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bstract

The wettability of graphite and glassy carbon surfaces by pure molten alkali chlorides (NaCl, KCl, RbCl, CsCl) was measured by the sessile drop
ethod. The contact angle was found to decrease with increase of the cation radius of the chloride. Using our measured and available literature

ata, a new, semi-empirical model is established to estimate the adhesion energy between the 20 alkali halide molten salts and graphite (or glassy
arbon). The adhesion energy is found to increase with square of the radius of the cation, and the inverse of the radius of the anion of the salt.

he minimum possible value for the surface energy of graphite (and glassy carbon) was found as 150 ± 30 mJ/m2. The critical contact angle of
pontaneous penetration (infiltration) of the molten chlorides into a porous graphite substrate was found experimentally below 90◦, in the interval
etween 31◦ and 58◦. This is explained by the inner structure of the porous graphite.

2008 Elsevier B.V. All rights reserved.
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. Introduction

The wettability of solid surfaces by molten salts is an impor-
ant part of high temperature capillarity. However, the number
f papers published on wetting by molten salts is by at least
ne order of magnitude less compared to the number of papers
ublished on wetting by liquid metals. The reason for that is
ractical: while liquid metals are phases of primary importance
or different technologies, molten salts usually play only a sec-
ndary role. Nevertheless, the meaningful control and design of
ifferent high-temperature technologies is not possible without
he detailed knowledge on the wettability of different solid sur-
aces by molten salts. Examples when solid surfaces and molten
alts appear to be in contact are numerous: electrolysis of met-
ls from molten salts [1,2], production of carbon nanotubes from

olten salts [3–5], energy storage, fuel cells [6–8], production

f composite materials [9–12], fluxes in liquid metal purification
13,14], etc.
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This paper is devoted to the exploratory results on the wetta-
ility of carbon (graphite and glassy carbon) surfaces by molten
hlorides. The existing literature of this question is scarce and
hus can be briefly reviewed.

Grjotheim et al. [1] (pp. 146–152) reviews literature for wet-
ability of graphite by fluoride-based melts, being essential for Al
lectrolysis. Eustathopoulos et al. [15] (p. 346) refers to a report
f Morel [16]. This report shows that graphite in dry inert gas at
000 ◦C is not wetted by the bromides, chlorides and fluorides
f Na and Li (the contact angle of LiCl and NaCl is 136◦ and
28◦, respectively). However, the wettability improves for KBr,
Cl and KF (the contact angle for KCl is 73◦). The wettability

s further improved for RbCl (Θ = 47◦).
The wettability of graphite by molten NaCl–KCl melts at

20–850 ◦C was measured by Borisoglebskii et al. [17]. The con-
act angle of pure NaCl melt was found in the range of 110–120◦
eing somewhat below the results of [16]. However, the contact
ngle of pure KCl was found in the range 20–30◦, being in
ignificant contradiction with data of [16]. The concentration

ependence of contact angle in the NaCl–KCl system showed
ome positive deviations from additivity [17]. When AlCl3 was
dded to NaCl–KCl eutectic, some small decrease of the contact
ngle was observed [17].
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The NaCl–KCl–KF melt was reported to spontaneously infil-
rate into the wall of a graphite crucible [13]. Thus, the contact
ngle must have been below 90◦.

. Experimental conditions

Pure NaCl, KCl, RbCl and CsCl salts of analytical purity (at
east 99.9%) were used for the experiments. The salts were pre-

elted above their melting points under low-pressure argon and
eld for 30 min. Then the furnace was switched off and the salt
as left to cool spontaneously under argon atmosphere. Small
ieces (of about 0.02 g) were broken from the middle parts of
he prepared salts for the wettability tests.

