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a b s t r a c t 

Thermal conductivity of a material is a critical parameter for using it in non-isothermal applications. 

The new emphasis on using ion-exchange membranes as thermoelectric materials makes necessary to 

study the relation between thermal and structure properties. Here, through-plane thermal conductivity 

of different polymeric ion-exchange membranes was measured by a rapid experimental method using a 

simple Lee ́s Disc apparatus. Membranes with different structures and thicknesses in the interval 25–700 

micrometers were analysed with the aim of testing the feasibility of the method in this kind of sam- 

ples. Thermal conductivity of the investigated membranes was found to vary from as low as 0.03 up 

to as high as 0.41 W K 

−1 m 

−1 , depending on the type of membrane. Membranes with reinforcement in 

their structure presented lower values of the through-plane thermal conductivity. Although the thermal 

conductivity mainly depended on the composition of the membrane matrix, larger thermal resistances 

were estimated, in general, for membranes with higher density and thickness. No significant influence of 

the membrane ion-exchange capacity was observed for homogeneous and reinforced membranes, but a 

positive correlation was observed for heterogeneous membranes. The results obtained for homogeneous 

Nafion membranes were compared with values given in the literature for these same membranes, find- 

ing a good agreement. A thickness-dependent thermal conductivity was estimated for these membranes, 

suggesting that a size effect may play an important role in this kind of membranes. Despite its simplicity, 

the method allows to make a good estimation for the value of the through-plane thermal conductivity of 

polymeric ion-exchange membranes. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Polymeric ion-exchange membranes are used in numerous ap- 

lications based on electro-membrane processes. In these applica- 

ions, transport numbers or ionic conductivity of the membranes 

re relevant parameters, and they have been widely studied in 

he literature. Even though large gradients may originate in the 

embrane systems, they have been neglected in literature so far 

nd most of the transport processes are considered operating in 

sothermal conditions. Probably, that is one of the reasons why 

hermal conductivity of ion-exchange membranes has been little 

tudied compared to other membranes properties. However, ther- 

al conductivity of materials is an important issue in processes 

here a temperature gradient exists. Knowing thermal conductiv- 
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ty values of the involved materials is crucial when modeling the 

emperature distribution inside a non-isothermal system. 

The use of membrane technology in energy conversion, such as 

uel cells [1] , reverse electrodialysis [2] or thermoelectricity [3] has 

ncreased the interest in the thermal properties of ion-exchange 

embranes. Thermal management is critical to the performance 

f these applications. In a fuel cell, a temperature distribution can 

e originated affecting the performance of the process, but until 

elatively recently, little attention has been paid to the thermal 

roperties of fuel cell materials components [ 4 , 5 , 6 ]. It was probed

hat thermoelectric contributions to the cell potential can improve 

he cell performance in the otherwise isothermal reverse electro- 

ialysis cell [ 7 ]. Thermoelectric properties are of interest to har- 

est useable electrical power from waste heat. The idea of using 

on-exchange material for thermoelectric energy conversion pur- 

oses have been recently considered [ 3 , 7 , 8,9 ]. Nonetheless, regard- 

ng ion-exchange membranes, results have been basically referred 
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Table 1 

Commercial polymeric ion-exchange membranes used in this work. (CEM: cation-exchange, AEM: anion-exchange). 

Manufacturer Name Short Name Structure Reinforcement Type 

DuPont Nafion N111 N111 homogeneous Non CEM 

Nafion N1135 N1135 Non CEM 

Nafion N115 N115 Non CEM 

Nafion N117 N117 Non CEM 

Nafion N1110 N1110 Non CEM 

Nafion N324 N324 PTFE CEM 

MEGA a.c. Ralex CMHPES RXCPES heterogeneous Polyester CEM 

Ralex AMHPES RXAPES Polyester AEM 

Ralex CMHPP RXCPP Polypropylene CEM 

Ralex AMHPP RXAPP Polypropylene AEM 

ASTOM Neosepta CMX CMX homogeneous PVC CEM 

Neosepta AMX AMX PVC AEM 

Ion Power Ionics CR65-CZL-412 CR65 heterogeneous Acrylic CEM 

Ionics CR67-HMR-412 CR67 Polyacrylonitrile CEM 

AGC Selemion CSO CSO homogeneous PVC CEM 

GEFC GEFC10 GEFC10 homogeneous Non CEM 

Shchekinoazot MK-40 MK40 heterogeneous polyamide CEM 
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o Nafion membranes in relation to its use as electrolyte in fuel 

ells [ 4 , 5 , 9 , 10,11 ] or in water electrolyzers [ 12 ]. 

