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Abstract: This work analyzes the dynamic viscosity, surface tension and wetting behavior of phase
change material nano-emulsions (PCMEs) formulated at dispersed phase concentrations of 2, 4 and
10 wt.%. Paraffin-in-water samples were produced using a solvent-assisted route, starting from
RT21HC technical grade paraffin with a nominal melting point at ~293-294 K. In order to evaluate the
possible effect of paraffinic nucleating agents on those three properties, a nano-emulsion with 3.6% of
RT21HC and 0.4% of RT55 (a paraffin wax with melting temperature at ~328 K) was also investigated.
Dynamic viscosity strongly rose with increasing dispersed phase concentration, showing a maximum
increase of 151% for the sample containing 10 wt.% of paraffin at 278 K. For that same nano—emulsion,
a melting temperature of ~292.4 K and a recrystallization temperature of ~283.7 K (which agree with
previous calorimetric results of that emulsion) were determined from rheological temperature sweeps.
Nano-emulsions exhibited surface tensions considerably lower than those of water. Nevertheless,
at some concentrations and temperatures, PCME values are slightly higher than surface tensions
obtained for the corresponding water+SDS mixtures used to produce the nano—emulsions. This
may be attributed to the fact that a portion of the surfactant is taking part of the interface between
dispersed and continuous phase. Finally, although RT21HC—emulsions exhibited contact angles
considerably inferior than those of distilled water, PCME sessile droplets did not rapidly spread as it
happened for water+SDS with similar surfactant contents or for bulk—-RT21HC.

Keywords: RT21HC paraffin; water; phase change material nano—emulsion (PCME); dynamic
viscosity; surface tension; wetting behavior

1. Introduction

Phase change materials (PCMs) are substances that absorb/release large amounts of so—called
“latent heat” when they undergo a phase change transition such as melting and freezing processes [1,2].
Thermal energy storage systems based on PCMs allow larger densities of energy storage within reduced
temperature ranges, when compared to those reservoirs working with conventional thermal fluids
(only based on sensible heat). Hence, phase change materials are considered potential energy saving
materials to substantially improve the thermal energy storage capacity of a wide range of domestic or
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industrial facilities. However, an extended practical implementation of PCMs relies on their proper
integration in thermal facilities. In this sense, phase change slurries have recently emerged as an
interesting possibility [3]. PCM slurries are novel heat storage and transfer media that combine the
latent capacity provided by the PCM and the good transport properties of the carrier fluid. Such
slurries exhibit fluid-like behavior (they can be pumped) even when PCM droplets are solid or undergo
phase transition. Therefore, these latent fluids may be directly integrated in thermal facilities without
needing an additional thermal energy exchange [4]. Furthermore, PCM slurries allow higher heat
transfer rates than only PCMs due to the large surface to volume ratio of the continuous phase [4].

Basically, there are three main types of phase changing slurries suitable for thermal management,
namely hydrate slurries, micro—encapsulated/shape stabilized PCM suspensions and PCM-in-water
emulsions [5]. Phase change material nano-emulsions (PCMEs) are formulated by directly dispersing
fine droplets of a PCM into a carrier fluid with the assistance of appropriate surfactants. In this sense,
PCME:s do not only avoid the supporting or coating materials necessary in micro—encapsulated/shape
stabilized PCM suspensions, but they often exhibit lower rises in viscosity [4]. In addition, for phase
change material emulsions, heat transfer is improved since there is a direct contact between the PCM
and the carrier fluid (only separated by a thin surfactant layer) [6]. PCMEs have been investigated in
the last years for different potential applications such as solar thermal facilities; heating, ventilation and
air conditioning systems or increasing the thermal inertia of building components, among others [7,8].
An interesting approach to integrate PCM nano—emulsions is the use of capillary tube systems in cool
ceiling and walls [6]. Thus, PCMEs with melting transitions on a temperature level of ~289-293 K
can provide an additional density of storage energy in comparison to water normally utilized in
such tubular mat systems. As an example, CryoSolplus20-in-water emulsions were developed by
Huang et al. [9] for this kind of applications.

The evaluation of PCME thermal performance as storage and transfer media relies on an accurate
characterization of the temperatures at which PCM nano-droplets undergo the phase change as well
as the amounts of absorbed or released heat in those thermal events. However, the study of other
thermophysical properties is also necessary to estimate the flow behavior and heat transfer performance
of these materials. Thus, reliable viscosity data are essential for an appropriate selection and operation
of equipment involved in formulation, storage or pumping of nano—emulsions. A revision of previous
investigations on dynamic viscosity of PCM nano—emulsions or micro—encapsulated PCM suspensions
shows that mass fraction of dispersed phase must usually be lower than 10-30 wt.% to ensure desired
sample fluidity [5]. Inaba et al. [10,11] studied the dynamic viscosity of (n—tetradecane)-in-water
emulsions at paraffin concentrations between 7.2 and 50.7 wt.%. Authors observed a pseudoplastic
behavior and a slight change in viscosity when the PCM underwent liquid—solid phase change.
Royon et al. [12] designed a paraffin-in-water emulsion containing a non—ionic surfactant and 50%
of dispersed phase. In this case, dispersed phase droplets were ~2 pm in size and the melting point
was 282.6 K. Studied sample showed a shear—thinning more pronounced when PCM droplets were
solid. Also a slight jump in dynamic viscosity was observed during the solid-liquid transition of the
dispersed phase.