Graphite and glassy carbon plates of chemical purity
>99.99%) were used as substrates for the sessile drop exper-
ments. The substrates were produced by Carbone Lorraine
omposants, France. The polycrystalline graphite plates (grade
940 PT) have bulk density of 1.76 g/cm3, open porosity of 16%
nd average grain size of 12 �m. The bulk density of glassy
arbon plates is 1.51 g/cm3, with no measurable open porosity.
he size of the plates were 13 mm × 10 mm × 3 mm. The rough-
ess was measured by atomic-force microscopy (AFM) using a
TEGRA PRIMA instrument. The initial graphite surface had a

oughness of about 1 �m, which was decreased to about 250 nm
y polishing. The as-received glassy carbon substrate had an
verage roughness of 5 nm. These observations on the achiev-
ble roughness of different carbon materials are in accordance
ith [18].
A sessile drop furnace with a high vacuum and pure argon

ystem was used for the experiments. First, the substrate with a
alt on its surface was placed into the furnace chamber. Then,
igh vacuum was created in the chamber, followed by filling
t by pure (>99.999%) Ar gas till about 1 bar. This gas pres-
ure was necessary to avoid strong evaporation of the salts.
he samples were heated and melted at a rate of 10 K/min.
everal photographs were taken in the temperature interval
xceeding the liquidus temperature of the salt by 10–20 K.
hen the system was switched off immediately and cooled
pontaneously. Thus, temperature and time dependence of wet-
ability was not studied to avoid severe evaporation of the
amples. Rather, first contact angles were detected around
he melting point of the salt. Due to the above experimen-

al technique, the contact angle was an advancing angle and
he weight loss during all experiments was below 0.5 wt.%.
nly a few experiments were run to study the tempera-

ure dependence of wettability. In this case the sample was

r
s
C
o

able 1
ummary table of average contact angles of molten salts measured on graphite and
nd penetration ability of different molten salts into the porous graphite substrate

alt RM (pm) [20] T (◦C) Θ (◦) on graphite Θ (◦) on gl

aCl 98 810 113 –
Cl 133 780 78 –
bCl 149 740 58 –
sCl 165 645 31 30

a Spontaneous penetration of the salt into the porous graphite was (yes) or was not
d Engineering A 495 (2008) 192–196 193

eated with the same rate of 10 K/min till a higher tempera-
ure.

Photographs were taken with a digital camera, and were ana-
yzed digitally using an image analysis software. The deviation
etween the contact angles on the two sides of the sessile drop
as usually less than 5◦. If the deviation was larger, the experi-
ent was rejected, what usually happened to results on graphite

ubstrate with a high roughness. The same reproducibility was
nsured between the few photographs taken shortly after melt-
ng in a narrow temperature interval. The maximum deviation
etween parallel experiments never exceeded 10◦.

. Experimental results

The average measured contact angle data are presented in
able 1. The pre-last column shows the work of adhesion values,
alculated by the Young-Dupré equation [15]:

= σl/v(1 + cos Θ) (1)

here σl/v is the surface tension of molten salt (mJ/m2) and W
s the adhesion energy between the carbon substrate and molten
alt (mJ/m2).

As one can see from Table 1, contact angle values of CsCl,
easured on the graphite and on the glassy carbon substrates

re identical within the uncertainty of the measurements. Let us
emind that contact angles were found proportional to the density
f the carbon substrates (with zero open porosity) by Dezellus
nd Eustathopoulos [18]. In our case, the effective density of
he graphite is close to the density of glassy carbon. Thus, our
bserved results (the approximated equality of contact angles
n graphite and glassy carbon surfaces) are in accordance with
he results of [18].

One can also see from Table 1 that by increasing the radius
f the cation (RM), the contact angle decreases (wettability
mproves) and the work of adhesion increases in the molten
lkali chlorides/carbon systems. This observation is in accor-
ance with literature data [15–17]. As one can see from Table 1,
ur contact angle value for NaCl (113◦) is in good agreement
ith that of Ref. [17] (115◦) and is somewhat lower than that of
ef. [16] (128◦). On the other hand, our contact angle values

or KCl and RbCl (78◦ and 58◦, respectively) are in a rel-
tively good agreement with that of Ref. [16] (73◦ and 48◦,

espectively), but are in a serious contradiction with that mea-
ured for KCl (25◦) [17]. Although the value obtained for pure
sCl (31◦) is new in the literature, it follows nicely the trend
btained by Morel [16], i.e., it decreases further along the row:

glassy carbon plates immediately after melting (contact angle data with ±5◦),

ass-carbon σl/v (mJ/m2) [19] W (m2) Eq. (1) Penetrationa

114 69 No
99 120 No
95 145 No
92 171 Yes

(no) observed.
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Fig. 1. Adhesion energies in molten alkali halide/graphite systems, checked
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gainst the semi-empirical Eq. (2). Triangles from [16]; squares, [1]; empty
ircles [17]; full circles, this paper (note: the full and empty circles for NaCl
verlap).

iCl (136◦)–NaCl (128◦)–KCl (73◦)–RbCl (47◦)–CsCl (31◦,
ur new data), and also the trend, measured in this paper NaCl
113◦)–KCl (78◦)–RbCl (58◦)–CsCl (31◦).