Thermal conductivity is one of the key parameters if there ex- 

sts temperature gradient in the systems. Thermogalvanic and ther- 

oelectric material are characterized by the figure of merit ZT de- 

ned by [ 7,13 ]: 

T = 

ηS 
2 σ

κ
T (1) 

here ηS is the Seebeck coefficient, σ and κ are, respectively, the 

lectric and thermal conductivities of the material, and T is the ab- 

olute temperature. In such applications, ion-exchange membranes 

ith large ionic conductivity but low thermal conductivity would 

e desirable. Thus, information on thermal conductivity of ion- 

xchange membranes, as well as on its relationship with other rel- 

vant membrane properties would be welcome. 

Although effort s have been made to determine the thermal con- 

uctivity of polymers [ 13–18 ], many intrinsic and experimental pa- 

ameters influence the resulting thermal conductivity of the ma- 

erial [17] . The thermal conductivity of a polymeric ion-exchange 

embrane depends on the polymer matrix, but also on the type 

f thermally conductive fillers, the existence of reinforcement on 

he structure, etc. Due to the almost infinite number of possible 

aterial compositions, it would be very important to estimate the 

roperties of one candidate prior to a more precise study for using 

t in a given technology. 

The methods for measuring thermal conductivity are generally 

lassified in two regimes, permanent (steady state) and transient 

 19 ], and different approaches can be used [ 4 , 5 , 9–11 , 20–24 ]. The

arge of existing methods for the characterization of thermophys- 

cal properties shows that there is no single solution for all prob- 

em. So having a simple method to give a first estimation of ther- 

al conductivity is also an important issue. 

Lee ́s disc is a simple apparatus designed and utilised to mea- 

ure conductivity of insulating materials. Lee ́s disc method has 

een used to investigate thermal conductivity of different kind 

f materials [ 25–27 ] but, to the best of our knowledge, it has

ot been used to measure thermal conductivity of ion-exchange 

embranes. The purpose of this work is to test the feasibility 

f the method to estimate through-plane thermal conductivity of 

hin polymeric ion-exchange membranes typically used in electro- 

embrane-based applications and to analyse the influence of dif- 

erent membrane structural properties on their through-plane ther- 

al conductivity. 
2 
. Experimental 

.1. Ion-exchange membranes 

Seventeen commercial polymeric ion-exchange membranes 

ith different properties were tested in this work. They are pre- 

ented in Table 1 . Heterogeneous and homogeneous, anionic and 

ationic, and with different density membranes were used to the 

urpose of analysing the influence of these characteristics in the 

btained results. 

Nafion (N111, N1135, N115, N117, N1110) membranes are ho- 

ogeneous non- reinforced membranes consisting of a polyte- 

rafluoroethylene backbone and long fluorovinyl ether pendant side 

hains regularly spaced, terminated by a sulfonate acid group, 

ith an equivalent weight (EW) of 1100 g/eq. There are no 

ross-links between the polymers. Nafion N324 membrane is a 

eflon fabric reinforced membrane. It is a perfluorosulfonic acid 

ation-exchange membrane combining outstanding chemical resis- 

ance with strong polytetrafluoroethylene fiber reinforcement. Ion- 

cs (CR65, CR67) membranes are cation-selective membranes com- 

rising cross-linked sulfonated copolymers of vinyl compounds. 

he membranes are homogeneous films, cast in sheet form on syn- 

hetic reinforcing fabrics. Modacrylic polymer (copolymer of vinyl 

hloride and acrylonitrile) or acrylic polymer are the fabrics most 

ommonly used. Neosepta (CMX, AMX) are reinforced homoge- 

eous membranes made by the paste method containing a rein- 

orcing inert mesh. CMX cation membrane is a composite pre- 

ared on the base of polystyrene and divinylbenzene and rein- 

orced with polyvinylchloride. The ionic fixed sites are sulfonic acid 

roups. AMX anion membrane is composed of styrene divinylben- 

ene copolymers with tri-alkyl ammonium fixed charge groups. 

K-40 membrane is a sulphonic polystyrene divinylbenzene mem- 

rane of heterogeneous-type prepared by the inclusion of a finely 

round ion-exchange resin in a polyethylene binder. It is made by 

ot rolling of low-pressure polyethylene, PE (used as a binder), 

ith KU-2 ion-exchange resin powder. The size of polyethylene and 

on-exchange resin particles is in the range from 5 to 50 microme- 

ers. Reinforcing nylon mesh (where the diameter of filaments is 

f 30–50 microns) is introduced by hot pressing. GEFC10 mem- 

rane has a perfluorinated backbone and sulfonate side chains sim- 

lar to Nafion membrane, but with a lower equivalent weight of 

0 0 0 g/eq. Selemion CSO is a monovalent selective cation exchange 

embrane that contains a thin polyethyleneimine (PEI) anion ex- 

hange layer. Heterogeneous Ralex membranes (RXCPES, RXAPES, 

XCPP, RXAPP) are composites formed from ion-exchange resins 

ith polyethylene basic binder and a reinforcing material. In RX- 
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Table 2 

Thickness ( d ) and density ( ρ) of the polymeric ion-exchange membranes tested in this work. Basic weight for non-reinforced Nafion mem- 

branes is also indicated. 

