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1 Abstract

Thermal desalination of high salinity water resources is energy intensive and optimizing its
energy efficiency can supplement the freshwater supply. Energy absorbing nanoparticles
have improved the solar desalination efficiencies but using them in the feed as nanofluids can
lead to substantial convective heat transfer in membrane distillation (MD). We modelled the
dominant micro-mixing from Brownian motion in copper oxide nanofluids and the unusually
high axial conduction from Van der Waals interaction in carbon nanotube nanofluids. Carbon
nanotubes resulted in consistent, wide range of improvements; while copper oxide particles
showcased diminishing returns after a concentration of 0.7%, where Brownian motion effects
became negligible. Nanofluid characterizations illustrated uniform dispersions after atleast
75 minutes of sonication and using surfactants to stabilize the nanoparticles through micelle
formations. However, the enhancements from liquid layering at higher nanofluid concentrations
were impractical in MD, since the related high surfactant levels compromised the membrane

hydrophobicity and promoted fouling. Dilute solutions of metallic nanofluids can be actively
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integrated to enhance the performance of MD, whereas stronger nanofluid solutions should

be limited to heat exchangers that supply thermal energy to MD systems.

2 Graphical Abstract
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Figure 1: Schematic showing the mode of heat transfer enhancement using cooper oxide
nanoparticles and carbon nanotubes in a distilled water basefluid. Brownian motion and the
associated micro-mixing is the dominant mechanism for improved heat transfer in copper
oxide nanofluid. Van der Waals interaction of carbon nanotubes results in a substantially

high axial heat conduction across the fluid.

3 Introduction

3.1 The need for thermal desalination

Freshwater resources are being substantially overexploited around the world to meet rising
water demand. The desalination of alternative sources like seawater, brackish water presents
a possible solution, but the concentration to highly saline feeds tends to be energy intensive [1,
2]. Commercial pressure-driven desalination processes like reverse osmosis are impractical at
high salt concentrations [3-5] and thus the general consensus is that improvements of thermal

desalination technologies are needed for high salinity and high water recovery applications.



3.2 Membrane Distillation

One of the emerging thermal desalination processes - membrane distillation (MD) has particularly
shown the ability to retain performance at high salinities [6]. From a broad perspective, MD
systems reveal a close resemblence to counterflow heat exchangers with an added membrane
between the two channels [7]. The hydrophobic membrane prevents the permeation of non
volatile salts [8] to separate the hot feed stream (brine) and the cold distillate stream (pure
water). Temperature difference between the two sides of the membrane results in a vapor
pressure gradient that drives the desalination [9]. However, the inherent phase change in
MD leads to proportionally high energy costs, which often constitute about two-thirds of
the total operating expense [13]. Optimizing the heat and mass transfer in MD is therefore
crucial because even minor improvements in efficiency can reflect as major industrial cost
savings.

The temperature difference across MD membranes governs the pure water flux but also
leads to significant heat conduction losses. In order to eliminate these losses, air gap
membrane distillation (AGMD) [14,15] introduces a thick air layer between the membrane
and condensing surface. The additional MD configurations are classified by the properties
of the gap between the membrane and condensing surface, like permeate gap membrane
distillation (PGMD) [16,17] where the gap is flooded with water and conductive gap membrane
distillation (CGMD) with high gap conductance [18,19]. In all these configurations, the vapor
condenses within the gap and effective phase change regimes have demonstrated significant
performance enhancements [20-22]. However, these modifications are often beneficial when
flux stability is achieved from improved feed channel heat transfer using turbulence promoters
[23] and corrugations [24] but such channel structures are optimized for specific flow conditions.
As a result, methods that can preserve the feed heat transfer enhancements across varied

operating conditions are desirable.