The temperature dependence of the contact angle was studied
or the KCl samples from its melting point till 860 ◦C. During
he experiment the geometry of the drop (diameter and height)
nd the contact angle were observed as function of time and
emperature. It was found that during 6 min, i.e. in the T-range
f 780–840 ◦C the visible volume of the drop was unchanged,
.e. nor penetration, neither evaporation of the drop was taking
lace. In this T-interval the measured contact angle changed
rom 78◦ to 75◦. According to Eq. (1), the adhesion energy
ue to the (1 + cos Θ) term increases by about 4% if the con-
act angle decreases from 78◦ to 75◦. On the other hand, the
urface tension of KCl decreases in the same T-interval by
bout 5% [19]. Thus, the two effects (both contact angle and
urface tension decrease with T) almost perfectly compensate
ach other in Eq. (1). As a consequence, we can state within
he accuracy of the experiments that the adhesion energy in the
on-reactive MX/C systems is independent of T. Thus, the adhe-
ion energy values of Table 1 can be treated as T-independent
alues.

. A semi-empirical model for the adhesion energy
etween pure alkali halides and carbon

Let us model the adhesion energy between alkali halide (MX)
alts on graphite (C) in order to put our experimental data into a
ider perspective. Using only the Goldschmidt ionic radii (RM

nd RX for the cation and the anion) as fitting parameters, the
ollowing semi-empirical equation was found to reproduce in
he best way all available experimental data:

∼= k
R2

M

RX
(2)

Calculated adhesion energy values are checked against Eq.
2) in Fig. 1. One can see a good correlation with the semi-

mpirical coefficient of Eq. (2): k ≈ 1.25 ± 0.20 mJ/m2 pm.

Eq. (2) can be rationalized as follows. The adhesion energy
n the alkali halide/carbon systems (MX/C) is expected to be
roportional to the polarizability of the cation of the salt. Polar-

4
v
fi
p
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zabilities of ionic ceramics are known to be proportional to
heir molar volumes [21]. That is why the polarizability of a
ation in a molten salt can be taken in first approximation to
e proportional to the cube of the ionic radius of the cation
R3

M). On the other hand, the adhesion energy is expected to
e inversely proportional to the molar surface area of the salt,
hat is proportional to the 2/3 power of molar volume [22],

nd thus in the first approximation to the product of the radii
f the cation and anion of the salt (RMRX). Dividing (R3

M)
y (RMRX), Eq. (2) follows. Calculated by Eqs. (1) and (2)
alues are given in Table 2. One can see that our measured con-
act angle values appear to be within the interval of calculated
alues.

. Estimation of the surface energy of graphite and
lassy carbon

Coupling Eq. (1) with the Young equation (σl/v cos Θ =
C/g − σC/l, where σC/g and σC/l are the carbon/gas and car-
on/liquid interfacial energies, respectively), and using the
bvious boundary condition σC/l ≥ 0, the minimum value of the
arbon/gas interfacial energy can be obtained as:

C/g ≥ W − σl/v (3)

The maximum value found in the last column of Table 2 is:
C/g ≥ 150 ± 30 mJ/m2. Although this possible minimum value

ollows from our approximated model of Eq. (2), it is in per-
ect agreement with the value of the dispersion component of
he surface energy of the basal plane of graphite, measured by
onnet et al. [23] and accepted as the full surface energy of the
asal plane of graphite by Eustathopoulos et al. (see Ref. [15],
. 170). It should be mentioned that this minimum value is much
ower compared to those, obtained and referred to by Rhee [24].
n this paper this minimum value is extrapolated also to glassy
arbon, what is about five times higher than the dispersive term
see Ref. [15], p. 170).

. Spontaneous penetration of molten salts into the
orous graphite substrate

In the last column of Table 1 the results of spontaneous pen-
tration observations are recorded. As the visible volume of the
rop was observed and calculated during the experiment and
he weight was measured before and after the experiment, the
olume changes due to evaporation and penetration could be
eparated.

