the functional groups (epoxy,
amine, thiol, hydroxyl) necessary to react with the isocyanate.
Most plant oils consist of a glycerol backbone and an oleic,
a linoleic, and a linolenic acid chain.**** In order to generate
hydroxyl groups, these oils must first undergo an epoxidation
reaction followed by opening up the epoxide ring. While shown
to be successful in many cases, this modification will not always
have the same results for every type of plant oil.**** Castor oil is

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09287h

Open Access Article. Published on 22 January 2021. Downloaded on 3/27/2026 1:50:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

an exception to this rule as it already contains the necessary
functional groups to be reacted with isocyanates without
modification. Compounded with the fact that each plant oil has
different chemical structures to begin with, the type of oil used
has a significant impact on the reaction with the isocyanate and
the overall foam structure.

Most of these partially biobased PU foams share similar
structure properties of closed cells and very high void fractions
(i.e. percentage of void space within the foam). An example of
this kind of structure can be seen in Fig. 2(a). The question of
compostability must be addressed for these foams. Fig. 2(b)
shows the results of a three-month composting experiment.**
Some degradation clearly occurred. Although, given that the
standard timescale for complete degradation of a compostable
material is six months maximum,* it is not entirely plausible

View Article Online
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that these foams could be diverted from a landfill. Partially
biobased PU foams already tend to display excellent low
thermal conductivity properties. The next step in improving the
sustainability of PU foams is by increasing biodegradability.
Partially biobased PU foams tend to be consistent with
regard to having homogeneous, closed-cell structures. Some
studies have shown, however, that adjusting foaming parame-
ters can result in an increase or decrease of cell anisotropy.
Fig. 2(c) shows an example of an array of anisotropic foams with
cells elongated in the longitudinal (axial) direction. Under one
condition, the cells actually became open pores. These foams
were generated by adjusting the biobased polyol content along
with the ratio of PBA (CO,) to CBA (water) used.” The fact that
an anisotropic foam structure can be formed both with this
method for PU and with freeze dried cellulose (see Section 2.2)

Fig.2 Examples of partially biobased PU foam structures. (a and b) SEM micrographs of PU and soy protein composite foams (a) before and (b)
after composting for 3 months reproduced from ref. 53 with permission from the authors, copyright 2018. (c) SEM micrographs of PU foam
samples reproduced from ref. 54 with permission from Wiley, copyright 2018. Transverse (top) and longitudinal (bottom); biobased polyol

percent from left to right: 0, 85, 100.5*3*
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exemplifies how much of an impact processing conditions have
on the outcome of producing foams.

Though partially biobased PUs synthesized with plant oil
polyols are the most common and most thoroughly developed
form of biobased PUs, other chemistry approaches have been
researched. In recent years, a significant amount of research has
gone into developing PUs that do not require the use of isocy-
anates, which are petroleum-based and associated with toxic
gases from synthesis.*® One of the most common methods for
generating non-isocyanate PU (NIPU) is through reacting cyclic
carbonates and polyamines.*® Both of these components can be
synthesized from biobased sources through a variety of mech-
anisms. NIPUs, however, still require further research to make

(a)
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them competitive with traditional PUs from a processing
standpoint as they typically suffer from low polymerization rate
and unwanted side products.® Researchers have explored
simpler methods to synthesize NIPUs, such as reacting sugars
or lignin with a dimethyl carbonate component, forgoing the
complex step of cyclization.”>* This secondary approach also
has drawbacks such as the high temperatures required for
foaming. More research is needed before NIPUs can become as
scalable as biobased polyol PUs.

2.2 Cellulose

Cellulose is one of the most important biobased materials as it
has abundant and diverse renewable sources. In addition, nano-

Fig.3 Examples of cellulose foaming methods and structures. (a—d) Freeze drying conditions and structures for cellulose foam reproduced from
ref. 61 with permission from American Chemical Society, copyright 2019. (a and b) Schematics of homogeneous freezer freezing (FF), unidi-
rectional gradient freezing (UGF); (c and d) micro-CT scans of the foam structure for each freezing condition. (e and f) SEM micrographs of open-
cell, non-ordered foams generated with homogeneous freeze drying conditions reproduced from ref. 14 with permission from Elsevier,
copyright 2019. (e) Pure CNC foam; (f) CNC blend with 10% PVA and 25 wt% BTCA. (g and h) SEM images of extruded with isobutene used as PBA
reproduced from ref. 65 with permission from Wiley, copyright 2019. (g) No cellulose added; (h) 20% cellulose fiber blend.*4¢%6>
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cellulose fiber (NCF) and crystalline nano-cellulose (CNC) are of
high interest as a sustainable material for use in composites for
various applications. These composites can be categorized
either as neat cellulose with added plasticizers or other pro-
cessing aids, or cellulose as an additive in a polymer blend
matrix.** The same categories are true for cellulose-based foams
and both present their own opportunities and challenges for
foaming. On its own, a cellulose-based material typically is not
foamed using the traditional methods used to make EPS and
XPS. For these cases, the most common method employed is
freeze drying.'*7'>*'-** Mixing neat cellulose with water and
other additives (e.g. surfactant, nanoparticles) and then freezing
causes ice crystals to nucleate and grow surrounded by the
cellulose matrix. After drying is complete, only the cellulose
matrix remains with void space where ice had formed. A
consequence of this method is that the direction of ice forma-
tion has a substantial impact on the foam structure. As shown
in Fig. 3(a), the foam cell structure is essentially homogenous
when an even temperature gradient is used (e.g. placing inside
a freezer). However, there are downsides to this method of
freezing as it can lead to cell collapse® and is generally not
scalable or easily reproducible. It is also possible in homoge-
neous freezing conditions to form an open-cell, more disor-
dered structure as opposed to a closed-cell structure as would
typically be observed in EPS. If the temperature gradient is
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RSC Advances