3.3 Heat transfer enhancements via nanofluids

Intrinsic fluid properties, notably thermal conductivity, directly affect the heat transfer and

can be modified to attain performance improvements [25,26]. To do so, high thermal



conductivity nanofluids have been used in heat exchangers (15%-41% enhancements at
concetrations of 0.1%-2%) [27-30], and their application is extended to MD here. Nanofluids
are formed by suspending highly conductive nanoparticles (with size scales below 100 nm) in
low conductivity base solutions [31-33]. Nanoparticles affect the thermal transport properties
of the base fluid, improving thermal conductivity by mainly two mechanisms [34]. First,
the static dispersion of particles results in simple concentration-based linear enhancements
[35,36], which fail to explain the significant conductivity increments observed in extremely
dilute nanofluids [37-42]. These low concentration improvements are attributed to the
second enhancement mechanism; the random motion of nanoparticles in the solution, also
known as Brownian motion [43]. Randomly moving particles with high surface energy
carry packets of fluid around, resulting in a phenomena called micro-mixing [44, 45]. Such
micro-scale interactions in the fluid lead to a lower local temperature gradient for a given heat
flux which, macroscopically translates to higher thermal conductivity. Nanoparticle-based
thermal collectors have enhanced the productivity of solar stills and flashing desalination
systems [46-51]. Additionally, immobilized nanoparticles in solar MD membranes effectively
concentrated the solar radiation near the membrane to achieve higher permeate flux [52,53].
However, these studies used nanoparticles to absorb thermal energy instead of explicitly
improving the convective heat transfer using nanofluids.

To examine the performance of nanofluids in MD, here we presented a comprehensive
energy efficiency analysis of the leading MD configurations (AGMD, PGMD and CGMD)
with carbon nanotubes (MWCNT) and copper oxide (CuO) nanoparticles in the feed channels.
The effects of particle size, concentration and temperature on the thermal conductivity
were modelled and benchmark efficiency metrics were calculated from these heat transfer
enhancements. Characterization of nanofluids was done using SEM imaging and dynamic
light scattering (DLS) to analyse the stable particle size distribution in the solution. From
these results, we determined the agglomeration mechanisms in nanofluids emphasizing the
role of surfactants in solution stability. Finally, the effects of nanofluids on membrane fouling
and surface hydrophobicity were investigated by measuring the static contact angle of water

and SEM characterization of the fouled membranes.



4 Materials and Methods

Methods overview: Nanofluids were created by adding purchased nanoparticles along
with surfactants to a base deionized water solution and mixed with stirring and sonication
to disperse the nanoparticles. Dynamic light scattering (DLS) was carried out to determine
the agglomerate sizes in nanofluids after different sonication durations. Thereafter, SEM
images of dried nanofluid solutions and fouling tested membranes were taken to visualize the
particle dispersion. The contact angle of water on fouling tested membranes was measured to
study their hydrophobicity after exposure to nanofluids. Finally, the thermal conductivity
enhancements and property variations (density, specific heat and viscosity) of nanofluids
were modelled to estimate the energy efficiency of MD systems using a comprehensive
thermodynamic framework.

Materials and chemicals: Multi-walled carbon nanotubes (MWCNTSs) with 9.5 nm average
diameter, 1.5 pum average length, 250 m?/g specific surface area and 90% purity were
purchased from Nanocyl SA (Nanocyl SA, Sambreville, Belgium). Copper(II) oxide (CuO)
nanoparticles with 10 nm average diameter and 99% purity, Polyvinylpyrrolidone (PVP,
average MW 40,000) and Sodium dodecylbenzene sulfonate (SDBS, Purity> 99%) surfactants
were obtained from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO). Unlaminated poly
tetrafluoroethylene (PTFE) membrane with pore size 0.2 pwm, porosity 0.8, and thickness 50
pum was purchased from Sterlitech (Sterlitech, Kent, WA).

4.1 Experimental methods

Preparation of Nanofluids: Copper oxide nanoparticles (for CuO-Water nanofluid) or
multi-walled carbon nanotubes (for MWCNT-Water nanofluid) were added to a solution of
SDBS surfactant mixed with deionized water, as shown in Figure 2. Magnetic stirring was
carried out to break down the macroscopic lumps of SDBS and nanoparticles in the solution.
In order to get nanometer scale particles, the nanofluid was subsequently sonicated (Q700
Sonicator, Qsonica, Newtown, CT) at 45% vibration amplitude and 20 kHz frequency. The
SDBS surfactant helped in stabilizing the nanoparticles agglomerating in the solution and

the required sonication duration varied with the desired nanofluid concentration (6 different



samples were made as shown in Table 1).
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Figure 2: Nanofluid preparation using sodium dodecylbenzenesulfonate (SDBS) surfactant
and sonication. Copper oxide nanoparticles are shown as orange spheres and multi-walled

carbon nanotubes are represented by gray stands (top, middle).