When a droplet gradually ‘disappeared’ from the surface of
he substrate without any notable change in the total weight
f the system in the course of the experiment, spontaneous
enetration of the molten droplet into the porous graphite sub-
trate is detected. It was confirmed only for the CsCl sample,
hich fully ‘disappeared’ into the porous graphite sample within

min after its melting started. It should be noted that the total
olume of the pores within the graphite sample was by about
ve times larger than the total volume of the molten salt sam-
le.
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Table 2
Adhesion energy predicted by Eq. (2) (k ≈ 1.25 ± 0.20) and contact angle in MX/C systems at the melting point of the salt calculated from Eq. (1)

MX RM (pm) [20] RX (pm) [20] σl/v (mJ/m2) [19] ±3% W (mJ/m2) Eq. (2) ±16% Θ (◦) Eq. (1) interval σmin
C/g (mJ/m2) Eq. (3)a ±19%

LiF 78 133 236 57 135–143 0
NaF 98 133 186 90 115–127 0
KF 133 133 144 166 68–93 22
RbF 149 133 126 209 9–69 83
CsF 165 133 106 256 0–14 150
LiCl 78 181 128 42 127–137 0
NaCl 98 181 114 66 108–122 0
KCl 133 181 99 122 62–90 23
RbCl 149 181 95 153 20–71 59
CsCl 165 181 92 188 0–48 96
LiBr 78 196 110 39 125–135 0
NaBr 98 196 95 61 103–118 0
KBr 133 196 90 113 60–89 23
RbBr 149 196 87 142 17–71 55
CsBr 165 196 83 174 0–44 91
LiI 78 220 94 35 124–134 0
NaI 98 220 82 55 102–117 0
KI 133 220 79 101 58–88 22
RbI 149 220 76 126 9–69 50
CsI 165 220 72 155 0–41 83
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a When a negative value follows from Eq. (3) for non-wetting systems, zero i

When the visible volume of the droplet did not change, or its
ecrease was quantitatively explainable with the decrease of the
otal weight of the system during the course of the experiment,
nly some evaporation of the droplet was taking place, without
ny penetration. This was observed for RbCl, KCl and NaCl
amples.

As a summary to the above, the CsCl droplet with contact
ngle of 31◦ was able to spontaneously penetrate, while the
bCl, KCl and NaCl droplets with contact angles of 58◦, 78◦ and
13◦, respectively, were not able to penetrate spontaneously into
he porous graphite substrate. Thus, the critical contact angle of
pontaneous penetration (Θcr) is measured in this work to be
etween 31◦ and 58◦ (45 ± 14◦).

This result seems to be in contradiction with a common
elieve that liquids spontaneously penetrate into porous solids
t Θcr = 90◦. Let us remind that this critical value is valid only,
f the pores in the solid body are cylindrical [25]. However, it
s obviously not the case for the graphite samples used in this
ork. Our graphite samples are composed of rounded graphite
rains of 12 �m in size. These grains provide a difficult 3D struc-
ure of the pores. Our experimental data (31◦ < Θcr < 58◦) are in
ood accordance with some previous experimental [26–30] and
heoretical [25,31–34] results.

. Conclusions

(i) The wettability of graphite and glassy carbon surfaces by
pure NaCl, KCl, RbCl and CsCl molten alkali chlorides
was measured by the sessile drop method.
(ii) A new, semi-empirical model (Eq. (2)) is proposed to esti-
mate the adhesion energy between the 20 alkali halide
molten salts and graphite (or glassy carbon) using our mea-
sured and available literature data. The adhesion energy is [
n in the Table, as negative surface energies have no physical sense.

found to increase with square of the radius of the cation,
and the inverse of the radius of the anion of the salt.

iii) The minimum possible value for the surface energy
of graphite (and glassy carbon) was found to equal
150 ± 30 mJ/m2.

iv) The critical contact angle of spontaneous penetration of
pure molten salts into porous graphite was experimentally
found between 31◦ and 58◦, i.e. definitely below the com-
monly accepted 90◦ value. This is explained by the structure
of the pores in graphite. The pores are formed between small
graphite grains, instead of being cylindrical.
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