unidirectional as in Fig. 3(b), the cells become elongated in the
axial direction. This kind of anisotropic structure will cause the
thermal conductivity to differ depending on direction of
measurement, with one study even reporting an order of
magnitude difference between the radial and axial directions,
radial having the lower value." Other methods, less commonly
used than freeze drying, for making neat cellulose foams have
also been proposed. One alternative was presented by He et al.
and involved vigorously mixing a solution containing cellulose
pulp and a surfactant and then drying the solution without
freezing or heating.** Similar to the structure shown in Fig. 3(e
and f), the resulting foam had an open and fibrous structure.
When used as an additive or a component of a blend,
cellulose often influences the structure of the resulting foam by
altering melt flow. For example, one study which blended
cellulose pulp with poly(lactic acid) (PLA) with a PBA extrusion
foaming method reported that increasing the cellulose content
in the blend resulted in reduced melt viscosity and smaller cell
size displayed in Fig. 3(g and h).** The theory behind this
phenomenon was that the cellulose acted as a nucleating agent
by introducing interfaces where it is more energetically favor-
able for a bubble to form.*** Additionally, the cellulose
provided a kinetic barrier to PLA strand reconfiguration during
bubble growth, thus restricting the expansion of each indi-
vidual cell. The crystallinity of nano-cellulose additives can also

9%CO0,

PLAI

PLA2

d) p= 765kg/m’

PLA3

g) p= 1050kg/m i) p= 40kg/m’

Fig. 4 Examples of PLA foam structures. (a) Impact of b-LA and PBA content on PLA foam structure and crystallinity: SEM micrographs cor-
responding to PLAL (2% p-LA), PLA2 (4% p-LA), and PLA3 (10% p-LA) reproduced from ref. 40 with permission from Wiley, copyright 2009. (b and
c) PLA foamed with endothermic CBA in extruder set at different screw speeds: (b) 20 rpm; (c) 120 rpm reproduced from ref. 76 with permission

from Elsevier, copyright 2009.4%7¢
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have an impact on the outcome. According to Stanzione et al.,
amorphous and crystalline cellulose nanoparticles blended in
a polyurethane foam both caused a reduction in cell size and
a reduction in thermal conductivity.®® The blends with amor-
phous particles, however, contained more fully closed cells (i.e.
cell walls in tact) and had improved mechanical ductility
compared to the blends with crystalline particles. This differ-
ence was attributed to the fact that the amorphous cellulose was
more evenly dispersed and was more reactive with the
isocyanate.

In summary, cellulose-based foams are made with a variety
of methods. Freeze drying is most commonly used when
cellulose is the primary component as opposed to a blend or an
additive. Freeze drying has the potential to create interesting
anisotropic structures which have been shown to very effectively
reduce thermal conductivity in the radial direction. This
method comes at the cost of scalability and reproducibility. As
aresult, cellulose is ultimately more often used as an additive in
other foaming methods.

2.3 Poly(lactic acid)

PLA is a thermoplastic polyester derived from a variety of plant
sources including corn, cassava, beets, and sugarcane. Various
grades of PLA targeted at specific applications have been
developed and are commercially available. Lactic acid
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monomers have two molecular configurations, . and b, in which
the orientation of the methyl group is opposite (i.e. stereoiso-
mers). The stereochemistry of PLA allows control over the
polymer crystallinity. In a majority L-LA strand, increasing the p-
LA content will result in the polymer becoming more amor-
phous.®”® As a result of its properties, which are often
compared to polystyrene, and commercial availability, PLA has
been a major material of interest for a multitude of applications
including foams.” However, unlike polystyrene, PLA faces some
major obstacles with regard to processing, namely degradation
from water exposure and a lower glass transition temperature
(approximately 60 °C). These issues can be avoided by ensuring
material is properly dried and tuning the polymer architecture
to optimize the crystallinity for stabilizing the foam struc-
ture.®”* Additionally, foam grade PLA is typically modified with
a chain extender to improve its processing range and
properties.”"”>

Given the processing capability of PLA as a thermoplastic
polymer, more traditional foaming methods, such as extrusion,
injection molding, and autoclaving (i.e. enclosed in a high
pressure, temperature controlled vessel) are employed.>>*7>7*
PLA foams have been made with a variety of blowing agents. For
PBAs, supercritical CO, (scCO,) is usually preferred to N, due to
the higher solubility of CO, as well as its known plasticizing
effect on PLA.*>* Fig. 4(a) depicts the results of a study which
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explored the impact of p-LA content and amount of scCO, PBA.”
The PLA with 2% p-LA content had the highest crystallinity that
increased with the scCO, content, PLA with 4% b-LA had lower
crystallinity, and PLA with 10% p-LA was completely amorphous
regardless of scCO, content. Taking note of the density values
measured for each sample along with physical structure, it is
clear that designing the polymer to be partially crystalline
allows for more expansion even at low PBA doses. More recent
research has further explored the role of crystalline spherulites
in bubble nucleation.”

CBAs have also been explored for use with PLA.”*”” As is
typical for CBAs in traditional foam practices, the resulting
foams are denser than those made with PBAs. The structure of
these dense foams can still be altered through other processing
parameters, as shown in Fig. 4(b) and (c), although foam
expansion is limited by the nature of CBAs.”® However, CBAs can
offer advantages as nucleating agents, to increase cell density
and impede excessive bubble growth, maintaining a narrower
distribution of cell size.***” Other additives have been explored
with the same goal of promoting nucleation and controlling cell
structure. Some nanoparticle additives (e.g. nanoclay) have been
found to contribute to other foam properties as well, such as
mechanical strength.”> Carbon nanotubes (CNTs) have also
been used to generate an electrically conducting network within
a PLA foam.”*”® Wang et al. wrapped expanded PLA beads in
a carbon nanotube network and then displayed how their own
thermal conductivity model would need to be adapted to
account for the network component shown in Fig. 5(a—c). Their
model will be discussed later in this review (see Fig. 7).

