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Abstract Nanocellulose-based lightweight foams

are promising alternatives to fossil-based insulation

materials for energy-efficient buildings. The proper-

ties of cellulose-based materials are strongly influ-

enced by moisture and there is a need to assess and

better understand how the thermal conductivity of

nanocellulose-based foams depends on the relative

humidity and temperature. Here, we report a cus-

tomized setup for measuring the thermal conductivity

of hydrophilic materials under controlled temperature

and relative humidity conditions. The thermal con-

ductivity of isotropic foams based on cellulose

nanofibrils and a nonionic polyoxamer, and an

expanded polystyrene foam was measured over a

wide range of temperatures and relative humidity. We

show that a previously developed model is unable to

capture the strong relative humidity dependence of the

thermal conductivity of the hygroscopic, low-density

nanocellulose- and nonionic polyoxamer-based foam.

Analysis of the moisture uptake and moisture transport

was used to develop an empirical model that takes into

consideration the moisture content and the wet density

of the investigated foam. The new empirical model

could predict the thermal conductivity of a foamwith a

similar composition but almost 3 times higher density.

Accurate measurements of the thermal conductivity at

controlled temperature and relative humidity and

availability of simple models to better predict the

thermal conductivity of hygroscopic, low-density

foams are necessary for the development of nanocel-

lulose-based insulation materials.
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List of symbols

AH Absolute humidity

B Moisture supplement

CNF Cellulose nanofibrils

EPS Expanded polystyrene

GDL Gluconic acid d-lactone

H2Ovl Moisture content by volume

H2Ow Moisture content by mass

Pw Vapor pressure

Pws Saturation pressure

RH Relative humidity

RMSE Root-mean-square error

SEM Scanning electron microscopy

TGA Thermogravimetric analysis

c(T) Temperature-dependent supplement

kdry Thermal conductivity of the dry material

kwet Wet (effective) thermal conductivity

qdry Dry density of the foam

qwet Wet density of the foam
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Introduction

Development of high performance thermally insulat-

ing materials from renewable or widely abundant

resources could substantially improve the energy

efficiency of buildings and reduce the environmental

impact (Papadopoulos 2005; Berge and Johansson

2012; IEA 2013). Indeed, the energy consumed to

maintain a pleasant interior environment by space

heating and cooling accounts for more than 10% of the

global energy consumption (IEA 2013).

Biopolymer-based materials such as cork and wood

chips were extensively used for thermal insulation prior

to the introduction of fossil fuel-based foams, but their

insulating performance is relatively poor (Jelle 2011).

Nanocellulose features an attractive combination of

properties like a high elastic modulus, low thermal

expansion coefficient, and tunable surface chemistry

(Klemm et al. 2011; Moon et al. 2011; Duong and

Nguyen 2016). Fromnanocellulose gel-like suspension,

ultralight weight (density B 10 kg/m3) and highly

porous (porosity C 99%) foams can be produced via

different techniques such as ice templating (Wicklein

et al. 2014; Munier et al. 2016), supercritical drying

(Medina-Gonzalez et al. 2012; Lavoine and Bergström

2017) or blending (Gordeyeva et al. 2016). The

controlled surface chemistry, interparticle bonding and

assembly of nanocellulose can result in nanocellulose

foamswith a high compressive strength and low thermal

conductivity (Lavoine and Bergström 2017).

Cellulose is a hygroscopic material and the prop-

erties of cellulose-based materials are well-known to

be strongly dependent on the moisture content (Lind-

ström et al. 2012). Studies on cellulosic materials such

as paper show that elastic moduli and tensile strength

are significantly decreased at high relative humidity

conditions (Bandyopadhyay et al. 2000). Composite

foams made of amylopectin and nanocellulose also

showed a 30% decrease in storage modulus with

increasing relative humidity from 20 to 80% (Svagan

et al. 2008). Agarwal et al. (Agarwal et al. 2017)

reported that the crystallinity index of cellulose pulp

decreased with increasing moisture content; highlight-

ing the importance of storing cellulose-based materi-

als at controlled humidity/temperature conditions

prior to measurement.