Membrane Fouling Studies: Nanofluid solutions (copper oxide and carbon nanotubes)
were circulated in a lab-scale MD module to investigate their effects on the fouling and
hydrophobicity of a PTFE membrane. A 800 ml of 0.1% nanofluid solution was pumped
through the feed channel for 2 hours, at a constant flow rate of 1 litre/min and a temperature
of 50°C where fouling occured. The module was flushed with deionized water before and
after the test to remove surface adhered impurities and nanoparticles. Finally, the membrane
was cleaned under a steady stream of deionized water for 5 minutes and naturally dried for
characterization.

Nanofluid and Membrane Characterization: The agglomerate sizes in nanofluids were
analyzed with sonication duration using dynamic light scattering (DLS) model Malvern
Zetasizer Nano ZS. 0.001% CuO-Water and MWCNT-Water nanofluids were prepared with

two different SDBS surfactant concentrations (0.05 and 0.005%) and samples were taken from



Table 1: Copper oxide (CuO) and carbon nanotube (MWCNT) nanofluids characterized for

MD, with details on their concentration and sonication duration

Sample Nanoparticle Surfactant Sonication Usage
concentration concentration duration
1 0.001% CuO 0.005% SDBS 3 hours DLS studies
2 0.001% CuO 0.05% SDBS 3 hours DLS studies
3 0.1% CuO 0.3% SDBS 1 hr 20 mins ~ Membrane fouling
4 0.001% MWCNT 0.005% SDBS 3 hours DLS studies
5 0.001% MWCNT 0.05% SDBS 3 hours DLS studies
6 0.1% MWCNT 0.5% SDBS 1 hr 20 mins ~ Membrane fouling

the solutions at specific time intervals during 3 hr sonication runs of the nanofluids. The
morphological characterizations of nanofluids and membrane fouling were obtained using field
emission scanning electron microscopy (FESEM model Hitachi S-4800). Nanofluid solutions
were dried on a glass plate before SEM imaging. Energy dispersive x-ray spectroscopy (EDS)

was used to identify copper oxide nanoparticles in the fouling tested membrane.

4.2 Numerical modelling

The complex heat and mass transfer physics in MD have been studied extensively through
numerical models to understand the effects of system parameters on their flux [54,55] and
energy efficiency [56-58]. The modelling approach used here was based on the work from
Summer et al. [59], and its details can be found in previous publications [5,7,14,15, 19, 20].

The computational MD model was based on one-dimensional finite difference method,
where properties varied along the length and were assumed to be constant along the width.
Mass and energy conservation equations were solved for each discretized control volume
using the built-in property evaluation functions of engineering equation solver (EES) [60].
Span-wise property variations were accounted for using thin temperature and concentration

boundary layers. The nanofluids were treated as homogeneous entities with properties
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Figure 3: Membrane Distillation (MD) schematic with the addition of nanofluids. Three
different configurations can be made by modifying the gap properties between the membrane
and condenser plate. Air gap membrane distillation (AGMD), shown above, introduces a
stagnant air medium in the gap region, permeate gap membrane distillation (PGMD) is
obtained when the gap is flooded with water and finally conductive gap membrane distillation

(CGMD) has conductive spacers stacked up in the gap.

modified according to relations from prior literature [61]. These relations included the effects



of temperature and material properties like particle size, volume fraction on the micro-scale

particle dynamics.

4.2.1 Nanofluid thermal conductivity relations

Nanofluids exhibit unusual enhancements in thermal conductivity at very low nanoparticle
concentrations and so numerous studies have been aimed at capturing this variation both
analytically and experimentally [62-66].