Membrane Thickness, d (10 −6 m) Density, ρ (kg m 

−3 ) Basic Weight ∗(10 −3 kg m 

−2 ) 

N111 25 2000 50 

N1135 89 1985 190 

N115 131 2000 250 

N117 186 1980 360 

N1110 254 1985 500 

N324 271 1550 –

RXCPES 431 817 –

RXAPES 454 945 –

RXCPP 422 1120 –

RXAPP 422 917 –

CMX 151 1000 –

AMX 129 900 –

CR65 612 877 –

CR67 685 833 –

CSO 81 1310 –

GEFC10 260 2150 –

MK40 450 1120 –

∗Given by the manufacturer. 
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PES (cationic) and RXAPES (anionic), the reinforcing material is a 

olyester fitting fabric. For RXCPP (cationic) and RXAPP (anionic) 

he reinforcing material is polypropylene. 

Membrane thickness was measured with a PCE-THM-20 ma- 

erial thickness meter with resolution 0.0 0 02 mm. Final value of 

embrane thickness was obtained by averaging the results of at 

east ten measurements made at different points of the sample 

nder study. The maximum standard error was always lower than 

.001 mm. The obtained values are shown in Table 2 , together with 

he values of the density determined for each membrane. This last 

arameter was obtained by measuring the area and the mass of a 

orresponding membrane sample. 
Fig. 1. Sketch of the experimenta

3 
.2. Experimental device 

Through-plane thermal conductivity of the studied membranes 

as estimated by using the Lee ́s disk method. Fig. 1 shows a 

ketch of the experimental device used in this work. It consisted of 

wo brass (red or yellow) discs of cylindrical shape. The discs were 

laced on top of each other with the membrane sample, whose 

onductivity was to be determined, placed in the middle. 

The top metal disc (metal chest) was hollow at its top to allow 

he steam in and out, while the bottom disc was a thinner solid 

etal piece. A hole was made in each disc, close to the surface in 

ontact with the tested sample, where a Pt100 sensor was placed 
l device used in this work. 
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Fig. 2. Sketch of the three steps of the measurement process. (a) Step 1: Stationary state; (b) Step 2: lower metal disc heating; (c) Step 3: lower metal disc cooling. 

Table 3 

Values of relevant parameters for the experimental devices. 

Diameter of discs (10 −3 m) 98.44 ± 0.02 

Thickness of bottom disc (10 −3 m) 12.00 ± 0.02 

Mass of bottom disc m (10 −3 kg) 

Red Brass 788.50 ± 0.05 

Yellow Brass 755.0 ± 0.1 

Mass of top disc (10 −3 kg) 

Red Brass 1304.8 ± 0.1 

Yellow Brass 1305.9 ± 0.1 

Specific heat, c (J kg −1 K −1 ) 

Red Brass 380 ± 1 

Yellow Brass 380 ± 1 
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Fig. 3. Stationary temperature profile through a three layers plane wall subjected 

to convection on both external sides. 
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n to measure the temperatures T 1 and T 2 of the discs. These tem- 

eratures were recorded by a computer. 

The experiment consisted of three steps. First (Step 1), the sam- 

le was placed between the two discs and steam was made circu- 

ating through the top metal chest. Steam was produced by boil- 

ng water. The temperatures T 1 and T 2 were recorded until the 

teady state was reached when both temperatures kept constant 

 Fig. 2 a). The sample was then removed and both metal discs were

ept in contact until they reached approximately the same tem- 

erature (Step 2) ( Fig. 2 b). Afterwards (Step 3), the top metal disc

as removed, and a sample of an insulating material (cork) was 

laced over the bottom disc to ensure that their cooling occurs un- 

er the same conditions as in Step 2. In this configuration ( Fig. 2 c),

he bottom disc was cooled to room temperature, measuring its 

emperature during the cooling process. The sensor T 1 was placed 

earby to measure ambient temperature during the cooling pro- 

ess. 

The membrane samples were machined approximately with the 

ame diameter of the discs (around 9 cm). Table 3 shows values for 

elevant parameters of the device. 

.3. Theoretical background 

Consider steady one-dimensional heat transfer through a plane 

all consisting of three layers of different materials with thickness 

 1 , d and l 2 , and thermal conductivities κ1 , κ and κ3 , respectively 

 Fig. 3 ). The external surface of the wall 1 is in contact with a fluid

t constant temperature T ∞ w 

, and the external surface of wall 2 is 

n contact with a fluid at constant temperature T ∞ a . h 1 and h 2 rep-

esent the heat transfer coefficients for the convection heat trans- 

er between the fluids and the solid external surface of area A of 
4 
he walls 1 and wall 2 , respectively. Although the heat transfers will 

ccur in both perpendicular and parallel directions to the layers 

urface, if the thickness of the wall is small, the temperature gra- 

ient in that direction will be large. Moreover, if the fluid tem- 

eratures inside and outside remain constant, then heat transfer 

hrough the wall can be modelled as unidirectional and can be ex- 

ressed as T ( z ) [ 28 ]. When the area A and the rate of conduction

eat transfer are constant, the temperature through the wall varies 

inearly with z . That is, the temperature distribution in the wall 

nder steady conditions would be a straight line. The thermal re- 

istance concept can be used to determine the rate of the steady 

eat transfer through the composite wall. 