Recent works have shown that nanocellulose foams

can display thermal conductivity below 25 mW/mK

(Wicklein et al. 2014; Sakai et al. 2016), which

classifies them as superinsulating materials. Depend-

ing on the cellulose source and how the foams/

aerogels have been produced, the thermal conductivity

of nanocellulose foams and aerogels varied between

20 and 40 mW/mK (Jelle 2011; Kobayashi et al. 2014;

Sakai et al. 2016; Jimenez-Saelices et al. 2017). To

date, however, studies on the thermal conductivity of

nanocellulose-based foams and aerogels are sparse

and have primarily assessed the thermal conductivity

of the porous materials at constant temperature and/or

constant relative humidity (Silva et al. 2010; Isogai

et al. 2011; Nguyen et al. 2014; Wicklein et al. 2014;

Jimenez-Saelices et al. 2017).

We have developed an experimental setup which

can perform accurate measurements of the thermal

conductivity within a wide range of temperatures

(- 12 to? 41 �C) and relative humidity (2–80% RH).

The thermal conductivity of a low-density nanocellu-

lose- and nonionic polyoxamer-based foam was

determined and compared with that of a low-density

polystyrene foam. In parallel, we have also determined

the moisture uptake and the moisture transport prop-

erties of the foams in order to correlate the heat and

moisture transfer in the foams. We establish and

discuss an empirical model, which can accurately

describe the thermal conductivity of the investigated

low-density foams over awide relative humidity range.

Materials and methods

Materials

A never-dried sulfite softwood cellulose pulp (Domsjö

dissolving Plus; Aditya Birla Domsjö, Sweden) was

kindly provided by the Fiber technology and Polymer

division of the Royal Institute of Technology (KTH,

Stockholm, Sweden). Sodium hypochlorite (NaClO,

Alfa Aesar), 2,2,6,6-tetramethyl-1-piperidinyloxy free

radical (TEMPO, C 98%, Alfa Aesar), sodium

hydroxide (NaOH, P99.2%, VWR Chemicals) and

sodium bromide (NaBr, BioUltra, P99.5%, Sigma

Aldrich) were used as received. Hydrochloric acid

(HCl, VWR Chemicals, 35%), pluronic triblock (EO-

PO-EO) copolymer P123 (Mn = 5750 g mol-1,

BASF Corporation), calcium chloride (CaCl2, mini-

mum 93%, Sigma Aldrich), sodium carbonate (Na2-
CO3, BioXtra, P99%, Sigma Aldrich) and D-(?)-
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gluconic acid D-lactone (GDL, P99%, Sigma Aldrich)

were used as received in the preparation of the foams.

TEMPO-oxidized cellulose nanofibrils (CNF) were

prepared as previously reported using the TEMPO/

NaBr/NaClO system with 15 mmol of NaClO per

gram of cellulose (Blomfeldt et al. 2012; Budaiwi and

Abdou 2013). The TEMPO-mediated oxidation was

performed for 3 h, at pH 10. The CNF were then

obtained by disintegrating the oxidized pulp by

repeatedly passing the dispersion four times through

the 400 and 200 lm chambers of a high pressure (1600

bars) Microfluidizer (M-110EH, Microfluidics) (Gor-

deyeva et al. 2016).

Foams containingCNF, P123,CaCO3andGDLwere

prepared by mixing a CNF suspension at two different

concentrations; 0.5 or 0.7 wt% with the dispersion of

CaCO3 particles and the triblock poly(ethylene glycol)-

poly(propylene glycol)-poly(ethylene glycol) polyox-

amer copolymer, P123. The obtained mixture was

foamed using a dispersing tool, Ultra-Turrax (T18 IKA

Werke, Germany) for 3 min at 7000 rpm with the

dropwise addition of GDL performed at the last minute

of the foaming (Gordeyeva et al. 2016).