PLA has also been the primary material of choice to explore
unique biobased and partially biobased polymer blends.
Blending polymers during foaming can lead to unique struc-
tures and properties. As was alluded to previously in this review,
cellulose and PLA were extrusion foamed together while
comparing isobutene and scCO, as PBAs.*® The resulting foams
(refer back to Fig. 3(h)) showed a clear trend of reducing cell size
with increasing cellulose content regardless of the blowing
agent. Cellulose, in this case, restricts the motion of the PLA
chains during bubble growth. Another interesting blend,
involving PLA and (non-biobased) thermoplastic PU, was
studied by Qu et al. to determine the impact of using nitrogen as
a PBA with two polymers with different N, solubility and
diffusion coefficients.*! The result was a bimodal distribution of
cell sizes. The proposed mechanism behind this foam structure
is summarized in Fig. 5(d). Thermal conductivity measure-
ments revealed that this bimodal cell structure performed
better as a thermal insulator than the even cell distribution
foam used as a ref. 41 In summary, PLA foams, more so than
other biobased foams, have a wide array of potential foaming
methods and variables in processing that can be adjusted to
create different structures.

2.4 Others

Other biobased materials have been explored for creating
foams, including starch, plant-derived proteins and poly-
butylene succinate (PBS). Starch offers a great deal of flexibility

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in terms of possible foaming methods.*® Extruded starch foams
produce structures which are likely to have the greatest poten-
tial for thermal insulation applications.**”**® Other methods,
such as baking, freeze drying, and microwave heating have been
demonstrated as well.***" Most of the research regarding starch
foams have focused on other applications than insulation such
as foam trays to replace single-use disposable food packaging
and foams with antimicrobial properties.*>*> Much of the
research has also focused on starch composite foams, incor-
porating other additives or blends. Engel et al. used grape
stalks, generally considered a waste product, in their foams as
a filler.*® Similarly, Rojas et al. developed insulating foam using
fibrous starch material from agriculture waste as the primary
component.®

Plant-based protein plastics have limited processing capa-
bility, so require the use of plasticizers or blending with other
polymers such as PU and PLA.*”#% A great deal of work has
gone into identifying effective biobased plasticizers. Foaming of
these materials can be accomplished through methods such as
injection molding.*” It is important to note that plant-based
proteins, while not as frequently used as the primary material
in foams, are very often employed as additives to cross-link or
otherwise adjust material properties.>**

PBS foams are often made using similar methods to PLA
foams. Injection molding and autoclave methods with scCO, as
the blowing agent have produced a number of PBS foams with
closed-cell structures.®*** Chemical blowing agents are also
popular.®** The focus of PBS foams research so far has been
mainly on mechanical properties and the impact of processing
aids such as plasticizers and cross-linking agents.®**” Beyond
mechanical properties, one study incorporated carbon black
nanoparticles into a PBS foam to increase electrical conduc-
tivity*® and another reported achieving thermal conductivity as
low as 0.022 W m™" K" in a PBS foam by tuning endothermic
and exothermic CBA components.®

There are more biobased materials and blends beyond what
is discussed here.”®*** It is important to emphasize that the
research done with these materials shows as great deal of
progress in the field. For the sake of simplicity, the remainder of
the discussion on biobased foams in this review will focus on
cellulose, PU, and PLA as the primary materials.

3. Heat transfer modelling

Thermal conductivity (i.e., low thermal conductivity) is the most
important parameter for temperature stabilizing packaging.
The theoretical calculation of thermal conductivity is given in
eqn (1), where thermal conductivity (k) has SI units of W m™*
K™, g is the heat flux, t is time, L is distance of heat transfer (i.e.
material thickness), A is the area over which heat is transferred,
and AT is the temperature difference.'” Note that many publi-
cations use the symbol, 4, to denote thermal conductivity rather
than k. It is important to understand the possible mechanisms
for heat transfer and how to account for the foam structure
when defining those mechanisms mathematically.
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In general, there are three possible modes of heat transfer:
conduction, convection, and radiation. For foam structures,
convection is not typically a possible heat transfer mode,

(1)

particularly for closed cell structures since air flow is restricted.
While definite limits for which convection is negligible are
debated, conservative estimates suggest that cells less than
3 mm in diameter or a Rayleigh number (relating to fluid flow
turbulence) below 50 will meet the requirement.'* Conduction
in foams can occur through the solid material (foam structure)
or gas conduction within the pores. Crucially, it must be
recognized that for standard gas conduction conditions, the cell
size must be greater than the mean free path distance of gas
molecules (approximately 70 nm for air at room temperature).'**
When cell sizes fall below this distance and gas molecules are
more likely to collide with cell walls than with other gas mole-
cules, gas conductivity is reduced. This mechanism is known as
the Knudsen effect.’**'® Heat transfer via radiation is also
possible in foams and, while conduction is usually the domi-
nant mode, radiation can be a significant component as
well. 34
ky=ks+ ko + Ky (2)
Each heat transfer mode will contribute towards the overall
thermal conductivity of a foam as shown by eqn (2) where &, is
the total thermal conductivity, ks is thermal conductivity from
solid conduction, k, is gas conduction, and k. is thermal
conductivity from radiation. Each of these individual terms can
be defined using concepts from physics and mathematics,
although not every model will define them in the same way.
Thus, the differences between foam heat transfer models lie
both in the assumptions made about foam structure as well as
the theory behind heat transfer modes.