In the present analysis, an analytical study from Koo et al. [67] on the variation of thermal
conductivity was adopted for CuO-Water nanofluid. Numerous reviews have supported the
validity of this relation with experimental data [61,66,68-72]. The conductivity enhancements
with contributions from static particle dispersion and Brownian motion of particles were

derived as shown below.

keff = kstatic + kbrownian

The static enhancement expression used was identical to the one given by Maxwell [35],

kp .
kstatic -1 + 30ép (k_W 1)

o ) e ()

where «,, is the particle volume fraction, k, is the thermal conductivity of nanoparticle and

kys that of the base fluid. The brownian motion contribution to thermal conductivity was

derived from time averaged kinetic theory [67,73] and given as,

kKT

k rownian — D * 104 e
b ﬁappbfcbf oD

where pys is the density, ¢ is the specific heat of the base fluid, & is the boltzmann constant,
D the average diameter of particles and T the bulk temperature [67]. The term £ is related to
particle motion; it includes the effects of micro-mixing and is determined from experimental

data. For CuO nanoparticles with concentration below 1% we have [67],
B = 0.0137 (100a,) ">

Carbon nanotubes have a fibrous structure and in order to accurately capture their interaction,

a verfied [74-76] experimental correlation from Esfe et al. [77] was used to model the
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MWOCNT-Water nanofluid. The correlation was valid for concentrations below 1% and for

temperatures between 25 - 55°C which are prevalent in most MD systems.

ko (360.69+T)

ko (405.59 — 110800y,)

4.2.2 Nanofluid properties: density, specific heat and viscosity

Density relations for nanofluids were derived assuming a simple static distribution of nanoparticles

in the basefluid, and governed by a general fractional relation [78].

Pnf = PpQp + pof (1 — )

where p,, ¢ is the density of nanofluid and pys is the density of basefluid. The specific heat of

nanofluids followed a similar concentration based relation given as [78],

p Pbf
Conf = (_p) QpCpp + <_) (1= ap) cppr
Pnf Pnf

where ¢, ,,5 represents the specific heat of nanofluid, ¢, is the specific heat of basefluid and
cp,p the specific heat of nanoparticles.

The dispersion of nanoparticles in the base fluid increases the viscosity of the solution,
and as a result, nanofluid viscosity correlations have been studied extensively [72,79] to
quantify the associated increased pressure drops. Here a well-validated correlation proposed
by Naik and Sundar [80] was used to model the viscosity changes with particle concentration

and temperature for CuO-Water nanofluids.
0.514
Hnt 3 444 (T’“) (01829

Hbf Tmin P

The viscosity of MWCNT-Water nanofluids was modelled using a correlation from Esfe et

al. [77] given as,

Enf _ 38.158a, — 0.0017357T + 1.1296

Mo
where p, s represents the viscosity of nanofluid and p; the viscosity of basefluid.

5 Results and Discussion

The performance of MD systems implementing nanofluids was quantified numerically along

with investigating particle size, dispersion with sonication duration, surfactant concentration
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and the effects of nanofluids on membrane fouling and hydrophobicity. First, the variation
of thermal conductivity with particle concentration was studied at the average operating
temperature of MD modules in section 5.1. The micro-mixing from Brownian motion
significantly increased the heat transfer in copper oxide nanofluids and the Van der Waals
interaction of carbon nanotubes led to substantial axial conduction across the basefluid,
improving its thermal conductivity. Thereafter, the efficiency enhancements with varying
nanoparticle concentration were compared for different MD configurations outlining the
relative effects of improved channel heat transfer in section 5.2. The optimal performance of
CGMD systems was studied with particle concentration to affirm new benchmark efficiency
metrics for MD in section 5.3.

SEM images of dried nanofluid solutions were compared before and after sonication
in section 5.4 to check for particle agglomeration. Particle interaction directly affected
the nanoscale thermal transport, reducing the Brownian motion enabled mixing in copper
oxide nanofluids and increasing the axial conduction across carbon nanotube nanofluids.
Effects of SDBS surfactant and sonciation duration on the stable particle sizes in nanofluids
were examined using the DLS technique in section 5.5. Finally, membrane fouling and
hydrophobicity were tested in section 5.6 using SEM imaging and static contact angle

measurements after circulating nanofluids in the MD module.