Expanded polystyrene (EPS, Quality S80, Bewi)

with a density of 14.1 ± 0.9 kg/m3 was used as a

reference material (Bewi Insulation 2016).

Characterization of the foams

Scanning electron microscopy (SEM) images of the

foam cross-section were taken using a HITACHI TM-

3000 (Germany, 5 kV, 9500).

Nitrogen sorption measurements were performed

using an ASAP 2020 (Micromeritics Instrument

Corporation, Nocross, GA, USA). The BET (Bru-

nauer–Emmet–Teller) and BJH (Barret–Joyner–Hal-

enda) models were used to estimate the surface area

and pore volume of the foams, respectively. The CNF

foams were degassed at 80 �C for 10 h prior to the

measurements.

The charge density of CNF was determined by

conductometric titrations and estimated to be

1603 ± 5 leq/g (Committee 2002).

The density of the foams was calculated from the

mass and the volume of the foams which was

measured with a caliper.

The porosity (e) of the foams was estimated from

the composition and the densities of the different

components in the foam.

Thermal conductivity measurement

The thermal conductivity (k, mW/mK) of the EPS and

CNF- and nonionic polyoxamer-based foams was

measured using the TPS 2500 S Hot Disk Thermal

Constants Analyzer in isotropic mode. The TPS sensor

(3.2 mm in radius) was placed between two identical

pieces of EPS (diameter: 4.1 ± 0.1 cm; height:

2.2 ± 0.2 cm) or CNF- and nonionic polyoxamer-

based foams (diameter: 4.3 ± 0.1 cm; height:

1.6 ± 0.2 cm) and thermal contact between the sensor

and the foams were ensured by slightly pressing the

foam onto the sensor (Gustafsson 1991; Dixon et al.

2000). The heating power was 10 mW and the

measurement time was 10 s for each thermal conduc-

tivity measurement. The foams were enclosed in a

customized cell, allowing the relative humidity (RH)

to be controlled within the range 2–80% RH using a P2

Cellkraft humidifier (Ocklind 2016). The temperature

of the foams was controlled (261–314 K) by immers-

ing the customized cell in a temperature controlled

silicon oil bath. Five independent measurements were

performed with 15 min interval time for each temper-

ature and RH on 3 pairs of the investigated foams. The

foams were kept at the set temperature and RH for at

least 120 min prior to measurements of the thermal

conductivity.

Moisture transport properties

The water vapor sorption of the CNF- and nonionic

polyoxamer-based foams under controlled RH and

temperature was determined by measuring the weight

change using a high-precision balance (BP 210 S,

Sartorius, Germany) placed inside a humidity cham-

ber. Prior to the measurements, the foams were dried at

40 �C and 10% RH. The moisture content (H2Ow) as a

function of RH (20, 35, 50, 65 and 80%) was assessed

at two different temperatures (22 and 40 �C). Each
measurement lasted 6 h to ensure that steady state was

reached and the foammass was measured every 5 min.

The water vapor permeability (WVP) was determined

following the standard E96 method (ASTM Interna-

tional 2002; Bedane et al. 2016). The foam was sealed

from all lateral sides by using a cylindrical Teflon

beaker. The bottom of the beaker was covered with Si-

gel to maintain dry conditions under the foam while

the upper part of the foam was exposed to humid

environment.
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Results and discussion

Low density, isotropic CNF- and nonionic polyox-

amer-based foams were prepared by a previously

reported method that involved foaming an aqueous

CNF-based dispersion containing a non-ionic polyox-

amer copolymer, Pluronic P123, and crosslinking the

CNF by calcium ions that were released by a triggered

pH decrease using gluconic acid d-lactone (GDL)

(Gordeyeva et al. 2016). The wet foams were oven-

dried at 60 �C to obtain dry foams with a final

composition of 46.3 wt% CNF, 32.4 wt% P123, 4.6

wt% CaCO3 and 16.7 wt% GDL (Fig. 1a).

