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Water impact

Graphene stimulates the nucleation and growth
rate of NaCl crystals from hypersaline solution via
membrane crystallizationt

Maria Luisa Perrotta,? Francesca Macedonio, ©? Elena Tocci, @2
Lidietta Giorno, @2 Enrico Drioli @3 and Annarosa Gugliuzza @ *?

Membrane crystallization (MCr) is regarded as a powerful tool for promoting the formation of crystals of
salt from hypersaline solutions such as seawater brine. In this kind of process, a hydrophobic membrane is
used to remove water in the form of vapor from a saline solution. As a consequence, super-saturation is
produced and crystals of salt are formed in the retentate. Today, the major concern is the restricted indus-
trial process scale up for this technology. This is due to the lack of membranes with features designed to
handle MCr processes suitably. A higher yield of uniformly sized and shaped crystals is targetable. Herein,
composite PVDF-graphene membranes are proposed as interactive interfaces for adjusting nucleation-
and-growth events in the MCr process. An experimental in silico study is proposed to examine the steps
which precede the crystallization and regulate the formation of crystals. Well-established interactions at
the graphene-solution interface are envisaged to stimulate continually water sequestration from ion-water
clusters and promote ion-ion aggregation. Reduced nucleation time and increased growth rate of the crys-
tals are detected. Coefficients of variation of 26.7-32.2% are estimated, yielding an indication of a major
uniformity of the crystals. Both the experimental and theoretical findings provide interesting indications of
the capacity of the graphene to direct the nucleation and growth of minerals on a scale of time and space.

Membrane crystallization is a promising eco-sustainable technology to recover minerals from seawater and preserve sensitive ecosystems. Today, there are
no suitable membranes to yield uniform crystals for real-world practices. This study suggests that graphene is able to direct better-quality crystallization
through temporary in situ adsorption of water. This is a great leap forward and delivers tangible results focused on novel membranes for controlled and

fruitful crystallization.

1. Introduction

A practical route for producing fresh water and high-quality
minerals is to manage natural resources such as seawater. A
rational combination of materials and technologies could en-
able one to obtain a larger and timely supply of precious
commodities.' Fresh water can be reused for urban land-
scaping, aquatic ecology, household consumption and indus-
trial cooling systems so that extractions from sensitive ecosys-
tems should be limited.*® Also, the management of large
amounts of concentrated brine is predicted to reduce the en-
vironmental impact. The brine should not be waste but
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rather the mother liquor from which massive high-quality
salt crystals can be produced. In this case, saleable minerals
for pharmaceutical, domestic and agricultural use could be
obtained easily.®”® Hybrid thermal/membrane technologies'’
such as membrane distillation (MD) and membrane crystalli-
zation (MCr) could represent an effective alternative with reli-
able prospects to recover simultaneously fresh water and
minerals from brine at competitive costs."''® High quality of
water and extracted salts with recovery factors above 90% is
expected from the integration of these two techniques.'® Ad-
ditionally, the requirement of lower operational temperature
and pressure makes these two technologies economically at-
tractive and competitive. Osmotic pressure and concentration
polarization are also limited, while affecting severely a more
traditional seawater reverse osmosis (SWRO).°

Precisely, in MD and MCr devices, a hydrophobic membrane
works as a physical interface between two phases, preventing
the dispersion of one phase within another.”" The two phases in
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the form of liquid-liquid or liquid-gas come in contact at the
entrance of the membrane pores. Volatile chemical species dif-
fuse from one side to the other under a driving force, whilst
non-volatile compounds including salts do not permeate.

The driving force is usually a difference of partial pressure
due to a gradient of temperature and/or concentration be-
tween the two sides of the membrane. The separation factor
depends on the distribution coefficient of the component in
the two phases. High interfacial area per unit of volume and
controlled mutual membrane-liquid interactions are impera-
tive for successful processes.”>>* However, the lack of suit-
able membranes with well-designed structural and physico-
chemical features is a current limitation to scale up these
operations to an industrial size."** The major aim is to shift
productivity—efficiency trade-offs beyond the state of the
art.»'" The accomplishment of this target would imply not
only a larger supply of fresh water but also a fruitful produc-
tion of high-quality minerals with shapes and sizes manage-
able for specific productive needs.