5.1 Modelled thermal conductivity enhancements from nanofluids

Thermal conductivity enhancements from carbon nanotubes and copper oxide nanoparticles
were modelled for dilute nanofluids (below 1% concentration). Brownian motion and the
related micro-mixing played a major role in increasing the thermal conductivity at very low
nanofluid concentrations as seen in Figure 4a. When increasing the nanoparticle concentration,
agglomeration was amplified, resulting in larger particles and reducing the significance of
Brownian motion. Static enhancements dominated the thermal conductivity of nanofluids
at higher concentrations, eventually tapering off the conductivity curve, as seen with copper
oxide nanoparticles in Figure 4a. The static conductive transport was particularly prominent
in nanotubes where axial interactions led to long chains carrying heat across the fluid

(higher slope in 4a) [81]. Moreover, the increased particle density for nanotubes resulted
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Figure 4: Property variations in nanofluids: (a) Variation of thermal conductivity for
CuO-Water and Carbon Nanotube (MWCNT')-Water nanofluid by particle volume fraction,
where contributions to thermal conductivity from Brownian motion are shown by shaded
regions. (b) Property changes relative to seawater in the feed at various nanoparticle
concentrations, including viscosity p, density p, heat capacity ¢, and conductivity k.
Properties were evaluated at an average temperature of the MD system (55°C). Brownian
motion and the interaction of particles significantly increases the nanofluid thermal

conductivity compared to seawater (0.668 [W/mK]).

in significantly lower Brownian enhancements compared to copper oxide and showed an

early transition to static thermal transport [82].

5.2 Relative energy efficiency of various MD configurations

The energy efficiency of thermal desalination systems is described by gained output ratio
(GOR), which is defined as heat of vaporization of permeate divided by the heat input
required for the MD system [83].

GOR = Meerliso

Qn
where 1, [kg/s| represents the permeate flux output from MD system, hy, [kJ/kg| is the

latent heat of vaporization and Q, [kW] is the thermal energy input required. Practical

MD systems have GOR values ranging from 3-7 [19, 84, 85] with new configurations like
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vacuum-assisted air gap membrane distillation (V-AGMD) [86] peaking at 13.5.

Percentage efficiency enhancements from the nanofluids were calculated compared to
using seawater in the feed channel, and plotted at varying particle concentration as shown in
Fig. 5 (modelling conditions given in Appendix A.1). The dominant heat transfer resistance
of the gap region in AGMD and PGMD, limited the optimum energy benefits from using
nanofluids in the feed channels. On the other hand, the CGMD configuration with high
gap conductance showed remarkable increments in energy efficiency and proved to be more

sensitive to the improved feed heat transfer.
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Figure 5: Nanofluid improvements by MD configuration: Relative enhancement
of energy efficiency (GOR) with nanoparticle volume fraction for AGMD, PGMD and
CGMD configurations. Operating conditions were ensured to be uniform across all the
configurations, and for the CGMD model, the gap thermal conductivity was set to kg, =
10[W/mK]. Enhancements follow the thermal conductivity plot (Figure 4a) for both copper
oxide and carbon nanotubes. AGMD and PGMD configurations showed lower enhancements

due to a dominant gap heat transfer resistance.

5.3 Benchmark efficiency metrics for conductive gap MD systems

Modelling the energy efficiency enhancements in section 5.2, we observed that CGMD

systems show substantial improvements using nanofluids in the feed channel. The maximum
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attainable energy efficiency of CGMD systems incorporating nanofluids was then evaluated
at different nanoparticle concentrations (Figure 6).

Here, we see that increasing the gap thermal conductivity in CGMD promoted higher
efficiencies, but quickly had diminishing returns above k ~ 10 W/mK value, as shown in
Figure 6. We observed that energy efficiency changes very little above a threshold gap
thermal conductivity, where the thermal resistance of the gap becomes negligible [19]. This
plot provided an estimation of the benchmark performance of MD resulting from improved
feed channel heat transfer using nanofluids and a highly conductive gap in CGMD.
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Figure 6: Energy efficiency (GOR) vs gap thermal conductivity for a CGMD
configuration using nanofluids in the feed channels. Nanoparticle concentration was varied for
copper oxide and carbon nanotubes along with changes to the gap thermal conductivity. A
point for water flooded gap enhancement (PGMD) is also shown for comparison. The optimal
performance does not change much for copper oxide nanoparticles after a concentration
of roughly 0.7%, whereas carbon nanotubes show more continuous improvements. The
difference is likely due to separate thermal mechanisms being dominant, as copper oxide
nanofluids are highly dependant on Brownian motion, which is reduced by agglomeration at

higher nanofluid concentrations.