3.1 Model evolution: assumptions and validations

Thermal conductivity models have evolved significantly over
time to incorporate both improved understanding of heat
transfer mechanisms and more sophisticated modelling of
foam structures. Early models took a one-dimensional
approach to simplify the system while recent models have
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made use of stochastic generation algorithms to create virtual
3D structures. Each of these models, regardless of complexity,
employ a base set of assumptions about heat transfer mecha-
nisms and structure which range in validity. To understand how
each model works and the context in which it could be
reasonably used, these assumptions must be outlined.

One of the earliest models, commonly cited for its definition
of radiative thermal conductivity, described microcellular
polystyrene foams.'® This model uses a simplistic design for
foam structure: n layers of parallel polymer membranes of
thickness L each separated by a gas layer of thickness L,. This
one-dimensional heat flow approach is not representative of
real foam structures, but significantly simplifies calculations.
The conduction contributions, solid and gas, are defined using
Fourier's laws of heat conduction. This definition is now
understood to be invalid for heat transfer through nanocellular
structures,'”'*® but given the scope of this model only includes
conventional foams with micro-scale cells, it is reasonable. The
radiation contribution is calculated using refractive index and
Bouguer's law to define the net fraction of radiant energy which
passes through one solid membrane. The structure factor
generated by the simple model geometry then is used to find the
apparent radiative thermal conductivity for the full structure.

Some recent models have used similar approaches to define
the structure of a foam.” Fig. 6(a) shows a one-dimensional
heat flow structure. A major difference between this structure
and the one-dimensional structure previously described is that
the cell wall thickness and cell size are not fixed. Adjusting these
parameters allows this model to describe the impact of porosity
on thermal conductivity. This model improves its accuracy
through a coupled approach to defining heat conduction and
radiation which uses the steady state condition that the sum of
the derivatives of each heat flux component must be zero. The
radiative flux in this case was determined using a P;-approxi-
mation.* The scope of this model encompasses both micro-
cellular and nanocellular foams.** The findings of this model,
shown in Fig. 6(b) and (c), suggest that generally, increasing
porosity will decrease thermal conductivity. However, if wall
size is held constant, the radiative contribution significantly
increases at high porosity, as does total thermal conductivity.

The one-dimensional approach can provide valuable
predictions for trends in thermal conductivity without the need
to account for multiple paths of heat transfer. However, this
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Fig. 6 One-dimensional heat transfer model diagram and trends. (a) Diagram of simplified foam structure. Trends in heat transfer relative to
foam porosity while keeping either wall size or cell size fixed: (b) equivalent thermal conductivity; (c) ratio of radiative heat flux to total heat flux.
Reproduced from ref. 42 with permission from Elsevier, copyright 2013.42
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approach drastically simplifies the geometry. Several models
have taken a more complex approach in the pursuit of more
accurately describing real foam structures. Wang et al. proposed
a 3-dimensional wall and strut model simplified to 2D to
account for multiple possible paths for heat transfer in one
direction.”” A schematic of how this model was applied to
determine the radiation component is shown in Fig. 7(a—e). This
model applies the Knudsen equation for determining gas
thermal conductivity over a range of possible cell sizes.'® The
model defines the Knudsen number, a dimensionless factor
quantified as the ratio of the cell size to the mean free path of
a gas molecule. Additionally, this model employed a character-
istic size of the solid skeleton when calculating solid conduc-
tivity given that for nanocellular foams, boundary scattering of
phonons at the cell walls becomes a significant factor."****
Fig. 7(f) and (g) show the predictions for total thermal
conductivity relative to void fraction and cell size. These results
suggest that increasing void fraction will reduce thermal
conductivity up to the point where the radiation component
becomes more significant.*” Additionally, very small (nanoscale)
cell size has a dramatic effect, causing a thermal conductivity
increase despite the Knudsen effect reducing the contribution
from gas conduction.

The “wall and strut” method to constructing a foam skeleton
harkens back to previous work by Smits, who developed a wall
and strut model for polyurethane foams and explored polymer
distribution in the foam structure.'* Specifically of interest was
what percentage of the material lies within the struts versus the
walls at different cell sizes. The model predicted that the
percentage of material in the walls increases for smaller cell
sizes, leading to a trend in radiation opposite that of solid
conduction. At small cell sizes, the cell walls are thicker films
which can more readily block radiative heat transfer but allow
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more paths for phonon transport. Additionally, it is noted that if
the foam density is reduced past a certain threshold point while
maintaining cell size, the cell walls will no longer be stable
resulting in an open cell structure.'* This suggests that some
characteristic cell wall thickness is likely specific to the foaming
material. Since the cell walls act as a barrier to diffusion, the
loss of cell wall stability thereby resulting in an open cell
structure has major implications for foam thermal conductivity.
Smits suggests that an open structure will have higher thermal
conductivity than a closed structure with the same cell size and
slightly higher density.