Despite the complexity of convection, the rate of convection 

eat transfer through the wall 1 and wall 2 are observed to be pro- 

ortional to the temperature difference and is conveniently ex- 

ressed by Newton ́s law of cooling as: 

 conv = q conv A = −h 1 A ( T s1 − T ∞ w 

) = −h 2 A ( T ∞ a − T s2 ) (2) 
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The conduction heat flow, q , due to a temperature gradient, ∇T , 

an be expressed by the Fourier law: 

 

q cond = −κ∇T (3) 

here κ is the thermal conductivity coefficient tensor. If a homo- 

eneous plane body is considered, we can consider a unidimen- 

ional heat transfer and according to Eq. (3) , in the stationary state, 

he rate of heat transfer, Q , transmitted by conduction through the 

ifferent layers of the wall can be expressed by: 

 cond = q cond A = −κ1 A 

( T 1 − T s1 ) 

l 1 
= −κA 

( T 2 − T 1 ) 

d 
= −κ2 A 

( T s2 − T 2 ) 

l 2 

(4) 

here T i and T j represent the corresponding temperatures over the 

wo surfaces of each layer, and k i indicates the corresponding ther- 

al coefficient in the considered direction. 

Using the analogy between thermal and electrical resistance 

oncepts, we can rearrange Eqs. (2) and (4) as a function of the 

hermal resistances R conv and R cond , corresponding respectively to 

onvection and conduction heat transfers, defined as: 

 conv = 

( T ∞ 

− T ) 
1 

hA 

= 

( T ∞ 

− T ) 

R conv 
(5) 

 cond = 

( T 1 − T 2 ) 
d 
κA 

= 

( T 1 − T 2 ) 

R cond 

(6) 

Under steady conditions, the rate of the heat transfer must be 

he same through all the walls and, according to Eqs. (5) and (6) ,

or the considered system ( Fig. 3 ), we have: 

 cond = Q conv = 

( T ∞ w 

− T ∞ a ) 

R conv , 1 + R wal l 1 + R wall m 
+ R wal l 2 + R conv , 2 

(7) 

here: 

 conv , 1 = 

1 

h 1 A 

; R wal l 1 = 

l 1 
κ1 A 

; R wall m 
= 

d 

κA 

;

R wal l 2 = 

l 2 
κ2 A 

; R conv , 2 = 

1 

h 2 A 

(8) 

r: 

 = 

( T ∞ w 

− T s1 ) 

R conv , 1 

= 

( T s1 − T 1 ) 
l 1 

κ1 A 

= 

( T 1 − T 2 ) 
d 
κA 

= 

( T 2 − T s2 ) 
l 2 

κ2 A 

= 

( T s2 − T ∞ a ) 

R conv , 2 

(9) 

On the other hand, the amount of heat emitted by a body of 

ass m and specific heat c , at temperature T s , cooling can be ex-

ressed by: 

 = mc 

(
dT 

dt 

)
Ts 

(10) 

here t indicates time. 

In the considered case, if T s 2 over the external surface of wall 2 
s kept constant, it is necessary that the stationary Q is the same 

n Eqs. (9) and (10) . Thus: 

= 

mcd 

A ( T 1 − T 2 ) 

(
dT 

dt 

)
T s 2 

(11) 

here m is the mass of the wall 2 . Supposing that wall 2 is cooling

n contact with fluid 2 , air in this case, according to the Newton ́s

aw of cooling ( Eq. 2 ), its temperature will decrease in time with

n exponential dependence: 

 = T ∞ a + α exp ( −βt ) (12) 
5 
here β and α are parameters, related to the air heat trans- 

er coefficient and temperatures of cooling surface and air. From 

q. (12) the rate of cooling can be expressed as 

dT 

dt 

)
T s 2 

= −β( T s2 − T ∞ a ) (13) 

And from Eqs. (11) and (13) , thermal conductivity coefficient of 

all can be estimated as: 

= 

mcdβ( T s 2 − T ∞ a ) 

A ( T 1 − T 2 ) 
(14) 