In this work, active interfaces are proposed in place of the
traditional inert physical barriers.**>® The purpose is to acti-
vate water vapor transfer in order to favor supersaturation
conditions and control the kinetics and thermodynamics that
direct the crystallization process. Graphene platelets have
been confined in membrane matrixes in order to provide
new functions to the host polymer networks, such as en-
hanced hydrophobicity, antifouling properties, sorption sites
for water molecules, and so on.””*® Graphene laminar mem-
branes have been recently proposed for ion filtration and wa-
ter desalination, providing evidence of a better performance
than pristine membranes concerning the productivity and se-
lectivity of the process.””*° This work explores instead the
behavior of graphene platelets confined in PVDF membranes
during the crystallization processes. An experimental in silico
approach is proposed in order to demonstrate that graphene
can also stimulate nucleation-and-growth steps for the forma-
tion of better-quality minerals. It is demonstrated that nano-
composite membranes have the ability to remove water more
quickly from hypersaline solutions. This behavior fits well
with that reported in the literature."®"" Also, this study pro-
vides new insights about the ability of graphene to assist ad-
sorption—-desorption mechanisms with a rapid and controlled
turnover. The consequence is faster ionic core shrinking due
to reinforced attractive ion-ion Coulomb interactions, which
lead to shortened times of crystallization. Experimental and
theoretical investigations have been carried out in supersatu-
rated conditions in order to provide a comprehensive expla-
nation of the events, which control mass transfer through
engineered graphene-based membranes. Despite a different
time scale, experimental and theoretical outcomes are in
good agreement. Nucleation, which is not detectable at the
macroscopic level normally, is investigated by fully atomistic
simulations and examined in relation to the experimental in-
duction time. Hence, short-time dynamics provide insights
having implications for the crystallization processes occur-
ring on considerably longer time scales.** Experimentally, lo-
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cal property changes induced by graphene in the membrane
surface are investigated. Thermodynamic magnitudes, ie.
base electron donor component (y, mJ m™>) of the overall
surface free energy, work of hydration (W;,, mJ m>) and work
of interfacial attraction (Wi, mJ m?),*’ are envisioned as
powerful tools to detect the ability of the membrane to speed
up water uptake from salt solutions. Fully atomistic simula-
tions also yield an indication of quicker water sequestration
from liquid solutions, suggesting quicker ion-ion core
shrinking. As a consequence, better-quality crystals are
obtained by directing nucleation and growth events on the
scale of time and space. More specifically, this study explores
the potential of graphene platelets confined in polymeric
frameworks when coming in contact with a hypersaline solu-
tion of NaCl (5.3 M). This stream is used as a solution model,
although it should be appropriate to assert that seawater
brine is a much more complex mixture of salts and organic
compounds. In this respect, it needs to be stressed that ions
normally present in seawater together with antiscalant and
other chemicals added during the desalination process can
affect the crystallization of NaCl. However, this matter is out-
side the scope of the present work. The aim of this study is
to provide preliminary insights about the ability of graphene
to accelerate successfully the events that precede crystalliza-
tion. Thus, the confinement of a material such as graphene
may be regarded as a promising strategy to design new suit-
able membranes for MCr and fill the gap with existing com-
mercial membranes.**

2. Experimental
2.1 Materials

PVDF (Solef®6020, Solvay Solexis: water adsorption <0.040%
@23 °C after 24 h; dp = 1.78 kg m ™) was kindly supplied by
Solvay Solexis. Graphene platelet (GP) powder (carbon, >95
Wt%; oxygen, <2 wt%; area, 10 000 nm?; morphology, irregu-
lar symmetry typical of platelets) was purchased from Sigma
Aldrich. The thicknesses of GPs in powder state and after
confinement in the polymer matrix are peaked at around five
layers, as confirmed by Raman spectra discussed in ref. 27.
1-Methyl-2-pyrrolidinone (NMP, Riedel de Haém: max 0.05%
in water, d = 1.03 kg m) and propan-2-olo (IPA, WWR
PROLABO: d = 0.78 kg m®) were used as a solvent and non
solvent, respectively. FC-40 (Fluorinert Novec, p.eb 155 °C)
was used for pore size and overall porosity estimation. Probe
liquids for contact angle measurements were ultra-pure water
(filtered by USF ELGA plant), glycerol (Fluka AG, 88%), and
di-iodomethane (Aldrich, 99%). NaCl (WVR Chemicals,
100%) and deionized water were used for preparing solutions
at 5.3 M. The latter were used as probe liquids to perform
contact angle measurements and membrane crystallization
(MCr) tests. All materials were used as received.