14



5.4 Particle dispersion after sonication of nanofluids

The clustering of nanoparticles significantly affects the thermal conductivity enhancements
[87] and as a result, the stabilization of nanofluids using sonication and surfactants is critical.
The increase in particle sizes hinders the Brownian motion at low concentrations [70,88,89]
but results in effective liquid layering at higher concentrations [90]. This indicates that
clustering reaps benefits to a certain extent, however, can also lead to sedimentation at

larger characteristic sizes [91].

(a) Before Sonication (b) After sonication

Figure 7: Sonication of copper oxide nanofluid: Agglomerate size comparison for a
dried sample of 0.001% CuO-Water nanofluid with 0.005% SDBS, before and after 2 hours
of sonication. Sonication breaks down the nanoparticles, which then interact again in the
solution and are stabilized using surfactants. Copper oxide clusters of the order of 1 ym were
broken down to characteristic size scales smaller than 200 nm, which effectively contributed

to thermal conductivity enhancements from their Brownian motion.

We investigated the effects of sonication, surfactant addition on the stability of nanofluids
and used SEM imaging to visualize the particle dispersion. The particles in a magnetically
stirred nanofluid solution were compared with those in another solution sonicated for 2 hours
at the same concentration. Sonication of the nanofluid reduced the micro-scale structures in

the solution to nanometer sized particles for copper oxide (Figure 7) and distinct nanometer
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Figure 8: Sonication of MWCNT nanofluid: Effects of sonication on the clustering
of nanotubes in a 0.001% MWCNT-Water nanofluid with 0.005% SDBS solution sample
dried on a glass plate. Carbon nanotubes showed massive agglomeration after magnetic
stirring and were widely dispersed after 2 hours of sonicaiton. The length of nanotube
agglomerates stayed above 500 nm even after sonication due to their strong axial interaction
forces. These long, surfactant stabilized nanotube strands reduce the Brownian motion but

are very effective in static conduction across the fluid.

scale strands for carbon nanotubes (Figure 8). Moreover, the characteristic size scales
observed in Figure 7 and 8 after sonication were larger than the nominal copper oxide
particles and carbon nanotubes respectively. This indicated that particle interaction was
prominent during sonication and the resulting agglomerates were stabilized through micelle

structures formed by the surrounding surfactant molecules in the solution.

5.5 Particle size analysis with dynamic light scattering

In order to determine the optimal surfactant concentration and sonication duration for stable
solutions, we performed dynamic light scattering (DLS) studies on the nanofluids. The
average particle sizes of copper oxide and carbon nanotubes decreased significantly after 20

minutes of sonication as shown in Figure 9 and then attained stability, where the interaction
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of nanoparticles balanced their break-up from sonication. We observed that the amount of
SDBS in the solution affected the particle sizes and above a concentration of 0.01%, SDBS
showed decreased effectiveness (for a 0.001% nanofluid concentration). From the results
obtained in Figure 9, we concluded that stable solutions can be made by using roughly 5 times
more SDBS concentration than the required nanofluid concentration and performing atleast
75 minutes of sonication. Moreover, prolonged exposures to sonication (3 hour duration in
Figure 9) resulted in the formation of bubbles in the nanofluids which inhibited the cluster
breakage and led to a substantial increase in the average particle size [92]. Several studies
on metal oxide [92-94] (alumina, zirconia and titanium dioxide) and carbon nanotube [95]
nanofluids have reported this unusual observation with some cases leading to structural

defects in the nanoparticles.
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Figure 9: Nanofluid particle size vs sonication, via dynamic light scattering:
Variation of average particle size of copper oxide and carbon nanotubes with sonication
duration for two different concentrations of SDBS surfactant (0.05% and 0.005%). The SDBS
surfactant acts to stabilize the nanoparticles in the solution and prevent agglomeration,
however, above a concentration of 0.01% it showed reduced effectiveness (yellow, 0.05%).
Particle sizes increased abruptly after longer somication durations for CuO-Water and
MWCNT-Water (0.05%) nanofluid due to the development of stable air bubbles in the

solution which inhibited the nanoparticle cluster breakage.
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5.6 Effects of nanofluids on membrane fouling and hydrophobicity