If the emissivity of the external surface of wall 2 is not null, 

 radiation heat transfer also occurs simultaneously to the con- 

ection heat transfer during the cooling of the surface. For one- 

imensional heat transfer, according to the Stefan- Boltzmann law, 

he heat transfer between the surface, at temperature T s2 and the 

urroundings, at temperature T 0 , can be expressed as: 

 rad = σεA 

(
T 4 

s2 
− T 4 

0 

)
(15) 

here ε is the emissivity of the boundary surface and σ is the 

tefan-Boltzmann constant. This expression can also be expressed 

n a linear form by an analogous expression to Eq. (2) introducing a 

amed radiation coefficient h r , which depends on the temperature, 

s: 

 rad = h r A ( T s2 − T 0 ) (16) 

In the studied case, the amount of heat emitted by the surface 

ill be due to a combination of both processes, and the surround- 

ng temperature is also the air temperature T ∞ a . The use of h r al-

ows to express the combined heat flux from the cooling surface 

y means of a combined heat transfer coefficient h air that includes 

he effects of both convection and radiation. Thus, we can rewrite 

q. (2) as [ 29 ]: 

 conv+rad = −h air A ( T ∞ a − T s2 ) = −( h 2 + h r ) A ( T ∞ a − T s2 ) (17) 

here 

 r = σε 
(
T 2 ∞ a + T 2 s2 

)
( T ∞ a + T s2 ) (18) 

Radiation is usually considered negligible relative to forced con- 

ection, but it is significant relative to conduction or natural con- 

ection, and β in Eq. (12) would be the parameter that considers 

oth effects in the cooling process. 

Eq. (14) can be used to estimate the thermal conductivity of 

he membrane sample. Wall 1 and wall 2 would be, respectively, the 

pper and bottom discs, and wall m 

corresponds to the membrane 

ample under test. As the surface of the discs is higher in com- 

arison to their thickness, we can consider a unidimensional heat 

ransfer problem similar to the one shown in Fig. 3 . Taking into 

ccount that the thermal conductivity of brass is very high, the 

hermal resistance of the brass discs, corresponding to wall 1 and 

all 2 in Fig. 3 , will be negligible from Eq. (9) , and thus the tem-

erature is uniform through each disc, that is, T 1 ∼T s1 and T 2 ∼T s2 .

onsidering the area for the cylindrical shape of the bottom disc, 

q. (14) can be expressed as: 

= 

4 mcdβ( T 2 − T ∞ a ) 

πD 

2 ( T 1 − T 2 ) 
(19) 

In Eq. (19) , temperatures T 1 and T 2 are experimentally deter- 

ined in the step 1 of the experiments, β and T ∞ a are estimated 

rom the experimental results in the step 3 of the experiments, m 

nd c are known parameters of the used device, and d and D are 

nown for each tested membrane sample. The value of T a should 

e close to the experimental value measured with sensor T 2 in the 

tep 3 of the experiments. 

According to the third term in Eq. (8) , thermal resistance of the 

ested samples can be estimated, as: 

 = 

4 d 
(20) 
κπD 

2 
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Fig. 4. Temperature-time curves for three of the studied cases. (a) Stationary (step 1); (b) Cooling (step 3). Top figures correspond to homogeneous NF117 membrane, middle 

figures to reinforced homogeneous CMX membrane, and bottom figures to heterogeneous CR67 membrane. T 1, T 2 and T a represent, respectively, the temperatures of the top 

and bottom metal discs and the ambient temperature. Continuous lines in (b) are the fits to the experimental T 2 values to Eq. (12) . 

3

d

t  

t

b  
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I  
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3

. Results and conclusions 

The procedure described in Section 2.2 was carried out for the 

ifferent tested membranes. As examples, Fig. 4 shows tempera- 

ures T 1 and T 2 measured in the steps 1 and 3 as a function of

ime for three of the studied cases. 

Similar profiles were obtained for the different tested mem- 

ranes. In the step 1 ( Fig. 4 a), a stationary state was reached after
 f

6 
 time that depends on the sample and the ambient temperature. 

n the step 3 ( Fig. 4 b), the temperature in the sensor T 2 decreased,

nd in the sensor T 1 reached the ambient temperature. 

.1. Temperatures of the stationary state 

Temperatures T 1 and T 2 in the step 1 ( Fig. 4 a) were estimated 

rom the average recorded temperature values once the steady 
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Table 4 

Temperatures reached in top ( T 1 ) and bottom ( T 2 ) discs, the average value of both 

temperatures ( T av ), and the temperature differences in the stationary state (Step 1) 

for each experiment.The temperature measurement error was ±0.1 K. The standard 

deviation was also lower than the measurement error. 