2.2 Membrane preparation

The membranes were prepared by a dry-wet phase inversion
according to the procedure detailed in Gugliuzza et al.*>*® GPs

This journal is © The Royal Society of Chemistry 2020
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were dispersed in NMP using an ultrasonic bath at 80 °C for 4
h. Then, the dispersion was equilibrated under mechanical stir-
ring at 30 °C and PVDF powder was added to the mixture at a
concentration of 12 wt%. The mixtures were left under me-
chanical stirring at 30 °C for 24 h, with the GP loading ranging
from 0.5% to 10%. Hereafter, the content of the filler will be re-
ferred to as GP05, GP5, and GP10. After degassing, the mixtures
were uniformly cast on glass plates by using a casting knife reg-
ulated at 250 um (Elcometer Instruments Inc). The casting so-
lutions were coagulated in a bath containing IPA in order to
promote solid-liquid demixing and shifting the polymer pre-
cipitation in the crystalline region. Then, the membranes were
washed in ultra-pure water, air-dried at room temperature over-
night and annealed at 30 °C for 1 hour.

2.3 Buildup of simulated systems

The Materials Studio package (version 7.0) of BIOVIA (for-
merly Accelrys) and the COMPASS (condensed-phase opti-
mized molecular potentials for atomistic simulation studies)
force field were used for the simulations of the pristine PVDF
and PVDF/GP composite membrane models.*”*?

The PVDF template chain consisted of 100 monomers for a
total of 602 atoms. Every polymeric model contained 13 poly-
mer chains. Graphene sheets were created by connecting six-
membered carbon rings in planar form. Each graphene platelet
contained 162 atoms with a dimensions of 1.5 x 2.55 nm®. Hy-
drogens were added to the edge carbon atoms for saturating
the graphene platelets. The PVDF and PVDF/GP systems were
randomly packed in an amorphous two-dimensional periodic
box using the Amorphous Cell tool of BIOVIA (ex Accelrys soft-
ware). This tool grows the chain molecules in the box one seg-
ment at a time, with random torsion, by Monte Carlo moves.
The probability of the Monte Carlo algorithm is calculated with
respect to Flory's RIS theory.*” Thus, a total of 7826 atoms were
grown for the pristine PVDF. Three and six graphene sheets
were used in PVDF/GP5 and PVDF/GP10, respectively, thus
leading to a total number of atoms of 8312 for PVDF-GP 5 wt%
and 8798 for PVDF-GP 10 wt%.

The models were then prepared according to the proce-
dure detailed in Tocci et al.>*>*

In brief, all the models were energy-minimized and
then molecular dynamics (MD) simulations, both at con-
stant particle number, pressure, and temperature (NPT)
and at constant particle number, volume, and temperature
(NVT), considering different temperatures, were performed
for equilibrating the cells and obtaining the final
densities.

In the simulated PVDF/GP systems the polymer chains
surrounded distinctly the nanofiller. The platelets were dis-
persed in the amorphous polymer phase and were not inter-
acting with each other. Moreover, graphene agglomerates
were not observed, indicating the lack of local phase separa-
tion. In summary, a good miscibility between graphene and
polymer was found.

This journal is © The Royal Society of Chemistry 2020
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The consequent calculations of the crystallization process
were performed using the GROMACS software version 5.1.4
(ref. 53) after the scrutiny of the equilibration of the models.