Huang et al. [4,5] analyzed the rheological behavior of Rubitherm RT10-in-water emulsions
prepared at paraffin loadings from 15 to 75 wt.% using a non-ionic surfactant (average PCM droplet
sizes ~3-5 pm according to DLS measurements). In the flow curves (which cover the shear rate
region up to 200 s~!), samples were observed to exhibit a pseudoplastic behavior, which was more
noticeable as the paraffin concentration increased. The addition of the PCM droplets also leaded to
important rises in viscosity and consequently nano—emulsion viscosities were several times greater
than that of water, even for the lowest concentration (15 wt.%). Authors found considerable higher
viscosity increases at low temperatures (when PCM droplets are solid) and attributed this behavior to
less deformation of solid particles. Wang et al. [13] produced water-based PCM emulsions using a
mixture of polyvinyl alcohol and polyethylene glycol as emulsifier, 20 wt.% of paraffin (melting point
~331-333 K) as dispersed phase (droplet size 2-8 um) and 0.05-0.1 wt.% of graphite as nucleating agent.
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Dynamic viscosity slightly decreased with the increasing shear rate (up to 100 s7!). Agresti et al. [14]
recently studied the dynamic viscosity of aqueous nano—emulsions containing either commercial
RT55 (melting temperature ~328 K) or RT70HC (~343 K) and stabilized with sodium dodecyl sulfate.
Authors observed a strong non-Newtonian behavior in the case of RT70HC(10 wt.%)/water sample.

Some rheological studies on PCM nano—emulsions [4,5,9,13,15-17] or suspensions containing
micro—encapsulated PCMs [18-21] also analyzed changes in dynamic viscosity occurring during the
solidifyication/melting of phase change material droplets/micro—capsules. Most of those investigations
observed deformations in shear viscosity—temperature evolution at temperatures around solid-liquid
transitions. Huang and coworkers determined p(T) curves through temperature ramp tests from 303
to 273 K and at cooling rates of 2 K/min for Rubitherm RT10-in—water emulsions [4,5] or acqueous
PCMEs of CryoSolP$6, CryoSolP*$10 and CryoSolP™$20 [9]. In those experiments, authors observed
as emulsion viscosity rapidly increased once the dispersed paraffin began to solidify, especially at
high PCM contents (>50% in mass). A similar change was found by Wang et al. [17] in heating shear
rate—temperature sweeps performed in the temperature interval from 298 to 353 K for paraffin-in-water
emulsions decorated with carbon nanomaterials. Such deformations in p(T) curves were attributed
to changes in the shape or volume of PCM droplets undergoing solid-liquid phase transition or to
the creation to transient networks among neighboring droplets. In the case of micro—encapsulated
paraffin slurries, Dutkowski and Fiuk [20] recently ascribed similar alterations in heating p(T) sweeps
to the chaotic movement of the non-molten core inside partially melted micro—capsules. Hence,
non-uniformity in the solid/liquid state of paraffin droplets may increase internal friction resistance
between carrier fluid layers.

Micro-structural rearrangements or spherical shape-restoration of emulsion droplets subject to
shear stress can generate normal stresses [22]. Historically, changes in normal stresses were considered
to the first evidence of elasticity in liquids [23]. Although elastic and loss moduli obtained from
oscillatory tests are usually more appropriate to characterize changes in the structure of materials and
these experiments have almost replaced shear normal stress measurements, these last analyses still
provide useful information in certain situations. Thus, the study of first normal force difference (AN)
has been found valuable in the characterization of polymers containing suspended particles [24,25], for
example. When it comes to PCM slurries, an analysis of the temperature evolution of normal stress in
shear flow could contribute to a better understanding of possible structural transformations occuring
during solid-liquid phase change of PCM droplets/micro—capsules.

Nano-emulsions are kinetically-stable systems rather than thermodynamically-stable ones [26,27].
However, when emulsifier(s) and preparation conditions are appropriately selected, nano-emulsions
can stay uniform for long periods of storage and so they are sometimes referred as “approaching
thermodynamic stability” or “pseudo-stable” materials [28,29]. Despite main mechanisms involving
emulsions stability being usually described by the “electric double layer model” and “DLVO” theory,
surface tension is also considered as a possible factor influencing the stability of this kind of materials [26].
In addition, wetting behavior may also play a major role in the case of microfluidics systems such as
the capillary tubes or micro-tubular configurations above mentioned. Thus, knowledge of surface
tension is also required to understand the balance between viscous and surface tension competing
forces that usually controls the actuation in micro—flows and is also likely to affect pressure—flow
characteristics [30,31].

In this study, we analyzed the dynamic viscosity, surface tension and wetting behavior of
RT21HC—in-water nano—emulsions prepared at 2, 4 and 10 wt.% dispersed phase concentrations.
Experimental measurements were carried out at temperatures ranging from 275 to 303 K to evaluate
whether the solid/liquid state of paraffin droplets had any effect on studied physical properties. With
this work we intend to complete the characterization of this nano—emulsion system started in our
recent publication [32], in which phase change transitions, thermal conductivities and volumetric
behavior were analyzed.
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2. Materials and Methods

2.1. Materials

Technical grade RT21HC paraffin (Teit. = 293294 K, Ahperr.= 152 J/g) and RT55 wax (Tmelt.=
328 K) were supplied by Rubitherm Technologies GmbH (Berlin, Germany). Water, W, (18.2 M()-cm
at 298 K) was produced by a Millipore system (Billerica, MA, USA). Hexane (>98.5%) and sodium
dodecyl sulfate, SDS, (98%) utilized in the emulsification process were purchased from Sigma Aldrich.
A Sartorius analytical balance (Sartorius GmbH, Géttingen, Germany) with an uncertainty of 1 x 107 g
was used to weigh reagents.

2.2. Nano-Emulsion Formulation

RT21HC-in-water PCMEs were formulated following the solvent-assisted method proposed in
Agresti et al. [14]. First, two solutions, one of RT21HC in hexane (at a RT21HC: hexane mass ratio of
1:5) and the other of SDS in water, were joined at 318 K in a low—power ultrasonic bath. In a second
step, obtained mixture was further sonicated using a VCX130 ultrasonic disruptor (Sonics & Materials,
Inc., Newtown, CT, USA) working at 20 kHz and 65 W together with a 12 mm tip. The sample was
then warmed up at 363 K and mechanically stirred for 2-3 h to completely evaporate the hexane. In
this study, a surfactant:paraffin ratio of 1:8 was fixed to ensure fine emulsions with long temporal
stabilities [14]. Thus, designed samples contained 2, 4 and 10 wt.% of RT21HC (dispersed phase) and
0.25, 0.5 and 1.25 wt.% of SDS (surfactant), respectively. An additional sample prepared using 3.6 wt.%
of RT21HC and 0.4 wt.% of RT55 (nucleating agent) as dispersed phase and 0.5% of SDS was also
studied for comparison.