Membrane T 1 ( °C) T 2 ( °C) T av ( °C) 
T (K) 

N111 93.7 92.6 93.2 1.1 

N1135 93.8 92.8 93.3 1.0 

N115 93.0 92.1 92.6 0.9 

N117 93.2 92.1 92.7 1.1 

N1110 93.2 92.2 92.7 1.0 

N324 93.4 89.7 91.6 3.7 

RXCPES 91.5 89.1 90.3 2.4 

RXAPES 93.2 90.5 91.9 2.7 

RXCPP 92.2 90.5 91.4 1.7 

RXAPP 91.7 87.5 89.6 4.2 

CMX 92.0 88.0 90.0 4.0 

AMX 93.3 91.5 92.4 1.8 

CR65 93.5 87.4 90.5 6.1 

CR67 93.3 87.4 90.4 5.9 

CSO 91.6 89.0 90.3 2.6 

GEFC10 93.0 91.3 92.2 1.7 

MK40 92.7 91.1 91.9 1.6 

Fig. 5. Comparison between the values of the ambient temperature obtained ex- 

perimentally and from the cooling curve. 
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tate was reached. These values, the average value of both, as well 

s the difference between them, are shown in Table 4 for the dif- 

erent membrane samples tested in this work. 

.2. Cooling process 

In the step 3, the lower disc was allowed to cool and its tem- 

erature was recorded during the process. The experimental data 

ere fitted to Eq. (12) . It allowed us to estimate the values of pa-

ameter β and the ambient temperature, T a in each experiment. 

he results are shown in Table 5 . The experimental value of the 

mbient temperature during the cooling process was also esti- 

ated from the average values recording by the sensor T 2 in the 

tep 3. This value is also shown in Table 5 . The correlation factor

as higher than 0.99 in the most unfavourable case. 

Fig. 5 compares experimental and estimated values for the am- 

ient temperature. As it can be observed, the values predicted by 

he fits are in good agreement to the experimental values, the rel- 

tive deviation being always less than 5% in the most unfavourable 

ase. 
7 
.3. Estimation of through-plane thermal conductivity 

From data in Tables 3–5 , the through-plane thermal conductiv- 

ty of the tested membranes at the corresponding average temper- 

ture can be obtained from Eq. (19) . The values are also shown in

able 5 . Values varied between 0.03 and 0.41 WK 

−1 m 

−1 , depend- 

ng on the membrane structure and composition, which agree with 

he thermal conductivity values of typical polymers. Thus, values 

f 0.27 and 0.35 WK 

−1 m 

−1 are given, respectively, for polytetraflu- 

roethylene (PTFE), one of the basic components of Nafion mem- 

ranes, and polyphenylsulfone (PPSU) at 25 °C [ 30 ]. Typical val- 

es for thermal conductivity of polystyrene, one of the components 

f CMX membrane, are between 0.030 and 0.040 WK 

−1 m 

−1 [ 31 ], 

n agreement with the lower value 0.045 WK 

−1 m 

−1 obtained for 

he thermal conductivity of this membrane. The highest value was 

btained for the heterogeneous MK40 membrane. Although this 

embrane is also a sulphonic polystyrene divinylbenzene mem- 

rane, it has a polyethylene binder. The thermal conductivity of 

olyethylene is between 0.33–0.50 WK 

−1 m 

−1 , while the reinforced 

aterial for CMX membrane is polyvinylchloride with thermal 

onductivity of 0.13–0.29 WK 

−1 m 

−1 [ 17 ], which could explain the 

igher thermal conductivity of MK40 membrane. 

The values obtained for N115 and N117 are in agreement 

ith the results found in the literature for Nafion membranes. 

eported values in literature for Nafion membranes varied in 

he interval 0.1–0.25 WK 

−1 m 

−1 , depending on the used method 

 4 , 5 , 9 , 10 , 24 , 32 ]. 

Fig. 6 shows the values obtained for the thermal conductivity 

f the different membranes grouped according to their structure, 

omogeneous, reinforced or heterogeneous. As it can be observed, 

ower values were obtained, in general, for tested homogenous re- 

nforced membranes. 

Thermal conductivity values for ion-exchange membranes are 

carce in the literature. Most of them refer to the Nafion 

embrane, but often the type of Nafion used is not speci- 

ed and it is assumed that bulk properties of Nafion don ́t de- 

end on the membrane thickness. Kandelwal and Mench [4] ob- 

ained 0.16 ± 0.03 WK 

−1 m 

−1 for Nafion membrane at room 

emperature, finding a dependence with humidity and temper- 

ture. Burheim et al. [11] also showed that thermal conductiv- 

ty of Nafion depended on the wet state of the membrane with 

alue of 0.177 ± 0.008 WK 

−1 m 

−1 in dried state. Joniken et al. 

9] and Ahadi et al. [10] gave, respectively, values of 0.25 and 

.243 ± 0.007 WK 

−1 m 

−1 for Nafion. Through-plane thermal con- 
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Table 5 

Cooling curve parameters fitting, β and T ∞ a, experimental ambient temperature, T a , and thermal conductivity coefficient, κ , estimated for 

each tested membrane. The temperature measurement error was ±0.1 K. Standard deviations for β and κ are also shown. 