More recently, Bernardo et al. created a more structurally
complex model to explore the impact of a bimodal cell size
distribution.*® Fig. 8(a) and (b) shows schematics of the model
structure. Mathematically, this structure is described in two
ways: series and parallel as shown in eqn (3) and (4) respectively.
In the equations, A; and V; are the thermal conductivity and
volume fraction of the i-th phase. The reasoning to test both
series and parallel approaches is to change the level of inter-
action between the two phases present (i.e. large cell phase and
small cell phase)."***** It should be noted these models pre-
sented by Bernardo et al. only account for conduction, choosing
to ignore radiation.*® The results of the two models applied to
a theoretical PMMA foam are displayed in Fig. 8(c). Increasing
the fraction of nanocells decreases the thermal conductivity
according to both series and parallel models. The impact of the
width of the cell size distribution was also determined to be an
important factor, with broader distributions resulting in higher
thermal conductivity than narrower distributions even given the
same average cell size.*®
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Fig.7 Walland strut heat transfer model. (a—e) Model schematic for radiative heat transfer. (a) Example of a real foam structure; (b) 3D model will
cubic cells; (c) 2D representation; (d) 2D cubic unit cell containing three planes; (e) analysis model for a unit cell considering one reflecting slab
and two absorbing slabs. Trends in total thermal conductivity relative to: (f) void fraction, &, where each curve accounts for different cell size; (g)
cell size where each curve accounts for different void fraction. Reproduced from ref. 47 from Royal Society of Chemistry, copyright 2017.47
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All of the models discussed to this point have created
simplified (to varying degrees) geometric approximations of real
foam structures. In contrast, van de Walle et al. developed
a model which employs micro-CT scanning and/or stochastic
generation algorithms to get a more accurate representation of
a true foam structure.”*'” An overview of the simulation
process is given in Fig. 9. The virtually produced structures were
generated using stochastic algorithms exemplified in the
previous literature."*®*** The structures which this model is
capable of analyzing are undoubtedly more accurate than those
presented by the models previously discussed in this review. Of
particular note, the usefulness of this model was demonstrated
for granular foam structures (e.g. EPS). However, the more
complex structures lead to more variables that must be
accounted for within the thermal conductivity calculation. For
this model, the thermal conductivity was calculated using the
relatively simple approach of applying Fourier's heat conduc-
tion law, which has previously been shown to be invalid for
nanocellular structures.**®

1. Geometry

2. Meshing

3.2 Limitations of models

Due to the unusual physical structures of biobased foams, they
are often not well represented in the previous models discussed.
On the other hand, in recent years models have been consid-
erably improved as the understanding of heat transfer mecha-
nisms and structural factors has enhanced. Adapting current
models to biobased foams will be an important future task in
this field of study. The trends predicted by models can inform
engineers and scientists developing new foam materials on the
optimum structure to obtain the desired thermal conductivity.

It is still crucial to point out that all models have limitations.
These limitations are perhaps best analyzed by compiling the
assumptions upon which they are based. Table 1 gives a list of
some major assumptions made in various models. The refer-
ences used to make this assessment were chosen as they
represent a variety of modelling approaches. Table 1 also
provides a list of conclusions drawn from these models. By
comparing the columns of Table 1, it is clear a few assumptions
cannot accurately capture the key features of the foams. For
example, the assumption that only average cell size needs to be
considered as opposed to the full distribution is used in many
models. However, Bernardo et al. concluded that the distribu-
tion has a major impact on thermal conductivity.*® Other

3. Simulation

Fig. 9 Schematic of simulation process: (a) micro-CT image of real foam sample; (b) virtually generated image of foam structure; (c) finite
element mesh applied to input; (d) simulation temperature profile. Reproduced from ref. 116 with permission from Elsevier, copyright 2018 .1t¢
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Table 1 Assumptions regarding structure and heat transfer mechanisms and predictions made by a variety of thermal conductivity

m Od e ls42,43,47,48,106,113,116,122

Assumptions References

Conclusions References

Cells have a uniform size
distribution

Considering only the average cell
size is representative of the whole
Cells are generally spherical
(isotropic)

Cells are closed

42, 43, 47, 106, 113 and 122
42, 43, 47, 106, 113 and 122
42, 43, 47, 48, 106 and 122

42, 43, 47, 48, 106, 113 and 122

Convection is negligible

Radiation is ignored 48

Reflectance and refraction index is
constant for all cell sizes and void
fractions

Consider only foam structure and
primary material. No consideration
for blends or additives

Cell wall thickness remains
essentially constant as cell size is
changed

113

problematic assumptions include neglecting the radiation
component and taking the reflectance and refraction coeffi-
cients to be constant for all cell sizes and void fractions.
Furthermore, it is important to assess how well model
assumptions apply to experimental systems. Table 2 compares
model assumptions to observations in experimental biobased
foams. It is clear that some foam structures, particularly open-

Table 2 Assumptions made
foam513—24,25,27,41—43,47,48,54,52,64,73,106,113,115,122,123

42, 43,47, 48,106,113, 116 and 122

42, 43, 48, 106, 113, 116 and 122

42,43, 47, 48,106, 113, 116 and 122

in a variety of models corresponding

Conduction is the most significant
mode of heat transfer

Generally, reducing cell size reduces
thermal conductivity

Generally, increasing void fraction
reduces thermal conductivity
Nanocellular foams display
different trends than microcellular
foams

Impact radiation increases for high
void fraction (low relative density)
foams

Refractive index and absorption
index have a significant impact on
thermal conductivity

Reflectance depends on cell size, 47
void fraction, etc.