The dry CNF- and nonionic polyoxamer-based

foam with a density of 11.9 ± 1.2 kg/m3 and an

approximate porosity of 99%, displayed a closed foam

macrostructure with an average foam pore diameter of

145 ± 46 lm (Gordeyeva et al. 2016) (Fig. 1b). The

specific surface area of the foamwas around 1–2 m2/g,

which suggested that the porosity of the pore wall was

low.

The thermal conductivity of the foams at controlled

humidity and temperature was assessed in a closed

measurement cell with inlet and outlet for the humid-

ified air and apertures for the DT sensor and the

humidity/temperature sensor (Fig. 2). The tempera-

ture is controlled by immersing the measurement cell

in an oil bath and the relative humidity (RH) is

controlled using a humidifier. The RH represents the

ratio between the partial vapor pressure (Pw) and the

water vapor saturation pressure (Pws) (Parish and

Putnam 1977).

Comparison of the CNF- and nonionic polyoxamer-

based foam with a commercial expanded polystyrene

(EPS) foam showed that the temperature dependence

of the two materials is similar at low humidity

(Fig. 3a). The thermal conductivity values measured

for the isotropic CNF- and nonionic polyoxamer-

based foam at low humidity (1.18 ± 0.1 g H2O/m
3

air, which corresponds to 5% RH at 299 K) range

between 43 and 48 mW/mK, which correlates well

with previous measurements of the thermal conduc-

tivity of cellulose and other biopolymer foams (Jelle

2011; Blomfeldt et al. 2012; Lavoine and Bergström

2017).

The thermal conductivity of the EPS foam was

found to be identical to the value given by the

manufacturer (38 mW/mK), which confirms that the

customized setup is able to accurately measure the

thermal conductivity.

The thermal conductivity of the CNF- and nonionic

polyoxamer-based foam at constant humidity

increased by 11% when the temperature is increased

from 257 to 317 K (Fig. 3a). The linear temperature

dependence of the thermal conductivity of the CNF-

and nonionic polyoxamer-based foam is similar to

other porous and cellular materials such as wood

(Jansson 2004), fireboard (Jansson 2004), fiberglass

(Abdou and Budaiwi 2013; Budaiwi and Abdou 2013),

PMMA (Jansson 2004), expanded glass granules,

foam glass gravel (Ochs et al. 2008), polystyrene

(Jansson 2004; Algaer 2010) and polyurethane foams

(Al-Ajlan 2006; Jarfelt and Ramnäs 2006).

Figure 3b shows that the thermal conductivity of

the CNF- and nonionic polyoxamer-based isotropic

foam increased significantly with increasing relative

humidity. Previous studies have shown that the

thermal conductivity of other hygroscopic materials,

e.g. wood, concrete, expanded glass granules (Hansen

1993; Künzel 1995; Künzel and Kiessl 1996; Bel-

bekhouche et al. 2011), displayed a similar depen-

dence on the humidity and temperature as observed for

the CNF-based foams in this study.

Fig. 1 CNF- and nonionic polyoxamer-based foam. a Picture of the solid foam, b SEM image of the porous structure of the foam