The size of the PVDF and PVDF/GP5-G10 models were 5.63
x 5.63 x 11.38 nm® for pristine PVDF, 5.55 x 5.55 x 10.90 nm’
for PVDF/GP5 and 5.71 x 5.71 x 10.91 nm?® for PVDF/G10. The
simulation boxes were filled with 7637, 6989 and 7194 SPC/E
water molecules, respectively.>*

Supersaturated conditions were considered with a concen-
tration of solutions of about 6 M with almost 759-800 pairs
of Na+ and CI” ions chosen in order to simulate the condi-
tion near a membrane surface during the crystallization ex-
periments. The behaviour of dense surfaces was supposed to
be comparable with that of experimental microporous mem-
branes because the simulations were carried out in supersat-
urated solutions. The simulations were focusing on the crys-
tallization process at nanoscale level. The theoretical
parameters of models achieved are reported in the ESL}

3. Methods

3.1 Structural and physicochemical properties

The morphology features of the composite polymeric mem-
branes were examined by SEM (Zeiss EVO MA10, Germany).
Pore size and distribution were estimated according to the
gas-liquid displacement technique (PM, Instruments). An av-
erage of five samples with an effective area of 3.5 cm> were
filled with FC-40 and the liquid was displaced from bigger to
smaller pores with increasing pressure. The overall porosity
was measured by filling them with FC-40. The membrane
weight was estimated before and after filling and the porosity
was expressed in percentage as the ratio between the volume
occupied by the Fluorinert liquid and the volume of the
membrane. ATR spectra were directly collected and averaged
from the sample surfaces after fluxing water vapor for 2 h at
25 °C (UATR crystal diamond/ZnSe-Spectrum One System by
Perkin Elmer Instruments). The resistance to wetting of the
membranes was evaluated by using contact angle measure-
ments according to the sessile drop method (CAM 200, KSV
Instruments, Ltd.). The overall surface free energy (ys, mJ
m™>) and related polar and non polar components together
with the work of hydration (Wi, mJ m~?) and the work of
interfacial interaction (Wi,;, mJ m™>) were calculated using
eqn (1)~(5) described in the ESL{** Crystal formation and
growth were detected using an optical microscope (Nikon
Eclipse LV10OND) by taking representative samples from
supersaturated solutions at different consecutive times. Pic-
tures of NaCl crystals were captured at three consecutive
times from their nucleation in order to assess the size, shape
and kinetics. Major details are provided in the ESLf

3.2 Transport properties

Thermally driven MCr experiments were performed accord-
ingly with the direct contact (DC) configuration®' using 5.3 M
NaCl solutions as a feed. All experiments were carried out
over six continuous hours at Tieeq = 36.5 = 0.5 °C, Vieeq =

Environ. Sci.: Water Res. Technol., 2020, 6,1723-1736 | 1725
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37500 m s~ (Refeeq = 9.25 x 10°) and Vperm = 15000 m s
(Reperm = 3.37 x 10°).

Retentate and distillate streams were converged, in a
counter-current way, toward the membrane module
containing the membrane with an area of 11.33 cm?, where
the liquid water was evaporated. The flux was calculated con-
sidering the effective free area of the membranes and it was
normalized with respect to the thickness of the pristine PVDF
membrane. Samples of the solution were frequently collected
to evaluate the formation of the first small crystals formed at
an early stage and related growth with time.

The quality of the crystals was evaluated by examining the
evolution of the particle size distribution with time according
to the Randolph-Larson general-population balance, which is
valid for a steady-state crystallizer receiving solid-free feed
and containing a well-mixed suspension of crystals experienc-
ing negligible breakage - as in the case of MCr.”>® The den-
sity of the nuclei population (By), coefficient of variation (CV)
and growth rate of the crystals (G) were estimated according
to eqn (8)-(10) described in the ESL} For each membrane sys-
tem, two/three MCr tests were repeated on membranes pre-
pared under the same conditions.