The hydrodynamic sizes and (—potential values of paraffin droplets were determined at 298 K
using a Zetasizer Nano-ZS90 (Malvern Instruments Ltd., Worcestershire, UK) based on Dynamic Light
Scattering (DLS) method [33]. Figure 1a shows the size distributions obtained for the three emulsions
designed without nucleating agent [32] just after PCME formulation.

16
— — — RT21HC(2 wt.%)/W
14 | RT21HC(4 wt.%)/W
------- RT21HC(10 wt.%)/W
12

—_
o
T

Intensity (%)
[o)} Qo
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Figure 1. (a) Hydrodynamic droplet size distributions obtained by DLS [32] after PCME preparation
and (b) SEM image of 4-month old RT21HC(2 wt.%)/water emulsion (1:20 diluted).

At 2 and 4 wt.% paraffin contents, PCM droplets exhibited average hydrodynamic sizes around
~90-100 nm and polydispersity indexes (pdl) ~0.17-0.23. A wider size distribution (pdI~ 0.28) was
observed for RT21HC(10 wt.%)/water sample, with two main droplet populations around ~25 and
~180 nm. (—potential measurements showed negative values larger than —80 mV, indicating that
electrostatically repulsive charges among droplets are strong enough to prevent agglomeration and
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coalescence. A thoughtful study of stability throughout storage, after freeze—thaw cycles and under
mechanical shear was performed for these PCM nano-emulsions in our previous work [32].

The PCM droplet morphology of RT21HC(2 wt.%)/Water emulsion was also examined under a
JSM-7100F thermal field scanning electron microscope (JEOL USA Inc., Peabody, MA, USA) operating
at 5 kV. A four month—old sample was 1:20 diluted in water and sonicated in a Transonic TI-H-5
ultrasonic bath (Fisher Bioblock Scientific, Illkirch-Graffenstaden, France) operating at 550 W and
35 kHz for 5 minutes. The dilution was then deposited on the top of a carbon support and dried under
atmospheric conditions. A representative SEM image (Figure 1b) shows that even agglomerated (due
to the solvent evaporation necessary to carry out SEM studies), it is possible to intuit the sub—globular
nano—metric morphology of the paraffin droplets.

2.3. Rheological Behavior

Shear viscosity (1) was studied on a Malvern Kinexus Pro rheometer (Malvern Instruments Ltd.,
Worcestershire, U.K.) working with a cone—plate geometry (60 mm in diameter, a gap of 30 um and 1°
in cone angle). Temperature was controlled to within +0.1 K by Peltier elements placed below the lower
plate. Declared uncertainty of shear viscosity measurements with this device is better than 4% [34].
Two different types of experiments were carried out. First, shear viscosity—shear rate flow curves were
obtained for water, water+SDS mixtures utilized to formulate the nano—emulsions, bulk—-RT21HC
and the four PCM-in—-water emulsions. These tests were performed at 278.15 and 303.15 K except
for the bulk paraffin (only studied in liquid phase, at 303.15 K). Viscosity values were collected in
steady-state conditions at shear stresses logarithmically increasing from 0.008 to 3.5 Pa with at least
10 points per decimal, necessary to cover the range of shear rates between 10 and 1000 s~! for all
samples. In a second experiment, shear viscosity— and normal force—temperature curves in the range
from 278 to 303 K were obtained at 0.2 and 1 K/min heating/scanning rates for water and RT21HC
(10 wt.%)/water nano—emulsion.

2.4. Surface Properties

Interfacial tension (IFT), surface tension (SFT) and contact angle (CA) were studied by means of a
drop shape analyser DSA-30 from Kriiss GmbH (Hamburg, Germany) [35]. IFT and SFT determinations
are based on pendant drop technique while CA investigations utilized sessile drop method. A TC40
environmental chamber (also from Kriiss GmbH) was used during surface tension and contract
angle analyses to control the temperature with a precision of +0.2 K. Interfacial tension between
bulk-RT21HC and water or between bulk—-RT21HC and each of the three water+SDS mixtures used
as base to produce the nano-emulsions were measured at room temperature (T = 297 + 1 K). Liquid
bulk-RT21HC was introduced in a glass container with ~40 ml of either water or water+SDS mixture
using a J-shaped stainless needle (2.090 mm in gauge). Surface tensions at the air-sample surface
were determined for distilled water, three water+SDS mixtures (at surfactant concentrations of 0.25,
0.5 and 1.25 wt.%), bulk-RT21HC and the four designed nano-emulsions using a 15-gauge needle
(external diameter of 1.835 mm). Surface tension measurements were carried out in the range between
275 and 303 K, both increasing and decreasing temperature with steps of 2-5 K. The contact angles
of water and nano-emulsion droplets formed using a 15-gauge needle and deposited on a stainless
steel substrate were analyzed at 278 and 298 K using Young-Laplace equation. This substrate was
previously utilized in the framework of a round robin test [36] in which nine independent European
research centers of the Cost Action NanoUptake program [37] took part. A thoroughly characterization
of substrate roughness is presented in Hernaiz et al. [36]. Recommendations such as substrate cleaning
proposed in [36] were followed in this study. For the three physical properties, values were determined
within a few seconds after drops were formed (IFT and SFT) or deposited in the stainless substrate
(CA). Air-water interfacial tension was determined at room temperature and the result showed a
deviation lower than 2% with surface tension data reported for water in [38]. Experimental uncertainty
in measurements performed with this device was estimated to be 1% (SFT) [39], while a maximum
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relative deviation of 0.52% was obtained in [36] for this DSA-30 device measuring sessile drop gauges
of 30°, 60° and 120° in CA.