1120 Cellulose (2018) 25:1117–1126

123



Figure 4 shows that the moisture uptake of the

CNF- and nonionic polyoxamer-based foam at low RH

was significantly lower at 314 than at 295 K; the

moisture uptake at 35% RH was e.g. 6.44 ± 0.94% at

295 K compared to only 0.26 ± 0.16% at 314 K.

Hence, at 314 K and 10% RH, the CNF- and nonionic

polyoxamer-based foam was almost moisture free. All

the foams were therefore conditioned at 10% RH and

314 K prior to the moisture uptake measurements.

Other hydrophilic polysaccharides, such as chitosan

(Aguirre-loredo et al. 2017), starch (Al-Muhtaseb

et al. 2004), and potato (Wang 1991) also display a

Fig. 2 Experimental setup

for thermal conductivity

measurements under

controlled temperature and

relative humidity consisting

of a TPS 2500 S Hot Disk

Thermal Constants

Analyzer and a P2 Cellkraft

Humidifier. a Enclosed

measurement cell, b the

CNF- and nonionic

polyoxamer-based foams

and the hot disk sensor

inside the measurement cell

Fig. 3 Thermal conductivity of CNF- and nonionic polyox-

amer-based foam. a Thermal conductivity (k) of CNF- and

nonionic polyoxamer-based foams (open circle), and EPS foam

(open triangle) as a function of temperature, at constant absolute

humidity (AH = 1.19 ± 0.1 g H2O/m
3 air), b thermal conduc-

tivity (k) of CNF- and nonionic polyoxamer-based foams as a

function of the relative humidity (RH %) at 314 (filled square),

295 (filled triangle), 277 (filled circle) and 262 K (filled

diamond)

Fig. 4 Moisture content, H2Ow (wt%) (histogram) and thermal

conductivity of the CNF- and nonionic polyoxamer-based foam

as a function of the relative humidity (RH%) at 314 (continuous

line) and 295 K (dashed line)
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similar decrease of the moisture content with increas-

ing temperature.

Ochs et al. (2008) suggested that the thermal

conductivity of hygroscopic insulation materials is

related to the replacement of air by water in the pores.

The thermal conductivity of water (580 mW/mK) is

more than 20 times higher than the conductivity of dry

air (25 mW/mK); hence, even a small increase of the

moisture content is expected to result in a significant

increase in the thermal conductivity of hygroscopic

materials.

The thermal conductivity of hygroscopic (building)

materials has previously been described by Künzel

et al. (Künzel 1995) using Eq. 1:

kwet ¼ kdry � 1þ b � H2Ovl

qdry

 !
ð1Þ

where, kdry is the thermal conductivity of the dry foam,

b is the dimensionless moisture supplement, H2Ovl is

the moisture content by volume (kg/m3) of the foam,

and qdry is the dry density of the foam. The Künzel

model relies on the hypothesis that the wet thermal

conductivity of insulation materials, kwet, is a linear

function of the materials’ volumetric water content

(H2Ovl). Indeed, Künzel et al. (Künzel 1995; Künzel

and Kiessl 1996) showed that this requirement is met

for insulation materials such as wood, normal con-

crete, expanded clay concrete and silica brick (Künzel

1995; Künzel and Kiessl 1996).

Figure 5a shows that the Künzel model signifi-

cantly underestimates the strong dependence on

relative humidity of the thermal conductivity of the

hygroscopic CNF- and nonionic polyoxamer-based

foam. Figure 5b shows, indeed, that the relationship

between the (wet) thermal conductivity and the

moisture content by volume of the CNF- and nonionic

polyoxamer-based foams is not linear, confirming that

the Künzel model is unsuitable to describe the thermal

conductivity of the investigated CNF- and nonionic

polyoxamer-based foam. We used a value for b of 1.5

that previously was used to describe the moisture

dependence of the thermal conductivity of wood

(Künzel 1995; Künzel and Kiessl 1996). Decreasing or

increasing the b (0.5–5) does not improve the fit to the

Künzel model.

Previous works have shown that the moisture

transport properties can have a significant influence

on the thermal transport properties of hygroscopic

foams (Ochs et al. 2008; Künzel 1995; Haghi 2011;

Osanyintola and Simonson 2006; Talukdar et al.