42, 43, 47, 48, 106 and 122
43, 47,106, 113 and 122
42, 43, 47 and 116

47,48 and 113

42,47 and 122

47 and 106

Width of cell size distribution is 48
significant

Changes in cell wall thickness and 113

ratio of polymer present in cell walls
to struts significantly impact
thermal conductivity

cell and anisotropic structures, are not uncommon in bio-
based foams. Given that most current models do not account
for these non-traditional structures, this presents a research
gap. Micro-CT scanning of experimental foams to create struc-
tural information inputs for a model is a potential means fill
this gap."*® Additionally, all models assessed here have neglec-
ted to account for the possibility of polymer blends or solid

to comparable observations in experimental biobased

Assumption References

Experiment observation References

Cells have a uniform size
distribution

42, 43, 47, 106, 113 and 122

Cells are generally spherical
(isotropic)

42, 43, 47, 48, 106 and 122

Cells are closed 42,43, 47, 48, 106, 113 and 122

Radiation is ignored 48

Consider only foam structure and 42, 43, 47, 48, 106, 113, 116 and 122 Thermal conductivity changes with

primary material

© 2021 The Author(s). Published by the Royal Society of Chemistry

Cells have a uniform size 13, 14, 16, 17, 18, 20, 22, 23, 24, 62

distribution and 123
Cells have a bimodal size 41 and 73
distribution

Cells are spherical (isotropic)
Cells are oblong or cylindrical
(anisotropic)

Cells are fully closed

Closed cell structure with
significant portion of cells having
ruptured walls

16, 17, 18, 23, 41 and 73
15, 20, 22, 54, and73

17, 18, 22, 24, 41, 73 and 123
13, 16, 20, 21 and 54

Cells are open 27, 62 and 64
Radiation is a significant 23 and 24
component

13, 14, 17, 18, 20, 21, 24, 27, 41, 54,
presence of additives or blends 64 and 123
Foam structure changes with 15, 17, 18, 20, 21, 24, 27, 41, 54, 64
presence of additives or blends and 123

RSC Adv, 2021, 11, 4375-4394 | 4387


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09287h

Open Access Article. Published on 22 January 2021. Downloaded on 3/27/2026 1:50:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

additives. Granted, it is not reasonable to consider every
possible additive, but certainly it would be desirable to have
a better understanding of how different polymer domains in
a blend impact thermal conductivity depending on how those
domains are arranged. An excellent example to demonstrate the
importance of blends on the structure an experimental foam is
given by Qu et al.**

4. Comparison of biobased foam
properties
4.1 Raw data analysis

Due to the fact that so many variables impact the properties of
biobased foams, it can be difficult to distinguish if any given
material holds more promise for thermal insulation applica-
tions. Ideally, drawing a thorough and direct comparison
between these experimental biobased foams would require
datasets of thermal conductivity, apparent and relative density,
average cell size, cell size distribution, closed cell fraction, and
anisotropy ratio. These data would first help form an under-
standing of how these foams stack up purely on insulation
performance (thermal conductivity) and then fully describe the
foam structures to understand how any particular trends in
structure are impacting performance.

In compiling performance data on cellulose, PU and PLA
foams, it has become evident that reporting of the datum
categories mentioned above in the literature is somewhat
insubstantial. For example, many papers which list thermal
insulation as a potential application for the experimental foam
have not quantitatively described the foam structure or even
measured thermal conductivity. This is in large part due to the
fact that, in many cases, the focus of the research may not be
thermal insulation properties. The result, however, is a gap
between the amount of research assessing biobased foams and
the amount of directly comparable data. Fig. 10 shows the
references found by the authors to contain complete datasets
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z
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Fig. 10 Reported thermal conductivity ranges for experimental bio-
based foams arranged by material with EPS and XPS*#* and a general
comparison. Bars that are shaded rather than solid indicate a large
thermal conductivity range arising from additives or blends® has two
ranges shown since the anisotropic foam samples were characterized
in both the radial and axial directions.
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for thermal conductivity arranged by primary foam material.
Not only is the compiled dataset relatively small, it also contains
huge fluctuations within materials and between materials. All
three materials have at least one experimental foam that is on
par or better than EPS/XPS. Additionally, PU foams seem to have
more consistent thermal conductivity performance than cellu-
lose and PLA. Besides these points, it is difficult to discern
a clear trend from this figure alone. A few references display
particularly large thermal conductivity ranges. Some of these
can be explained by anisotropic foam structure, and others
(shown shaded) are the result of adjusting blend components or
additives.

Not all the papers reported thermal conductivity values
together with quantitative structure data, which makes it diffi-
cult to compare the performance precisely. There are multiple
potentially informative structural characteristics which are
underreported. Of the biobased foams which report thermal
conductivity, the most commonly reported structure charac-
terizations are apparent density and average cell size shown in
Fig. 11(a) and (b). It is immediately evident that apparent
density is not very informative and does not follow any clear
trend even among similar materials. The lack of trends is
initially confusing given that several models previously dis-
cussed in this review specifically show the impact of void frac-
tion (or equivalent terms), which is a term derived from
apparent density. Similar to apparent density, the average cell
size data does not reveal any useful information. Complete cell
size distribution parameters are very rarely reported and having
only average cell size makes it far more difficult to compare
foams with non-traditional structures. Some have specified
directionality of the cell size measurement if the foam was
anisotropic, but fewer have provided an anisotropy ratio or
measurements in other directions. The thermal conductivity
value of anisotropic foams is also typically only measured in one
direction, and at times, directionality is not specified. Notably,
both the compiled density and cell size data do not follow clear
trends. Very little insight could be gained from either of these
plots.

The lack of comprehensive datasets posts a barrier in
understanding the true performance of these experimental
biobased foams. At this point, one option is to look for models
that may allow us to better understand the relationship between
foam structure and properties. Refining models will lead to
better predictions for foams with non-traditional structure
characteristics, and ultimately, fill in these data gaps. An
alternative approach is to display the data that are already
available and fit the gap through a simple mathematical
dimensional analysis.