3. Results and Discussion
3.1. Rheological Studies

3.1.1. Shear Viscosity—Shear Rate Flow Curves

Figure 2 shows the shear viscosity dependence on shear rate obtained at 278.15 and 303.15 K
for water, bulk-RT21HC and four nano-emulsions. Flow curves of water+SDS mixtures prepared at
surfactant concentrations of 0.25, 0.5 and 1.25 wt.% are also presented for comparison. Viscosity results
measured for distilled water showed average deviations lower than 1.9% with previous literature [40].
A good agreement was also found between the value of 3.32 mPa-s determined in this work at 303.15 K
for bulk-RT21HC and the previous data of 3.16 mPa-s reported at the same temperature for bulk-RT21
(another commercial paraffinic PCM with similar melting point) by Ferrer et al. [41].

% Water & RT21HC(2 wt.%)/W+SDS(0.25 wt.%)
— 2 Water+SDS(0.25 wt.%) linear fitt O RT21HC(4 wt.%)/W+SDS(0.5 wt.%)
A 25 wt-%)-linear fitting ®  RT21HC(3.6 wt.%)+RT55(0.4 wt.%)/W+SDS(0.5 wt.%)
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Figure 2. Shear viscosity—shear rate flow curves at (a) 278.15 K, when paraffin droplets are solid, and
(b) 303.15 K, liquid paraffin droplets.

Like continuous and dispersed phases, nano—emulsions containing 2 and 4% mass concentrations
of paraffin are mainly Newtonian within the studied shear rate range. However, a slight decrease in
shear viscosity with increasing shear rate (pseudo—plastic behavior) was observed for the 10 wt.%
paraffin loading in the region of low shear rates. As reviewed in the introduction, PCM nano—emulsions
with shear-thinning behaviors were also reported in several studies [4,5,10-14]. Viscosity values and
relative viscosities (defined as the ratio between sample and water viscosities at shear rates around
~100 s~! (Newtonian region) are gathered in Table 1.
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Table 1. Dynamic viscosities, y, and viscosity increases regarding to water, u/tyater, Obtained for the
different samples at ~100 s~

T =278.15K T =303.15K
Sample
u (mPa-s) ll/.uwater u (mPa-s) ll/.uwater
Water 1.50 1.00 0.791 1.000
Water+SDS(0.25 wt.%) 1.55 1.03 0.802 1.014
Water+SDS(0.5 wt.%) 1.61 1.07 0.813 1.028
Water+SDS(1.25 wt.%) 1.67 1.11 0.865 1.094
RT21HC(2 wt.%)/water+SDS(0.25 wt.%) 1.70 1.13 0.89 1.13
RT21HC(4 wt.%)/water+SDS(0.5 wt.%) 2.01 1.34 1.01 1.28
RT21HC(3.6 wt.%)+RT55(0.4 wt.%)/water+SDS(0.5 wt.%) 2.05 1.37 1.04 1.31
RT21HC(10 wt.%)/water+SDS(1.25 wt.%) 3.77 2.51 1.67 2.11
Bulk-RT21HC - - 3.32 -

As can be observed, viscosity strongly rises with PCM+SDS loading, reaching increases up to 151%
in the case of RT21HC(10 wt.%)/Water nano—emulsion. Larger viscosity increments were observed
at 278.15 K (when the material of droplets is solid) than at 303.15 K (liquid droplets). This is more
appreciable in the case of RT21HC(10 wt.%)/water sample, for which indicated difference reached 39%.
A similar behavior was reported by Mikkola et al. [42] when the viscosity of studied paraffin-in-water
emulsions using either a falling ball viscosimeter or a rotational rheometer. In that last investigation,
authors reported i/ piwater ratios of 2.35 (at temperatures at which paraffin droplets were solid) and 1.95
(liquid paraffin droplets) for a dispersed phase concentration of 10 wt.%. Those viscosity ratios are
close in value to the results presented here for the same PCM load.

Oil-in-water emulsions with micro—- or macro-metric droplets are known to usually exhibit lower
viscosity ratios (regarding base fluid) than solid-water suspensions with the same particle size. This fact
can be attributed to three different causes. (i) When dispersed phase is liquid, material inside droplets
tends to roll around in a “tank-tread-like” motion during sample flow [23]. The friction caused by
relative movements between layers of dispersed material makes that the moment of rotation transmitted
to the surface layers gets reduced as it moves towards the center of the drops. This internal circulation in
liquid particles reduces resulting droplet rotation and, consequently, flow disturbance [20]. The higher
the dispersed phase to continuous phase viscosity ratio (i.e., z = ypcp/Hwater), the more deformed will
get the streamlines (approaching the limit of droplet viscosity of rigid-sphere suspensions). However,
given the nano—metric size of PCM droplets present in nano-emulsions, this phenomenon should have
a much weaker impact than in the case of micro— or macro—emulsions. (ii) Liquid droplets are more
easily deformable under a shear stress field. The influence of deformation rate on suspensions viscosity
depends on ppcay/twater as well as on drop relaxation time, A4, which can be calculated as follows [23]:

I Uwater
A=—F— )
where r is the radius of the PCM droplet, jiwater is the viscosity of the surrounding media and I' is the
interfacial tension between droplets and base fluid. In our case, even in the nano—emulsion containing
10 wt.% of RT21HC, individual paraffin droplets exhibited average hydrodynamic sizes lower than
~160 nm (value measured 1 month after preparation) [32], while interfacial tension between RT21HC
and water was ~0.042 N/m (I' reduced to ~0.008 N/m when SDS was added to water, see Section 3.2.1).
Thus, droplet relaxation times are expected to be very short, 1;< 2x107 s, and drop deformation very
small, even for relatively high shear rates [23]. iii) Elastic or non—elastic nature of collisions among
neighboring PCM droplets, which will also depend on z = ppcp/tiwater, 0 €ven among possible clusters
of (solvated/swollen) droplets. We consider this last explanation as the most feasible, although more
research is needed to deep in the complex behavior of this kind of nano—metric structures and confirm
this fact.
Numerous attempts have been carried out in the literature to develop theoretical or empirical
equations to describe the shear viscosity of emulsions or solid particle dispersions as a function of
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dispersed phase concentration [43—45]. The relative viscosity (i, = p/o), which represents the ratio
between dispersion viscosity (1) and base fluid viscosity (we will consider that of corresponding
water+SDS mixture used to produce the sample, 1y = Lyater+SDs), can be formally written as a virial
of series:

ur ~ 1+ 0|+ ko + .. 2)

where |77| is the intrinsic viscosity and ky; is known as Huggins’ coefficient. Intrinsic viscosity is usually
assumed to be |17| = 5/2 for dispersions of hard spheres, while for spherical liquid droplets it takes a
value 1 < |n‘ < 5/2, which can be calculated as follows [46]:

3-z/2
14z

Il =1+ €)
where z the dispersed phase to continuous phase viscosity ratio (i.e., z = pupcp/twater). In the case
of non-interacting particles, Equation (2) can be reduced to the linear equation, u, =~ 1+ |n(-¢,
first proposed by Einstein [47]. However, for dispersions with ¢ > 0.02 (in the case of spherical or
non-interacting particles) viscosity increases more rapidly with concentration than predicted by that
linear approximation and so other terms of Equation (2) must be considered.

When concentration overcomes the limit known as geometrical percolation threshold (p.), rises
in viscosity with increasing particle load are usually more pronounced than those predicted by
Einstein’s linear approximation or virial expansions of viscosity based on Equation (2) [27,44]. Beyond
percolation concentration, samples start forming large contracting clusters consisting of a flocculated
structure in which primary particles and base fluid are trapped [44]. Thus, although sample continues
being fluid-like (the transition from viscous fluid to true solid happens at the concentration known
as maximum packing volume fraction, ¢, which is usually ¢,; >> p.) motions are necessarily
collective [48]. Thus, increases in viscosity can correspond to those values expected according to
theoretical or semi—-empirical equations at higher concentrations. In order to take into account the
effect of solvation and/or aggregation of droplets, an effective volume fraction of dispersed phase can
be defined as:

(Peff = ka'(Ps 4)

ks is the aggregation coefficient and ¢ is the volume fraction of solvated or swollen droplets. Solvated
volume fraction can be calculated as [27,49]:

¢s = (1+06/r)° ®)

where 6 and r are the thickness of the solvated layer and the radius of individual nano-droplets,
respectively. The aggregation coefficient usually depends on ¢s. Different equations have been
proposed to calculate k; [49], in this work we have considered the three following expressions:

_ Py 1
ko = 5~ om (6)
~ Per '(l_qu)._ _(qu—qbs)z
ks = (]55 —1+¢S (pm 1 (Pm (7)
ICTAN S PN N
ks = %5 _dJS 1-exp 1_(%) 8)

Equation (6) assumes that k, coefficient is independent of the volume fraction of solvated droplets.
Equation (7) was developed by Pal et al. [50] considering the constraints that k— 1 when ¢;— 0 and
dk/d¢s — 1 when ¢s — ¢y,. Equation (8) was considered in [51,52] for large micron-sized suspensions.
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One of the most widely used models to predict the viscosity of emulsions or solid-liquid
suspensions is that presented by Krieger and Dougherty (K-D) [53]. Derived by differential effective
medium theory from a previous viscosity—concentration relationship proposed by Brinkman [54] and
Roscoe [55], the K-D equation can be expressed as:
~ i)_ml'({)m (9)

m

In order to consider the effects of droplet solvation and aggregation in Krieger and Dougherty
model, o was used instead of ¢ in Equation (9). Maximum packing volume fraction was assumed to
be ¢,= 0.637 (spherical shape), while the thickness of the solvated layer was considered as a fitting
parameter as proposed by Pal [49].

In the case of nano—emulsions stabilized with ionic surfactants (such as the SDS used in this
work), effective/relative dynamic viscosity was observed to increase with dispersed phase volume
fraction much more rapidly than for emulsions of larger droplets [27,56]. Figure 3 shows the effective
viscosities of the studied PCMEs together with the values calculated with Einstein [47] and modified
Krieger and Dougherty [53] models. It must be pointed out that a proper comparison between different
nano—emulsions would require that all samples would contain the same amount of surfactant.

ur—(l

@] PCMEs (without NA) —.—.  Krieger-Dougherty [53] with Eq.(4-6)
[ ] RT21HC(3.6 wt.%)+RT55(0.4 wt.%)/W+SDS(0.5 wt.%) -  Krieger-Dougherty [53] with Eq.(4, 5, 7)
——  Einstein model [47] === Kirieger-Dougherty [53] with Eq.(4, 5, 8)

3.0
.@ a)
&
IS
225 |
S .
2 el
S20 | o
= P
= P
= e
o P
815 P
-~
S
S

1.0

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Paraffin volume fraction
(a)

3.0
2 b)
&
)
325 |
S .
2 ’

e

o0 | Lo
= i
= P
= T
) P
R15 et
-~ it
S P -
= P it

10 1 1 1 1 1

0.00 0.02 004 006 008 010 012 0.14
Paraffin volume fraction

(b)

Figure 3. Volume fraction, ¢, dependence of effective dynamic viscosity, uy = tt/thwater+sDs, at (a) 278.15K
and (b) 303.15 K.

As can be observed, i, exhibits a rather non-linear dependence on volumetric fraction; something
expected since ¢ > 0.02 for all studied samples. Neither the introduction of ky; X ¢? improves the
predictions of y, (not graphically presented in Figure 3. Better results (AADs < 6%) were obtained
combining the KD [53] equation with equations (4-8) to consider the effect of droplet solvation and
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aggregation. In particular, equations (4, 5, 8, 9) combination described experimental results at 278.15 K
(solid droplets with an AADs% of 4.2% (considering a solvated layer of 6 ~ 7.5 nm), while this value
reduced to 1.2% (0 ~ 4.8 nm) at 303.15 K (liquid droplets). Similar thicknesses of solvated layers were
estimated by Pal [49] for nano—emulsions (0 ~ 2.6-5.6 nm) with droplet diameters in the range of
28-205 nm or solid-liquid suspensions (6 ~ 3.0-13.8 nm) with nanoparticle sizes of 29-146 nm using a
similar approach.