3.3 Fully atomistic simulation

The simulations were conducted in the isothermal-isobaric
ensemble (NPT) at 300 K and 1 atm using the velocity
rescaling thermostat (z, = 0.1 ps) for temperature coupling
and the Berendsen barostat® with a compressibility of 4.5 x
105 bar ' (z, = 1 ps) for pressure coupling. The initial config-
uration for the models was obtained by minimizing the total
energy in the box, and then equilibrated via the isothermal
ensemble (NVT) followed by NPT for each 2000 ps with a time
step of 0.2 fs. Finally, the systems were carried out with a pro-
duction run of 200 ns. All trajectories were visualized using
Visual Molecular Dynamics, version 1.9.3.%*°°' The behavior
of dense surfaces was supposed to be comparable with that
of experimental microporous membranes. The simulations
were carried out in supersaturated solutions and focused on
the crystallization process at the nanoscale level. Major de-
tails, including the calculated heat of crystallization for each
system, are provided in the ESL}

4. Results and discussion
Structure-transport relationships

As a basic concept, graphene platelets have been confined
within spherulitic-like frameworks of PVDF according to dry-
wet phase inversion.*>*® The purpose was to obtain a quite
discrete dispersion of graphene in the matrix to prevent
undesired thermal polarization, graphene being a material
with the highest thermal conductivity.®* Fig. 1 shows
particulate-like polymer networks of PVDF nanocomposite
membranes; graphene platelets (GPs) are randomly
entrapped throughout the surfaces (Fig. 1a) and along the
cross section of the membranes (Fig. 1b). The pores are free
gaps frozen in interlinked polymer particles whose distribu-
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tion is broadened when the loading of graphene is increased
(Fig. 2a). This means that wider pathways at the polymer—
platelet interface could be generated, leading to a quite
heterogeneous and larger distribution of the free volume frac-
tion - pore size (r) and overall porosity (&) - in the presence
of a larger amount of nanofiller.

Concerning fully atomistic simulation, three boxes simulat-
ing pristine PVDF and PVDF/graphene (PVDF/GP) composites
at 5% and 10% graphene have been assembled by using Mate-
rials Studio software (Fig. 1c).®* The platelets have been dis-
persed into the amorphous polymer phase and have not been
interacting with each other. Graphene agglomerates were not
observed, suggesting the lack of local phase separation.

Chemistry and topography make these membranes have
more hydrophobic surfaces. Pristine membranes exhibit con-
tact angle values of 139 + 3° for pure water and 117 + 6° for
5.3 M NacCl solution. The addition of graphene causes a fur-
ther increase in waterproofness, reaching values of 156 + 5°
for pure water and 145 + 4° for 5.3 M NaCl at the highest
content of nanofiller. Fig. 2b shows the increase in hydropho-
bicity for all membrane surfaces when pure water and con-
centrated salt solution (5.3 M) are used as liquid probes. The
lowest values measured for the NaCl solution are due to the
lowest surface free tension of the hypersaline liquid, which
causes relatively little spreading. However, it should be noted
that the decrease in the contact angle value for the salt solu-
tion is less than that estimated for the pristine membrane.

Pristine PVDF and composite PVDF/GP membranes have
been tested in direct contact configuration by applying a differ-
ence of temperature of 25 °C across the membrane as a driving
force for the process. The intent was to promote passage of wa-
ter vapor from the feed (hot side consisting of salt solution) to
the permeate (cooled side consisting of pure water). Salt crys-
tals have been retrieved in the retentate side with rejection
values of 99.99-99.98%, thereby confirming good resistance of
the membranes to wetting. Major details concerning the pro-
cess and working conditions can be found in the ESIL}

Fig. 3a shows the values of the flux calculated by consider-
ing the effective free area of the membranes. The fluxes have
been further normalized with respect to the thickness of the
pristine PVDF membrane. The membranes with the major
loading of graphene (PVDF/GP5 and PVDF/GP10) exhibit the
highest values of flux by the first 250 min of operation
(Fig. 3a). The membrane with the lowest content of nanofiller
(PVDF/GPO05) exhibits instead a lower flux value (Fig. 3a)
according to the reduced free gaps (Fig. 3b).

A decline of the flux is observed for all membranes func-
tionalized with graphene (Fig. 3a and c). This is much more
marked at higher content of nanofiller, whereas the pristine
PVDF membrane reaches a steady state more quickly
(Fig. 3a and c).

Comparing the fluxes estimated under the same operating
conditions, it is interesting to observe a higher ability to per-
meate for the PVDF/GP5 membrane (Fig. 3d), although the
morphological features are similar to those estimated for the
pristine membrane (Fig. 3b).