4.2 Dimensional analysis approach

To make better use of the data available, the most commonly
reported structural characteristics, apparent density and
average cell size, must be compiled and translated into a form
which is possible to directly compare across studies. Apparent
density is problematic since it is not directly comparable across
studies; different materials and blends cause differences in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Reported thermal conductivity data relative to (a) apparent density and (b) average cell size. Blue points are cellulose, orange points are
PU, and green points are PLA. The points plotted from ref. 15 are specifically thermal conductivity measurements in the radial direction.** Foam
samples were bimodal; the average size of the smaller cells is plotted here. A few trend lines are added for samples from the same reference.

density not related to foam structure. One way to make apparent
density data more useful is by translating it into relative density,
i.e. the density of the foam divided by the density of the bulk
material prior to foaming. Relative density is valuable since it
removes the specific material properties from the picture,
making it easy to compare across datasets. Reporting of either
expansion ratio (the inverse of relative density) or void fraction
(one minus the relative density) is equivalent.

The only group of biobased foams for which all these data
are available is closed-cell PLA foams, shown in Fig. 12. These
data follow a clear trend, similar to other plots of compiled data
in previous literature which include more traditional insulation
materials such as EPS or polypropylene foams. It would indicate
that thermal conductivity is low for high expansion ratio (i.e.
low relative density) foams and increases rapidly in low expan-
sion ratio ranges. The fact that these particular PLA foams
follow this trend is unsurprising since the structures involved
are on the whole quite similar to traditional foams. From
a theoretical standpoint, the power law behavior is supported by
the fact that solid conduction will be very high when foams are
very dense. The introduction of any barriers (cells) to phonon
transport should cause the solid conduction to rapidly decrease.
Then, as the foam becomes mostly void space, the foam should
asymptotically approach the thermal conductivity of air.
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Fig. 12 Reported thermal conductivity data relative to expansion ratio
(density of bulk non-foamed material divided by the density after
foaming). A trend line fitting the data is shown with the corresponding
equation.
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Given the strong trend revealed here with relative density, it
stands to reason that displaying foam structural and thermal
data in relative, dimensionless terms is needed to obtain useful
insight. In particular, a dimensionless approach to data anal-
ysis could be valuable for foams with complex, non-traditional
structures for which it is difficult to accurately apply current
models. Here, we propose a rudimentary dimensional analysis
approach to help fill in the data gaps. The mathematical fit was
constructed using the datasets previously analyzed in Section
4.1. It is important to note that this method does not rely on
true physical understanding of the material structures. It is only
based on mathematical correlation.

To make the available data on biobased foams easier to
compare, all variables involved were first made to be dimen-
sionless. Table 3 shows a summary of how all variables for this
analysis were defined. Relative thermal conductivity, k., was
calculated by dividing measured foam thermal conductivity
values by the assumed thermal conductivity of the bulk mate-
rial. Values of bulk material thermal conductivity are given in
Table 3. It should be noted that it is not necessarily accurate to
assume that all the solid materials used to make these experi-
mental foams had these thermal conductivities, but there are
not substantial data provided to improve this assumption.
Similarly, the relative density, p.j, was calculated by dividing
the reported apparent foam densities by the assumed density of
the solid material (see Table 3). The calculation of relative
density was not necessary in all cases since some studies re-
ported expansion ratio, which is the inverse of relative density.
Thus, the assumed solid material density values were only
employed when expansion ratio data was not available. To
transform reported average cell sizes into a dimensionless
parameter, d..;, the measured average cell size was divided by
a theoretical maximum cell size, d,,.x. The calculation of d,. is
done by assuming a one meter cube of material containing
a single cell, large enough to achieve the void fraction of the
foam. Consequently, d essentially reflects the number of
barriers to heat transfer in 1 meter of material. A smaller d,¢
implies a larger number of barriers that must be passed to get
from one end to the other.

All references from which data was pulled to calculate our
mathematical fit have reported thermal conductivity, average

RSC Adv, 2021, 11, 4375-4394 | 4389
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Table 3 Definitions of measured and dimensionless variables and numerical values of bulk material variables used in the dimensional analysis

Dimensionless

Property Measured variables variables
Thermal Conductivity (k) ke = foam k e — ke

k, = bulk material k e

Keeltulose = 0.23 W m™ ' K7 (ref. 125)

kpu =019 Wm ™" K* (ref. 126)

kppa = 018 Wm™ ' K ' (ref. 127)
Density (p) p¢ = foam apparent p Prel = Pt

pp = bulk material p Pb

Peellulose = 1500 kg m~? (I'Ef. 128)
pey = 1225 kg m > (ref. 126)

Expansion ratio = 6 = 1/p;
Void fraction = v =1 — ppe

ppra = 1240 kg m™> (ref. 129)

Average cell size (d)

1
Amax = (1 m37)3

cell size, and either apparent foam density or expansion ratio.
After converting all variables into dimensionless forms, a pre-
dicted ke was calculated from d,¢ and p,e; using eqn (5) where x
and y are the respective fit parameters. The solver function in
Microsoft® Excel® was used to minimize the mean square error
between predicted k.. and the measured £, by adjusting x and
y. Errors were given different weighting depending on the
density data available. If expansion ratio was measured and
reported directly, the point was given weighting of 1. If only
apparent density was reported and relative density had to be
calculated using material constants in Table 3, the point was
given a weighting of 0.5. Fig. 13 displays the master curve of the
measured versus predicted relative thermal conductivity and the
final fit equation with optimized x and y. If the correlation were
perfect, all points in the master curve would lie along the
diagonal. There are some clusters of data which deviate from
the trend, but in general, the equation fits reasonably well.
Unsurprisingly, the optimized value for y is remarkably close to
the exponent for the trend line observed in the reported

@ Cellulose o
L4
o PU &
o PLA 3
m
ot
)
E&

Measured &,
o
[
T

— 40.033 0.436
krer = drel * Prel
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Predicted k
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Fig. 13 Master curve of measured relative thermal conductivity vs.
predicted relative thermal conductivity.
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d = measured average cell size
dmax = max cell size in 1 m? at given y

expansion ratio data shown in Fig. 12. The same optimization
process was done considering only d,e or p; and with/without
weighting errors. The results of each scenario are given in Table
4. Regardless of weighting, including both d,. and py mini-
mizes the error of the prediction. It is notable, however, that p;e
on its own is a far better predictor of thermal conductivity than
d..; despite the fact that d, is affected by both cell size and
density.