Membrane β (10 −4 s −1 ) T ∞ a ( °C)estimated T a ( °C)measured κ (W K −1 m 

−1 ) 

N111 5.143 ± 0.025 23.9 ± 0.3 24.3 0.032 ± 0.004 

N1135 4.640 ± 0.019 25.19 ± 0.17 24.8 0.110 ± 0.016 

N115 5.12 ± 0.04 23.2 ± 0.3 23.0 0.21 ± 0.03 

N117 4.938 ± 0.023 22.8 ± 0.18 22.5 0.25 ± 0.03 

N1110 5. 413 ± 0.025 23.6 ± 0.4 24.8 0.37 ± 0.05 

N324 4.951 ± 0.019 23.02 ± 0.15 23.1 0.102 ± 0.004 

RXCPES 5.32 ± 0.05 25.3 ± 0.4 25.3 0.252 ± 0.016 

RXAPES 5.439 ± 0.027 24.07 ± 0.19 24.0 0.236 ± 0.013 

RXCPP 4.758 ± 0.024 22.79 ± 0.21 22.7 0.35 ± 0.03 

RXAPP 5.143 ± 0.019 24.05 ± 0.13 23.5 0.141 ± 0.005 

CMX 4.50 ± 0.07 23.3 ± 0.6 23.4 0.044 ± 0.002 

AMX 5.20 ± 0.03 23.30 ± 0.25 23.2 0.099 ± 0.008 

CR65 5.271 ± 0.026 23.48 ± 0.19 24.0 0.140 ± 0.004 

CR67 5.26 ± 0.05 23.2 ± 0.4 24.2 0.159 ± 0.005 

CSO 4.85 ± 0.04 23.29 ± 0.27 23.2 0.046 ± 0.003 

GEFC10 5.15 ± 0.03 24.12 ± 0.23 24.2 0.224 ± 0.019 

MK40 5.124 ± 0.04 23.1 ± 0.3 23.1 0.41 ± 0.04 

Fig. 7. Thermal conductivity as a function of the ion exchange capacity expressed 

in equivalent per mass of dry membrane. The size of symbols in the bubble plot is 

proportional to the membrane density. 
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uctivity as a function of temperature and water content were re- 

orted by Alhazmi et al. [6] for Nafion 115 membranes, obtaining 

alues between 0.193 ± 0.018 and 0.13 ± 0.02 WK 

−1 m 

−1 , being 

his dependence a result of increasing the number of phonons at 

he high temperature for the polymers as Nafion material which 

s consideed as an insulating material [ 32 ]. Values of 0.22 and 

.25 WK 

−1 m 

−1 were found for Nafion 115 and 117, respectively, us- 

ng a finite element technique [ 24 ]. 

To analyse the influence of the charge group fixed in the mem- 

rane matrix, Fig. 7 represents the thermal conductivity as a func- 

ion of the ion-exchange capacity of the membrane. No significant 

orrelation was observed between both parameters for homoge- 

eous and reinforced membranes. 

A positive correlation was observed for heterogeneous mem- 

ranes. Similar behavior was observed with amorphous polymers 

ontaining charged oxygen and nitrogen atoms [ 33 ]. However, the 

arious membranes have different physical properties and this be- 

avior could be due to the influence of the membrane density. It 

an see in Fig. 7 that heterogeneous membranes with higher ion- 

xchange capacity also correspond to the membranes with higher 

ensity. For reinforced membranes, it is observed that an increase 

f the ion-exchange capacity doesn ́t lead to an increase in the ther- 

al conductivity. This is an important point to consider with re- 
8 
pect to the use of charged polymers as thermoelectric material. 

or this application, both high ion-exchange capacity and low ther- 

al conductivity are needed. Results presented in Fig. 7 would 

oint that it is possible to increase IEC without increasing the ther- 

al conductivity of the membrane. 

Fig. 8 presents the values of thermal conductivity obtained in 

his work for the tested homogeneous Nafion membranes as a 

unction of their thickness. 

As can be observed, a linear relation is observed between 

hermal conductivity and thickness for the non-reinforced Nafion 

embranes. This is an anomalous result, because what would be 

xpected is a thermal conductivity independent of the membrane. 

owever, the lower conductivity of the thinner Nafion membranes 

s clear. A similar behavior was found by Slade et al. [34] for the

onic conductivity of the Nafion 1100 WE series of membranes. 

hey concluded that the unexpected decrease in ionic conductivity 

f thin membranes could be related to their extrusion production 

rocess. Temperature and pressure would have a pronounced effect 

n the surface structure of the material resulting in a decrease of 

he membrane channel or an increase in the membrane tortuosity. 

 thickness-dependent thermal conductivity has been also found 

y Feng et al. [33] in amorphous polymers. They found that ther- 

al conductivities of amorphous polymers can be further reduced 

elow their bulk limit due to size effects. Tarkhanyan and Niarchos 

35] also studied the reduction in the lattice thermal conductivity 

f porous materials due to size effect. The external reinforcement 

xisting in the structure of the N324 membrane seems to decrease 

ts thermal conductivity. The measured thickness for this mem- 

rane considers the external PTFE reinforcement in the membrane 

tructure. According to the manufacturer, this membrane is com- 

osed by a main layer of 125 μm with a multifilament yarn, with 

 resulting fabric with 32% of open area and a less smooth surface 

han the rest of the tested Nafion membranes. A larger contribu- 

ion of the contact resistances would be expected for this mem- 

rane, but these are not explicitly considered. 