3.1.2. Shear Viscosity—Temperature Sweeps

With the objective of analyzing PCMEs viscosity during droplets phase change, temperature ramp
tests were performed at constant shear stress for water as well as 4 wt.% and 10 wt.% RT21HC/Water
nano-emulsions. Samples were heated/cooled between 278 and 303 K at scanning rates of 0.2 and
1 K/min. A shear stress of 0.4 Pa, which corresponds to shear rates ranging from ~100 s™! (at 278 K) to
240 57! (at 303 K) in the case of RT21HC(10 wt.%)/Water, was applied to ensure that viscosity values
were collected in the Newtonian region (see Figure 2). The temperature evolutions of viscosity for
water and the two analyzed emulsions at the two scanning rates are shown in Figure 4.

5 -
T Heating rate: 0.2 K/min lIl)
—_—
) F i : i
e[ Cooling rate: 0.2 K/min
A [
g L
230
2 o T o RT21HC(10 wt.%)/W
.§ 2 | RI2HCAwt®)W e,
X i .
é 1 5 \\\\
95) F .
[ water
0 L . L ! L 1 L ! L ! 1 ! ! L 1 1

273 283 293 303
Temperature (K)

5
Cooling rate: 1 K/min b)

T‘.’g 4 ; ~~~~~~~~~~~~~~ Heating rate: 1 K/min
=9
g
207
3 i “,  RT2IHC(10 wt.%)/W
@ p [ RIZHCAwWLIW e,
> L
~
N
= 1 r
195

0 L L 1 L 1 L L 1 L 1 1 L L 1 1 1 L

273 283 293 303

Temperature (K)

Figure 4. Shear viscosity—temperature curves obtained for water as well as 4 wt.% and 10 wt.%
RT21HC/Water emulsions at scanning rates of (a) 0.2 and (b) 1 K/min.

Following the universal behavior of liquids, dynamic viscosity decreases with increasing
temperature. At 278 and 303 K (extremes of temperature ramps), u values determined from flow
curve experiments and temperature sweeps are in good agreement. For RT21HC(4 wt.%)/water
sample, differences in cooling and heating 1/(T) sweeps are within experimental uncertainty. However,
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in the case of RT21HC(10 wt.%)/water sample, viscosities obtained in the range from 283 to 291 K are
higher when paraffin droplets are solid (heating curve) than when they are liquid (cooling ramp).
Minimum differences between the two u values (for RT21HC(10 wt.%)/water in the mentioned
temperature interval) are ~4-6%. In addition, and as previously reported in the literature for other
PCM-in-water slurries [13,15-17,57], shear viscosity—temperature curves are affected by melting and
recrystallization processes. Such deformations are only appreciated in p(T) curves of the nano—emulsion
with 10 wt.% of paraffin (due to higher content in droplets undergoing the phase change). Thus, as
temperature increases in heating curves, a change in the exponential decreasing trend of viscosity of
RT21HC(10 wt.%)/water sample is observed at temperatures ~292-300 K. A similar alteration in p(T)
curves is detected at temperatures ~278-283 K in cooling ramps. During the melting process of paraffin
droplets (onset temperature melting transition is ~291.5 K according to [32]), an additional amount of
energy is required so that the RT21HC contained in the sample undergoes the solid-liquid transition.
This supplementary energy can be responsible (at least in part) for that deformation in u(T) curve,
since the temperature of the carrier fluid closer to paraffin droplets may rise at a slower pace than it
does before the melting transition of dispersed phase. As a consequence, higher apparent viscosities
are measured. A similar description could be used to explain the lower viscosities observed in the
cooling sweeps. As reviewed in the introduction, other authors have also attributed these “peaks”
in viscosity—temperature curves to changes in the shape or volume of PCM droplets undergoing
solid-liquid phase transition. In our case, slight differences (within experimental uncertainty) were
observed between the size distributions obtained for these same nano—emulsions in the temperature
range from 276 K (solid paraffin droplets) to 303 K (liquid droplets) by DLS [32]. However, paraffin
droplets are expected to expand when passing from solid to liquid (due to change in density of
bulk-RT21HC). In fact, a volumetric study of this nano—emulsion system [32] showed as density of
RT21HC(10 wt.%)/Water sample reduced by 1.1% when heated from 292 to 296 K, while pure water only
exhibited a density reduction of 0.1% in the same temperature range. Another plausible explanation
was recently proposed by Dutkowski and Fiuk [20,21] when the studied Micronal®DS 2039 X, an
aqueous slurry containing paraffin micro—capsules coated with a highly cross-linked polymethyl
methacrylate. Authors attributed similar deformations in heating y(T) curves around phase change
to the chaotic movement of the non-molten core inside partially melted micro—capsules. Thus, this
non-uniformity in the solid/liquid state of droplets was assumed to be responsible for an increase in
internal friction resistance between carrier fluid layers.

In order to further study possible structural rearrangements occuring during solid-liquid phase
change transitions of PCM droplets, changes in normal stress during shear viscosity-temperature
experiments were also analyzed. The temperature evolutions of first normal force difference for
RT21HC(10 wt.%)/Water sample at the two scanning rates are shown in Figure 5. Heating and cooling
thermograms at a scanning rate of 1 K/min obtained by differential scanning calorimetry in [32] are
also shown for comparison (Figure 5c).