2007). The moisture transport properties of the CNF-

and nonionic polyoxamer-based foam have been

characterized by determining the water vapor perme-

ability,WVP, and the water vapor resistance factor, l,
from the time-dependent mass gain, S, according to

Eq. 2 (ASTM International 2002; Richter and Stan

2016):

WVP ¼ S� h

A� DP
; l ¼ dair

WVP
ð2Þ

where, S is the slope of the mass gain of the foam in

g/s, h is the height of the foam in m, A is the surface

area exposed to the moisture flow in m2, DP is the

Fig. 5 Fitting of the experimental data using Künzel’s model

(Künzel 1995; Künzel and Kiessl 1996). a Plot of the thermal

conductivity values (k) of CNF- and nonionic polyoxamer-

based foam calculated by the equation proposed by Künzel et al.

(Künzel 1995; Künzel and Kiessl 1996) and plot of the

experimental thermal conductivity values (k) of CNF- and

nonionic polyoxamer-based foam at 314 (filled rectangle) and

295 K (filled triangle) as a function of the relative humidity (RH

%), b experimental thermal conductivity as a function of

moisture content by volume
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vapor pressure difference between the top and the

bottom of the foam in Pa, and dair is the water vapor

diffusion coefficient in air (g/msPa).

Table 1 shows that the water vapor resistance factor

of the CNF- and nonionic polyoxamer-based foam

ranged between 0.1 and 0.2 at 295 K and between 0.3

and 1 at 314 K, which is much lower than the water

vapor resistance factor of hygroscopic materials like

concrete, wood, clay brick and silica brick that were

the basis for Künzel model (Künzel 1995; Künzel and

Kiessl 1996). We speculate that the water vapor

permeability has a stronger influence on the thermal

conductivity of the CNF- and nonionic polyoxamer-

based foam than on the thermal conductivity of the

previously investigated materials that displayed much

higher water vapor resistance factors (between 7 and

260 (Künzel 1995; Künzel and Kiessl 1996).

We have made an attempt to introduce a model that

accommodates the significant influence of the

moisture content and water vapor permeability on

the wet thermal conductivity of the foams.

We find that the kwet of the CNF- and nonionic

polyoxamer-based foam displayed a linear correlation

with the moisture content by mass (H2Ow) (Fig. 6a). It

should be noted that the moisture content by mass is

the moisture content by volume (H2Ovl) divided by the

wet density. This seemingly small modification of the

Künzel model is related to the difference in density

between the insulating materials that the Künzel

model was based on and the low-density foams

investigated in this study.

The materials investigated by Künzel et al. (1995)

all displayed a relatively high density (300–1800 kg/

m3) and the relative weight increase by moisture

uptake was always small. In the present study,

however, the density of the CNF- and nonionic

polyoxamer-based foam was very low (11.9 kg/m3)

Table 1 Moisture content, H2Ow, (wt%), water vapor permeability WVP and water vapor resistance factor, l, of the CNF- and

nonionic polyoxamer-based foam as a function of relative humidity (RH) and temperature

H2Ow (wt%) WVP (g/msPa) 9 10-9 l

RH% 295 K 314 K 295 K 314 K 295 K 314 K

20 6.07 0.03 1.76 0.22 0.11 0.92

35 6.44 0.26 1.13 0.35 0.17 0.59

50 8.5 2.05 1.09 0.44 0.18 0.47

65 13.05 7.41 1.03 0.77 0.19 0.27

80 25.95 21.96 1.24 0.78 0.16 0.27

Fig. 6 Empirical modeling of the experimental thermal con-

ductivity data. a Experimental thermal conductivity as a

function of moisture content by total mass, b plot of the thermal

conductivity (kwet) of CNF- and nonionic polyoxamer-based

foam calculated by Eq. 3 (continuous line) and plot of the

experimental thermal conductivity (kwet) of CNF- and nonionic

polyoxamer-based foam as a function of the relative humidity

(RH %) at 314 (filled rectangle) and 295 K (filled triangle)
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and the amount of absorbed moisture was as high as

the dry mass of the foams.