(5)

— X y
krcl - drcl Prel

To assess the trends presented by our mathematical fit and
begin to fill data gaps, cell size and relative density data for
biobased foams that do not have reported thermal conductivity
values have been compiled in Fig. 14(a). These data were
selected as they encompass a wide range of relative density and
cell size. The predicted k. values were then plotted with the
reported cell size in Fig. 14(b). This data was overlaid with four
theoretical curves produced from the optimized eqn (5). Each
curve corresponds to a fixed p,¢ value. The curves display how
kre1 changes with cell size given that fixed value for p,.. These
curves suggest that at very low relative densities, changes in cell
size have virtually no impact on foam thermal conductivity.
However, at higher relative densities, a change cell size can be
quite significant, particularly if transitioning from

Table 4 Results of Excel® Solver optimization for different prediction
equations with and without error weighting

Mean squared

Prediction equation X Y error

Weighted errors krel = drei" pre’  0.03288 0.43578 0.03179
krel = dre” 0.12835 — 0.43044
kel = prer’ — 0.54263 0.06549

Unweighted errors ke = dref pre’’  0.03472  0.42473  0.04787
el = drel 0.13658 — 0.52388
krel = pref’ — 0.52914 0.08776

© 2021 The Author(s). Published by the Royal Society of Chemistry
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analysis fit equation showing impact of cell size for four different
values of pe; (C) predicted ke converted to predicted effective thermal
conductivity and plotted relative to pel.
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a nanocellular foam to a microcellular foam or vice versa. It
should also be noted that some regions of the theoretical curves
are not necessarily possible in real foams; it is unlikely to ach-
ieve a foam with both very low density and very small cell size.
Therefore, the most important observation from this analysis is
that for thermally insulating foams, low relative density is the
most influential factor with cell size being somewhat inconse-
quential. The predicted effective thermal conductivity of the
compiled data was obtained by multiplying the predicted ke
values by the appropriate material thermal conductivity
constants in Table 3. As seen in Fig. 14(c), only two of the
studies have predicted values which compare with the thermal
conductivity of EPS: Li et al. created low density PLA foams
using a high pressure vessel with CO, as a PBA™ and Zhang
et al. created a castor oil-based PU foam with soy protein as
a crosslinking agent using the free-rise foaming method.>

The dimensional analysis shown here is by no means
comprehensive and it has not been validated experimentally. It
should also be noted that, given the limitations of the available
data, our mathematical fit provides no insight to how specific
heat transfer mechanisms impact the thermal conductivity nor
does it identify how foams with specific, non-traditional struc-
tures behave. The purpose of generating this correlation was
twofold. First, the dimensional analysis explores a different
approach to predicting thermal conductivity. Second, it
provides a preliminary method for filtering through data in
biobased foams literature to predict which experimental foams
are most promising for thermal insulation. The analysis is not
without merit, as it identified a trend in cell size which is not
initially apparent from the raw data. Specifically, it suggests that
the impact of cell size cannot be viewed independently of rela-
tive density. It also demonstrates the potential value in creating
a model which is adaptive. The exponential fit parameters in
our analysis can be adjusted as more data are added in the
future. This will enable us to predict the thermal conductivity,
cell size, or relative density for foams where the structure has
not been thoroughly characterized. Furthermore, when more
data for other structural characteristics becomes available, it is
straightforward to add new fitting parameters or combine with
current ones in the analysis.

5. Concluding remarks

Great strides have been made in recent years in the develop-
ment of biobased foams for many applications including
thermal insulation. The wide variety of materials and process-
ing methods result in a diverse range of foam structures. Several
experimental foams have already demonstrated thermal
conductivity that is competitive with the industry standard. It
would be ideal to benchmark the performance of these foams
quantitatively and determine if there is any preferable structure,
material and/or additive for producing biobased insulating
foams. However, the lack of comparable data makes such an
assessment challenging.

The field of heat transfer modelling has also made impres-
sive improvements, both in terms of more accurately reflecting
true foam structures and calculating the contributions of
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individual heat transfer modes. As a result, these models have
enabled researchers to identify the structural features which are
desirable for thermally insulating foams and adjust processing
conditions to achieve those structures. Notable structure
features including, closed versus open cells, cell anisotropy, cell
wall thickness and cell size distribution, are all shown to relate
directly to thermal conductivity and other foam properties. The
importance of heat transfer models in helping to inform new
research endeavors cannot be understated. There remains a gap
however, between what information current models can provide
and the foam structures which are possible experimentally,
particularly for biobased foams. Therefore, it is important to
engage an adaptive approach. This may not only help fill the
data gap in characterization of biobased foams, but also deepen
our understanding of foam structure-property relationships.

There remain ways in which the properties of biobased
foams could be improved and there is a need to more thor-
oughly compare those properties. Some foams have achieved
highly desirable properties but are only partially biobased.
Some materials have extremely wide ranges of thermal
conductivity depending on additives and processing conditions.
Additionally, the foaming methods which can be employed are
limited by the material being used. Finding ways to manipulate
biobased materials to improve the ease of processing is crucial
from a practicality standpoint and would broaden potential
capabilities. The complexity in foaming process and unknown
variables post challenges in biobased foam research. On the
other hand, these challenges also represent opportunities.
Current and future heat transfer models may serve as a means
to help address the challenges specific to processing conditions
and material properties. The results will enable further progress
by providing insight to structure property relationships for
biobased foam systems.
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