In our case, negative first normal force differences were observed. This is due to that, during the
rotation of a Newtonian fluid without strong interactions among suspended particles, inertia forces
cause sample to flow away from the center [22]. Experiments were performed at constant shear stress.
Thus, as temperature rises, sample viscosity decreases allowing cone geometry to turn faster (shear
rate increases) and, in turn, AN becomes more negative. Likewise, negative AN; reduces (in absolute
value) as temperature decreases. Two different changes are observed in heating and cooling curves
around melting and recrystallization temperatures, respectively. In heating process there is a change in
the slope of the curve at ~292 K. This value agrees quite well with the melting onset temperature of
291.5 K obtained in [32] for this same sample by Differential Scanning Calorimetry using scanning
rates of 1 K/min (see Figure 5c). This slight change in AN;—trend may be due to the reduction in
sample viscosity as consequence of the solid to liquid transition of paraffin droplets above described.
A stronger change was observed at temperatures ~283 K, which agrees with the crystallization onset
temperature of 282.2 K [32]. This more remarkable variation may be attributed to the super—cooling
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exhibited by the nano—emulsions. Thus, it is well reported that, after crystallization begins, temperature
tends to rise and approach melting point [58].
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Figure 5. (a,b) First normal stress difference— temperature curves obtained for RT21HC(10 wt.%)/Water
emulsion at scanning rates of (a) 0.2 and (b) 1 K/min. (c) Thermogram obtained by differential scanning
calorimetry in [32].

3.2. Surface Properties

3.2.1. Interfacial Tension

Interfacial tensions (IFT) experimentally obtained at room temperature are gathered in Table 2. The
ITF of 41.95 mN/m measured between bulk-RT21HC and water in this work was lower than the range
of ~50-55 mN/m usually reported at 298 K for different alkane—water systems elsewhere [59]. An ITF<
42 mN/m was also obtained at 295 K between n—decane and water by Goebel and Lunkenheimer [60]
when using the alkane as received (without any purification). However, the same authors found that
ITF increased up to 53 mN/m after n—decane was purified. Those differences in ITF were attributed
to unwanted amphiphilic residues from the oxidation process used during alkane separation and
fractionation [60].

Table 2. Interfacial tensions, ITF, between bulk-RT21HC and water or between bulk—-RT21HC and the
three water+SDS mixtures experimentally measured at room temperature.

System T (K) ITF (mN/m)
RT21HC-Water 297.06 + 0.04 41.95+ 0.34
RT21HC-Water+SDS(0.25 wt.%) 296.57 + 0.07 8.32 +0.09
RT21HC-Water+SDS(0.5 wt.%) 297.21 + 0.03 8.20 £ 0.08
RT21HC-Water+SDS(1.25 wt.%) 297.44 + 0.02 8.19+0.14

As it can be observed in Table 2, ITF between paraffin and water considerably reduced with the
addition of SDS to the water. Our results ~8.2-8.3 mN/m were also lower than the ITF of 9.65 mN/m
(298 K) reported by Oh and Shah [61] for IFT between n-hexadecane and water+SDS mixtures at
surfactant concentrations larger than 8 mM (0.25 wt.% surfactant concentration studied in this work
corresponds to ~8.6 mM).
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3.2.2. Surface Tension

Surface tensions (SFTs) experimentally measured for water, the water+SDS mixture containing
0.25 wt.% of surfactant, bulk-RT21HC (in liquid phase) and the four PCME:s are plotted in Figure 6.

X Water
+  Water+SDS(0.25 wt.%)
<& RT21HC(2 wt.%)/W+SDS(0.25 wt.%)
O RT2IHC{# wt.%)/W+SDS(0.5 wt.%) -
@  RT21HC(3.6 wt.%)+RT55(0.4 wt.%)/W+SDS(0.5 wt.%) ;" lf N mNO/“;
A RT21HC(10 wt.%)/W+SDS(1.25 wt.%) b vl
% Bulk-RT21HC (liquid) i
80 80
- X X X X % x % —_ X X X X X % %
E N
% 60 | % 60 |
= o = ®
g 4 % (<,> ® 8 =2 L& & S
2 40 2 40 | g2 %
kS v 5 8 8 % 2 R T 2
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Figure 6. (a) Droplet capture obtained at 303 K for the RT21HC(4 wt.%)/Water nano—emulsion.
(b,c) Surface tension results of the different samples obtained from (b) increasing and (c) decreasing
temperature experiments.

Water results showed an AAD% of 2.3% with previous surface tension data reported in [38].
As expected, the addition of SDS considerably reduced the surface tension of water. In our case,
similar results were measured for the water+SDS mixtures at surfactant concentrations of 0.25, 0.5 and
1.25 wt.% (maximum deviations among the three systems were found at temperatures ~278 K and did
not exceeded 3%). The critical micelle concentration of water+SDS system has been previously reported
in literature to be around ~8 mM (corresponding to ~0.2-0.25 wt.%) [62] although certain authors
reduced it to ~5 mM [26]. Bulk-RT21HC (in liquid phase) exhibited SFTs of 26.8-27.2 mN/m, which
agrees well with the value of 27.2 mN/m reported by Goebel and Lunkenheimer [60] for n-hexadecane
(an alkane with melting point at ~291 K).

Important reductions in surface tension (in comparison to water) were also observed for the
PCMEs. Nevertheless, the SFTs of nano—emulsions were higher than the values obtained for the
water+SDS mixtures with the same surfactant concentration. A similar behavior was found by Zhang
et al. [26] when studied poly(butyl acrylate)-in-water emulsions at dispersed phase concentrations
between 7 and 22% and droplets sizes in the range of 100-500 nm. In that study, authors observed
that the minimum SFT value of ~31-33 mN/m obtained for water+SDS with surfactant loadings
larger than ~5 mM (CMC), was not reached up to SDS concentrations of 60-80 mM in the case of
an emulsion containing 22 wt.% of poly(butyl acrylate) droplets with average size of 115 nm. This
was attributed to the fact that part of the surfactant is evenly absorbed by the droplets and also
that dispersed phase droplets introduce additional surface to be covered by the surfactant. As a
consequence of that, Zhang et al. [26] found that, for the same SDS concentration and before CMC was
reached, SFT increased with increasing dispersed phase concentration and with reducing dispersed
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phase droplet size. This behavior agrees with what can be observed in Figure 6. Thus, despite
RT21HC(4 wt.%)/water and RT21HC(3.6 wt.%)+RT55(0.4 wt.%)/water samples containing twice as
much SDS as RT21HC(2 wt.%)/water emulsions, the two first samples exhibit slightly higher SFT's in
comparison with 2 wt.% concentration. 2 and 4 wt.% emulsions have similar average paraffin droplet
sizes (see Figure 1a). SFT measurements were performed at increasing and decreasing temperatures to
analyze whether the solid/liquid state of paraffin droplets could have any influence on this physical
property. Differences in SFT between PCMEs and water+SDS mixtures are higher at lower temperatures
(when paraffin droplets are solid). In our opinion, such behavior may be due to the fact that during
the solidification of the drops, part of the surfactant remains anchored or completely trapped by the
paraffin. As a consequence, an additional surface is available to be covered by surfactant molecules.