While the surfactants help in dispersion of the nanofluids, they pose a risk to MD because
they reduce the surface tension of the feed water, which can compromise the hydrophobicity
of PTFE membranes [96]. As the membrane looses its hydrophocity, mineral salts from the
feed can permeate through the membrane affecting distillate quality and flux production [97,
98]. Nanofluids in the feed channel can aggravate this issue by fouling the wetted membrane,
where the nanoparticles adhere to the membrane surface reducing its permeability. We

investigated the effects of nanofluids with SDBS surfactant on the membrane fouling, surface

hydrophobicity using SEM imaging and static contact angle measurements of water.

(a) Clean membrane (b) MWCNT fouled membrane (¢) CuO fouled membrane

Figure 10: Macroscopic images of PTFE membrane after fouling tests with MWCNT
and copper oxide nanofluids. Part (a) shows a clean PTFE membrane and (b), (c) show the
fouled counterparts, flushed with water for 5 minutes to remove the loosely adhered particles.
Carbon nanotubes show substantial membrane fouling at the macroscale due to their higher

particle density in comparison to copper oxide nanoparticles.

Macroscopic images of the PTFE membrane (Figure 10) after fouling tests with nanofluids,
showed significant carbon nanotube deposits in comparison to copper oxide nanoparticles.
MWCNT nanofluids resulted in extensive fouling of the membrane with nanotubes interacting

at the microscale with PTFE fibres as seen in Figure 12. Copper oxide nanoparticles on
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the other hand, showed very little fouling with some microscale agglomerate deposition on
the membrane (Figure 11). We observed that the SDBS surfactant used for preparing the
nanofluids affects the membrane hydrophobicity; eventually allowing nanoparticles to foul
parts of the membrane. In order to quantify the decreasing membrane hydrophobicity, we
measured the static contact angle of water on the fouling tested membrane samples and

compared the results with that of a clean PTFE membrane.

CuO fouling on
the surface of
membrane

Figure 11: Membrane fouling from copper oxide nanoparticles: SEM micrographs of
the membrane after fouling tests with 0.1% CuO-Water nanofluid. Negligible membrane
fouling is observed using copper oxide with very few micrometer scale agglomerates
interacting with the membrane fibres. Energy dispersive x-ray spectroscopy (EDS) was

used to identify the copper oxide nanoparticles in the membrane.

The static contact angle of water on the membrane decreased after fouling studies with
nanofluids indicating a marginal loss in membrane hydrophobicity (Figure 13). The contact
angle measurements after using nanofluids were similar for both copper oxide and carbon
nanotubes with the latter showing slightly higher variations. This was expected since the
concentration of SDBS was the same in both the samples and thus would equally affect
the hydrophobicity. The large variations in measurement for carbon nanotubes were the
result of an uneven membrane surface caused by extensive fouling. We concluded that the
SDBS surfactant marginally decreases the membrane hydrophobicity resulting in fouling

from nanoparticles. The extent of membrane fouling can be reduced by using nanoparticles
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(a) Clean PTFE membrane (b) Fouling tested PTFE membrane

Figure 12: Membrane fouling from carbon nanotubes: SEM images showing the fouling
of a PTFE membrane using 0.1% MWCNT-Water nanofluid. Dark black spots on the
right hand side images show significant clustering of carbon nanotubes on the membrane
surface and interactions with the membrane fibres at the microscale. SDBS surfactant
reduces the surface tension of the feed, decreasing the membrane hydrophobicity and allowing
nanoparticles to interact with the membrane. Nanotubes have a very high number density