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 SEM micrographs of the top PVDF/G5 surface at a magnification of 5kx (a) and along the cross section of the PVDF/G5 membrane at a
magnification of 4kx (b); simulated boxes (c) for pristine PVDF (1) and PVDF/GP5 (2) and PVDF/GP10 (3) composite membranes constructed by
using Materials Studio software: grey light lines for PVDF chains, black ball-and-stick aromatic structures for graphene.
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Fig. 2 (a) Morphological parameters of PVDF membranes filled with GPs at various loading: changes in pore distribution vs. mean pore size. (b)

Contact angle values estimated for all membranes with pure water and 5.3 M NaCl solution.

In line with the morphological properties, the PVDF/GP05
membrane exhibits a lower capability to permeate water va-
por than that of all membranes, including the pristine one
(Fig. 3d). PVDF/GP10 shows a different trend due to a con-
stant decline with time. Initially, it exhibits a high flux, which
becomes comparable to the others at the end of the process
(Fig. 3d).

Crystal nucleation

Analyzing the data of the flux with those related to the crys-
tallization events, the role of the morphological properties

This journal is © The Royal Society of Chemistry 2020

appears to be less decisive in controlling the solvent evapo-
ration and diffusion rate. Experimentally, the formation
time of the first detectable crystals appears to be shortened
for all membranes containing graphene (Fig. 4a). A reduc-
tion in the detection time of up to 190% is estimated for
the PVDF/GP05 and PVDF/GP5 nanocomposite membranes
according to the Randolph-Larson general population bal-
ance. The first small crystals are detectable in less than 4 h,
suggesting the occurrence of cooperative events at the solu-
tion-membrane interface (Fig. 4a). A short appearance of
small crystals is also detected for the PVDF/GP10 membrane
(Fig. 4a).
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Molecular dynamics simulations indicate a reduction of  This insight is in agreement with the temporary appearance
the nucleation time of nanocomposite membranes (Table 1).  of small crystals observed experimentally. It is well known
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that nuclei are unstable and form only transiently, making
explorations difficult in real time. However, recent progress
in computational methodology®* "> has allowed the use of
fully atomistic simulations for investigating crystallization
events under supersaturation conditions,”>””® providing a
valid support to events occurring on longer time scales.
Nahtigal et al.”® reported that the size of the initial clusters is
between 14 and 24 ions for systems at concentrations lower
than that used in this work (of about 6.01 M). Here, the first
appearance of nuclei was observed from random ion arrange-
ments, and then the growth of the stable nuclei is followed
along the simulation time. The simulations indicated a
multi-pathway nucleation (or crystallization) mechanism:
first, local regions of relatively high salt concentration in the
supersaturated solution appear, with the early-stage salt nu-
cleus containing a significant amount of water, followed by a
second step that includes nucleation and development of
spatial ordering of the ions.®®7"7%74

In Table 1 we have indicated both when the first amor-
phous aggregate in a metastable equilibrium appeared and
when the first stable ions with nuclei larger than the critical
ones are observed. In the presence of graphene this induc-
tion time is slightly shorter than that in the presence of pris-
tine PVDF.

It is evident in Fig. 4b how the ions organize themselves in
such a way that at the beginning of the simulation time, some
local regions of relatively high concentration of salts appear
followed by visible spatial ordering indicating the early-stage
salt nuclei surrounded by a significant amount of water.
Then, in a second step, stable nuclei appear together with the
development of spatial ordering of the ions. The consequence
is the increase in ion-ion interactions, which leads to the for-
mation of several small nuclei favourable entropically.

At the same time, a reduction of the water-ion interac-
tions is investigated as an effect of water exclusion from satu-
rated solutions. Also, crystal growth is observed within 200
ns in supersaturated solutions. Despite the different time
scales, the theoretical data fit with the experimental evidence,
which indicates a reduced time to detect crystals in the pres-
ence of graphene platelets.

Regarding the number and shape of the experimentally
formed crystals, Fig. 5a shows a different population density
of small crystals per membrane type. In particular, the
highest number of small crystals has been observed for
PVDF/GP5 (Fig. 5a), in agreement with the nucleation B,
(Fig. 5b). Unexpectedly, this kind of membrane also promotes
a higher growth rate of crystals with time (orange line in
Fig. 5b).