The modified Künzel model (Eq. 3):

kwet ¼ kdry � 1þ c Tð Þ � H2Ovl

qdry þ H2Ovl

 !
ð3Þ

is based on the wet density of the foam,

qwet ¼ qdry þ H2Ovl, and a temperature-dependent

supplement, c(T). Figure 6b shows that the modified

model (Eq. 3) was able to accurately describe the

experimental thermal conductivity of the wet CNF-

and nonionic polyoxamer-based foam over the entire

investigated range of relative humidity. The small

RMSE in Table 2 confirms that the modified model

provides a good fit to the data.

To validate our model, we attempted to fit Eq. 3 to

the thermal conductivity of a CNF- and nonionic

polyoxamer-based foam of identical composition but

with a higher density (dry density: 28.8 kg/m3) than

that of the previously investigated foam (dry density of

11.9 kg/m3). Figure 7 illustrates that the model is able

to accurately describe the relative humidity depen-

dence of the CNF- and nonionic polyoxamer-based

foam with the higher density. It should be noted that

we used the parameters for c(T) obtained from the

lower density foams and simply assumed that the

water uptake scales with the density of the foam. We

find that the RMSE for the higher density foam are of

similar magnitude as for the lower density foam

(Table 2), which suggests that the new empirical

model (Eq. 3) is able to describe the thermal conduc-

tivity for hygroscopic CNF- and nonionic polyox-

amer-based foams of densities within the range

10–30 kg/m3. Future work should investigate the

general validity of the empirical model by investigat-

ing other low-density, hygroscopic foams.

Conclusion

Measurements of the thermal conductivity at con-

trolled temperature and humidity of hygroscopic

cellulose nanofibril- and nonionic polyoxamer-based

foams have been performed using a customized

measurement cell in a hot disk device. The thermal

conductivity of isotropic CNF- and nonionic polyox-

amer-based foams increased more than 3 times as the

temperature and relative humidity increased from

261 K and 2%RH, to 314 K and 80%RH.We showed

that both the moisture uptake and the moisture

transport properties have a significant influence on

the thermal conductivity of the CNF- and nonionic

polyoxamer-based foams.

Künzel’s model was unable to accurately describe

the thermal conductivity of the hygroscopic, low-

density CNF and nonionic polyoxamer-based foams.

We have developed an empirical model based on the

linear relation between kwet of the CNF and nonionic

polyoxamer-based foams with the moisture content by

mass that was able to describe the thermal conductiv-

ity of the CNF and nonionic polyoxamer-based foams

over the entire RH-range. Analysis of the moisture

uptake and moisture transport properties suggests that

Künzel’s model is valid for materials with relatively

high densities and (very) high water vapor resistance

factors (l C 7), while the new empirical model is

valid for foams with low densities and lowwater vapor

resistance factors (l B 1). Combining accurate mea-

surements of thermal conductivity at controlled tem-

peratures and relative humidity with the empirical

Fig. 7 Plot of the thermal conductivity (k) of the 28.8 kg/m3

CNF- and nonionic polyoxamer-based foams calculated by

Eq. 3 (continuous line) and plot of the experimental thermal

conductivity (kwet) of the 28.8 kg/m3 CNF- and nonionic

polyoxamer -based foams as a function of the relative humidity

(RH %) at 314 (filled rectangle) and 295 K (filled triangle)

Table 2 Root-mean-square error (RMSE) of the fit using

Eq. 3 for the 11.9 and 28.8 kg/m3 CNF- and nonionic poly-

oxamer-based foam, and the related temperature-dependent

supplement c(T)

T (K) RMSE (mW/mK) c (T)

q = 11.9 kg/m3 q = 28.8 kg/m3

314 K 0.03–1.93 0.42–1.20 8.86

295 K 0.29–1.85 0.75–1.84 3.26
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model developed in this study paves the way for

predicting the thermal performances of hygroscopic,

low-density foams.
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