(number of particles per unit volume) and as a result, showed extensive membrane fouling.

that have lower number densities (number of particles per unit volume).
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Figure 13: Hydrophobicity comparison of the fouled membranes: Static contact
angle of water on a clean PTFE membrane and two nanofluid fouling tested PTFE membrane
samples. The reduction in membrane hydrophobicity is nearly equal after using CuO-Water
and MWCNT-Water nanofluids in the feed channel, since they have the same SDBS
surfactant concentration. The carbon nanotube fouled membrane sample shows a relatively
higher variation in measurements due to the uneven membrane surface caused by significant

nanotube deposition.

6 Conclusion

Metallic nanoparticles of characteristic size scales below an order of 100 nm can result in
effective micro-mixing of the feed from their Brownian motion at low concentrations. The
Van der Waal interaction of fibrous nanotubes can achieve even higher static conduction
enhancements across the nanofluid. The improvements in heat transfer from these mechanisms
can promote significantly higher efficiencies in membrane distillation across diverse operating
conditions and system scales. However, as we demonstrated from nanofluid characterization,
stable dispersions demand optimized sonication durations and surfactant concentrations.

Moreover, surfactants reduced the membrane hydrophobicity and served as promoters for
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membrane fouling affecting the performance of MD. Dilute solutions of metallic nanofluids
showed minimal membrane fouling and can be used in the channels for significant heat
transfer improvements. The fouling concerns of carbon nanotubes promote their usage in
heat exchangers for thermal input to MD systems, instead of directly suspending them in
the channels. The success of these enhancement mechanisms suggests that other magnetic
nanoparticles and hybrid nonofluids can be used in MD owing to their controllability and ease
of separation. Special membrane modifications that help in retaining their hydrophobicity

at higher nanofluid concentrations can further push the performance frontiers in MD.
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Nomenclature

Acronyms

AGMD air gap membrane distillation
CGMD conductive gap membrane distillation
CuO copper oxide

DLS dynamic light scattering

EDS energy dispersive x-ray spectroscopy
GOR gained output ratio

MD membrane distillation

MWCNT multi-walled carbon nanotubes
PGMD permeate gap membrane distillation
PTFE polytetraflouroethylene

SDBS sodium dodecylbenzene sulfonate
SEM scanning electron microscopy

Greek symbols

a, particle volume fraction
I} particle motion modification
K Boltzmann constant

1 viscosity, kg/m.s
P density, kg/m?
Roman symbols
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m mass flow rate, kg/s

Q heat transfer rate, W

Cp specific heat capacity, J/kg.K

D average particle diameter, m

hy,  enthalpy of vaporization, J/kg

k thermal conductivity, W/m.K

T temperature, K

Subscripts, superscripts

bf basefluid

brownian Brownian motion enhancements
eff effective property of nanofluid

gap  gap between membrane and condenser plate
max maximum

min  minimum

nf nanofluid

per  permeate

p particle

static static enhancements

24



Appendix A

A.1 Model system parameters

Table 2: System parameters used in the numerical model

Parameter Symbol Value Units
Membrane permeability coefficient B, 2% 10710 S
Membrane thickness Om 200 pm
Membrane porosity ) 0.8 -
Membrane thermal conductivity Em, 0.2 W/m K
Membrane width per unit flow rate W/ in 12 m/(kg/s)
Module length L 6 m
Top temperature Ttin 85 °C
Seawater inlet temperature Tsw,in 25 °C
Channel height den, 1 mm
Feed inlet salinity Saly, 35 g/kg
Gap thickness dgap 1 mm
Gap conductivity (CGMD) Egap 10 W/m K
Gap conductivity (PGMD) Egap 0.668 W/m K
Gap spacer conductivity (AGMD) Egap,spacer 0.2 W/m K
Specific heat capacity (copper oxide) Cp,Cu0 531 J/kg K
Density of copper oxide PCuo 6310 kg/m?3
Thermal conductivity of copper oxide ky cuo 76.5 W/m K
Average particle diameter (CuO) D, cuo 29 nm
Diffusivity of salt in water Dy 1.76 % 107° m?/s
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