Table 1 Theoretical observations of NaCl crystal nucleation

Theoretical disordered Theoretical nucleation time,

System ions, time (ns) first ordered (ns) ions
PVDF 0.9 1.0
PVDF/G5 0.5 0.8
PVDF/G10 0.6 0.8

This journal is © The Royal Society of Chemistry 2020
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In contrast to the flux data, the PVDF/GP05 membrane
comes second in inducing massive nucleation (B,) compared
to the pristine one (Fig. 5b). The lowest value of B, is instead
estimated for the PVDF/GP10 membrane, independently of
the high flux estimated within the first 250 min of the pro-
cess (Fig. 5b).

This is because there is a different distribution of hydra-
tion sites throughout the membrane surfaces, where water
molecules could be attached. This distribution is well
expressed by a semi-quantitative thermodynamic parameter
of hydrophilicity such as the electron donor component (y~
m] m™?) of the overall surface free energy (y,, mJ m>).**"”
The higher the value, the larger the affinity to water. In par-
ticular, y~ gives an indication of the water uptake capacity of
the composite membranes. It is interesting to note that the
base electron donor component follows the same trend of ex-
perimentally estimated nucleation (B,). The highest values of
this parameter are estimated for PVDF/G5 and PVDF/G05, re-
spectively (Fig. 5c¢).

A value of B, of more than 1 million per L min™" of nuclei
is calculated for PVDF/GP5 membranes, which bring a larger
number of hydration sites. In this case, the value of y~ is 1.69
m] m™> (Fig. 5c¢). This suggests a better capability of the
membrane to stimulate hydration mechanisms, which give
rise to a rapid water exclusion from ion-water clusters. The
result is a less time-consuming ion-ion aggregation and a
shortened nuclei formation (Fig. 4b). The fast decline of the
flux estimated for the nanocomposite membranes indicates
indeed a certain ability to interact with the slurry phase.

The hypothesis of quicker water removal is also suffi-
ciently supported by fully atomistic calculation. An increasing
water removal from NaCl solutions coming in contact with
composite membranes is predicted after 1 ns of simulation
(Table 2). The radial distribution function, g(r),*® yields an in-
dication of specific interactions between water and composite
membranes. The g(r) function is related to specific interac-
tions between the oxygen of water molecules and PVDF (red
line in Fig. 6b) and graphene, which touch the salt solution
(black line in Fig. 6b). It is calculated over 200 ns of simula-
tion time and the peak at around 3.8 A from the graphene
sheet shows a small but more intense attractive interaction
between graphene and water. For the pristine PVDF model,
the shape of the g(r) graph is similar but much smoother,
thus suggesting a much weaker water-membrane interaction
in the absence of filler.

From the experimental point of view, the major ability of
water to interact with PVDF/GP surfaces is also confirmed by
ATR analyses (Fig. 6a). After fluxing the membranes with wa-
ter vapor for 2 h, the spectra reveal broad infrared modes typ-
ical of O-H stretching, which are detectable for nano-
composite membranes only. Instead, no water adsorption is
visible for pristine membranes. The shift of the wavenumbers
associated to O-H is due to the different chemical environ-
ments generated through the composite membranes. The ap-
pearance of these infrared modes yields an indication of a
certain capability of graphene to interact with water. This is

Environ. Sci.: Water Res. Technol., 2020, 6,1723-1736 | 1729
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Fig. 5 Spotlight pictures related to first formed crystals detectable by optical microscopy for all membrane-types (magnification 10x) (a); density
of nuclei population (Bg) and related growth rate (G) estimated for all membrane types (b); relationships between number of crystal nuclei (Bo) and
the electron donor (y7) parameter of the overall surface free tension (c); crystal growth rate vs. difference between work of hydration and work of

interfacial attraction (d).

in full agreement with the literature, which refers to interac-
tions established between water and defective graphene.”®™%"

Crystal growth

However, a large amount of water adsorption (Table 2 and
Fig. 6a) does not necessarily lead to a massive nucleation but
rather to a better growth rate (Fig. 8d). The PVDF/G10 mem-
brane is an example of this.