3.2.3. Wetting Behavior

Contact angle (CA) measurements were carried out for distilled water and the four nano—emulsions
at two characteristic temperatures 278 and 298 K at which paraffin dispersed phase is solid and liquid,
respectively. Analyzed PCME volumes were ~11-14 puL while they were ~24 uL (278 K) and 21 puL
(298 K) in the case of water. Figure 7 shows some examples of sessile drops, while CA results are
gathered in Table 3.

o it a) 2 mm b)

Figure 7. Examples of sessile drops analyzed at 278 K for: (a) water; (b) RT21IHC(2 wt.%)/Water;
(c) RT21HC (4 wt.%)/Water and (d) RT21HC(10 wt.%)/Water.

Table 3. Contact angles, CA, measured for distilled water and studied nano—emulsions on a stainless
steel substrate [36]. Relative humidity: 50 + 10%.

CA(°)
Sample
T=278K T =298 K
Water 72+2 69 +2
RT21HC(2 wt.%)/W+SDS(0.25 wt.%) 46 + 2 37 +2
RT21HC (4 wt.%)/W+SDS(0.5 wt.%) 41+2 35+2
RT21HC(3.6 wt.%)+RT55(0.4 wt.%)/W+SDS(0.5 wt.%) 41+1 36 £2

RT21HC(10 wt.%)/W-+SDS(1.25 wt.%) 40 £ 2 33+2
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Water CA at 298 K is close in value to those CAs reported for sessile drops of similar volumes in
Hernaiz et al. [36]. Unlike the water+SDS mixtures at surfactant concentrations of 0.25, 0.5 and 1.25 wt.%
or bulk-RT21HC (whose CAs could not be measured since samples rapidly spread on stainless steel
substrate), RT21HC-in—-water emulsions exhibited CAs of 40-46° (278 K) and 33-37° (298 K). Although
PCME values are up to 52% lower than those of water, it is clear that the presence of possible free
surfactant in the emulsions did not overcome the cohesive forces in the RT21HC-SDS+water system.
A comparison between the different nano—emulsions seems to show a slight decrease in CA with
increasing paraffin concentration. However, differences in CA between most of the samples are within
standard deviations. In this case, a stainless steel solid substrate [36] was selected as representative
surface in industrial applications. Other substrates may be interesting depending on the particular use
of the nano—emulsions.

4. Conclusions

Phase change material nano—emulsions produced following a solvent-assisted route were
characterized in terms of dynamic viscosity and surface properties. A slight shear-thinning behavior
was observed in the region of low shear rates (up to 30-60 s~!) for the nano-emulsion prepared at the
highest concentration (10 wt.%), while the rest of studied samples exhibited a Newtonian behavior at
studied conditions. As expected, dynamic viscosity strongly rose with dispersed phase+surfactant
concentration. Within the Newtonian region, maximum p increases (regarding distilled water)
reached 151% for the paraffin concentration of 10 wt.% at 278 K. Larger increases in viscosity were
observed when paraffin droplets are solid than when they are liquid. A good description (with
deviations lower than 6%) was obtained when Krieger-Dougherty 1:(¢) model was modified to include
solvated/swollen and aggregation particle effects. Solidification and recrystallization temperatures
determined from rheological temperature-sweeps for RT21HC(10 wt.%)/Water emulsion agreed with
previous calorimetric analysis using DSC. Surface tension reduces up to 50% with the presence of
paraffin droplets. However, these diminutions are lower than the decreases found for the corresponding
water+SDS mixtures used to produce the nano—emulsions. PCME contact angles are up to 52% lower
than those of water, but sample did not rapidly spread in stainless steel substrate as it happened to
bulk-RT21HC or SDS+water mixtures without paraffin droplets. No significant effect on any of the
three studied physical properties was observed when part of the dispersed phase was replaced by a
nucleating agent.
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Nomenclature
AAD% percentage absolute average deviations
CA contact angle [°]

CMC critical micelle concentration

AN; first normal force difference [Pa]

|r)| intrinsic viscosity

¢ volume fraction

Oefr effective volume fraction

Om maximum packing volume fraction

s solvated/swollen droplet volume fraction
ITET interfacial tension [mN/m]

ka aggregation coefficient

K-D Krieger and Dougherty viscosity model
ke Huggins coefficient

Pe geometrical percolation threshold

PCM phase change material

PCME phase change material emulsion

pdl polydispersity index

7

radius of PCM droplet [m]

RT2IHC  Rubitherm RT21HC paraffin

RT55 Rubitherm RT55 paraffin wax

SDS sodium dodecyl sulfate

SFT surface tension [mN/m]

T temperature [K]

W water

z dispersed phase to continuous phase viscosity ratio (z = upcp/twater)

o thickness of solvated layer

Ad drop relaxation time

U shear dynamic viscosity [mPa-s]

Ur relative viscosity of sample to corresponding water+SDS mixture (t; = tpcm/ tawater+SDS)
Subscripts

melt. melting

PCM phase change materials

PCME phase change material emulsion

sol. solidification
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