An additional experiment was carried out using two samples 

f MK40 membrane placed together in step 1. In this case, a tem- 

erature gap of 2.8 K was obtained, with an ambient temperature 

f 24 °C. The adjustable parameters T ∞ a and β were, respectively, 

3.99 °C and 5.163 × 10 −4 s −1 , giving as result for the thermal con- 

uctivity of this membrane a value of 0.408 WK 

−1 m 

−1 , which is 

 relative difference from the value obtained using only one mem- 

rane sample of less than 2%. Thermal resistances for one and two 

K40 samples can be estimated from Eq. (20) , obtaining values of 

.153 and 0.292 KW 

−1 , respectively. Considering the linear depen- 
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Fig. 8. Thermal conductivity as a function of the membrane thickness for the 

Nafion 1100 EW series of membranes tested. 
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ence between resistance and thickness of the membrane sample, 

he estimated contribution of the contact resistances would fall 

ithin the range of experimental error. This supports our idea that 
Fig. 9. Thermal resistance of the tested membrane

9 
he contribution of the contact resistance to the estimated value 

or the thermal conductivity is within the range of experimental 

rror, although it would be necessary to take them into account in 

rder to obtain a more precise value. We have compared the ther- 

al conductivity values obtained in this work with those obtained 

n [ 24 ] using a finite element technique with some of the same 

embranes used in this work. In that work, the contact resistance 

as taking into account. For all the compared membranes, the dif- 

erence observed between the values obtained with both methods 

as within the experimental error. 

Thermal resistances of the tested membranes, estimated from 

q. (20) , are shown in Fig. 9 versus density and thickness of the 

embranes. Due to the different com position of the membranes, it 

s difficult to analyse the influence of thickness and density in the 

easured through-plane thermal conductivity. But the results pre- 

ented in Fig. 9 show that, in general, denser homogeneous mem- 

ranes showed lower thermal resistances. It should be noted, how- 

ver, that in applications where the membrane is immersed in an 

queous electrolyte medium, the types of salt ions and membrane 

ater content can also play an important role in the effective ther- 

al conductivity value. 

Considering the cooling convection processes over the external 

urface of the bottom metal disc, it is possible from Eqs. (10) and 

17) to estimate the combined heat transfer coefficient in the cool- 
s as a function of density and of thickness. 
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Fig. 10. Estimated heat transport coefficient for air during the cooling processes. 
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ng process in our experiments. Results are shown in Fig. 10 , where 

he values are represented versus the ambient temperature. 

A mean value of 19.6 WK 

−1 m 

−2 with a standard deviation of 

.1 was obtained for the combined heat transfer coefficient. Ac- 

ording to Eq. (18) , as the emissivity values can vary between 0 

nd 1, it would lead to a maximum value around 8 WK 

−1 m 

−2 for

 r in our experiments, and thus to convection heat transfer coeffi- 

ients of air around 12 W K 

−1 m 

−2 . Typical values of the convective

eat transfer coefficient for air in free convection are in the inter- 

al 2.5–25 WK 

−1 m 

−2 [ 36 ]. 

. Conclusion 

Through-plane thermal conductivity of different polymeric ion- 

xchange membranes have been estimated using a simple Lee ́s disc 

ethod. The found values varied between 0.03 and 0.41 WK 

−1 

 

−1 , depending on the membrane structure and composition, 

hich agree with the thermal conductivity values of typical poly- 

ers. 

The value of the thermal conductivity depended mainly of the 

embrane composition and no significant correlation was ob- 

erved between thermal conductivity and membrane ion-exchange 

apacity for homogeneous and reinforced membranes. A positive 

orrelation was observed for heterogeneous membranes, but the 

ifferent physical properties of the membranes have made conclu- 

ive analysis on a direct correlation impossible. Lower values were 

btained, in general, for tested reinforced membranes. For Nafion 

100 EW series of membranes tested, a correlation was observed 

etween thermal conductivity and thickness suggesting the exis- 

ence of a size effect on the through-plane thermal conductivity. 

Thermal resistance of the membranes was also estimated. In 

eneral, denser homogeneous membranes showed lower values. 

The values estimated for thermal conductivity of the tested 

embranes were in agreement with values reported in the litera- 

ure, indicating that the method, despite its simplicity, can be use- 

ul for estimating through-plane thermal conductivity of thin poly- 

eric ion-exchange membranes. 
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