Table 2 Changes in molar concentration estimated for NaCl solution af-
ter contact with simulated boxes

NacCl at 0 ns NaCl at 1 ns Water uptake
System [mol L] [mol L] [%)]
PVDF 6.020 6.087 1.10
PVDF/GP5 6.012 6.095 1.37
PVDF/GP10 6.004 6.089 1.40

1730 | Environ. Sci.: Water Res. Technol., 2020, 6, 1723-1736

In a previous work,>” it was discussed that the surface-area
ratio of graphene entrapped in the polymeric matrix is some-
what low when a very large number of platelets is confined.
Indeed, the contribution to the electron donor parameter of
the overall surface free energy is low, suggesting a lower acces-
sibility to the hydration sites. Thus, it is not surprising to esti-
mate low values of B, for the PVDF/GP10 membrane.

In this regard, it is useful to examine the role of some con-
trolling forces for the crystal growth rate. First of all, the crys-
tal growth rate is found to be reliant on the work of interfa-
cial attraction (Wi, mJ m™>) (Table 3). This parameter is a
thermodynamic expression of the wide-ranging autophilic
character of the surface and of a major ability of the surface
to detach water adsorbed on it.*> When the work of adhesion
of water (W,y, hydration) is smaller than the work of interfa-
cial attraction (W), the detachment of water from hydro-
phobic surfaces is easier than breaking cohesive water bonds
at the surface. Large differences between Wi,; and W;, imply

This journal is © The Royal Society of Chemistry 2020
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favored formation of cavitations near the hydrophobic sur-
face-water interface.

The difference can be regarded as responsible for a fast
detachment of water. Normally, fluorinated surfaces exhibit
differences larger than those estimated for hydrocarbons. In
this case, the presence of graphene amplifies the capacity of
fluorinated surfaces to remove much quicker the water
adsorbed from hypersaline solutions.

Let's examine what happens for each membrane. The
PVDF/GP5 membrane exhibits the highest work hydration

Table 3 Work of hydration (W,,) and work of interfacial attraction (W,
estimated for all membranes according to the Good and van Oss
approach*®

Membrane Wiw Wiwi

[m] m™] [m] m™]
PVDF 68 74
PVDF/GP05 65 79
PVDF/GP5 70 93
PVDF/GP10 64 89

This journal is © The Royal Society of Chemistry 2020

(Wiw = 70 mJ m>) due to the largest number of hydration
sites (y” = 1.69 mJ m*) dispersed throughout the surface.
This membrane also exhibits the highest autophilic charac-
ter (Wiwi = 93 mJ m™2). This can be regarded as the precon-
dition to promote a temporary adsorption of a large amount
of water, followed by a very quick detachment of water from
the surface. An ‘attachment-detachment’ mechanism could
be therefore envisaged for this membrane. A rapid ion ag-
gregation due to a very fast ion-ion core shrinking is
expected, leading to a massive formation of small crystals.
Thus, it is plausible to ascribe a higher growth rate to a
very large aggregation of small ion-ion clusters as well
(Fig. 5d).

This event finds confirmation in short-term dynamics in-
sights. Shorter distances are calculated along the x-y-z direc-
tions for ion-ion aggregates when the NaCl solution touches
the PVDF/GP5 surface (Fig. 7a). The dimensions along the
x-y-z directions of crystals in the three systems are between
4.5 and 6 nm and the number of ions is about 95% of the to-
tal (1500-1636).

Environ. Sci.: Water Res. Technol., 2020, 6,1723-1736 | 1731
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Fig. 7 Theoretical maximum distance along the x-y-z directions (a) and snapshot aggregates (b) calculated for all membrane types at 0 (a), 20 (b)
and 200 (c) ns. Here, both water molecules and polymeric membranes are not shown.

Multiple regularly structured crystals are obtained in high
numbers with smaller dimensions for nanocomposite mem-
branes. This is more evident if compared to the NaCl bulk so-
lution”® and pristine PVDF simulated under the same condi-
tions (Fig. 7b). Consistently, a higher assembly of ion lattices
is estimated for the PVDF/GP5 membrane. Hence, it is not
surprising that a massive nucleation is followed by a larger
growth rate of the crystals.

Massive nucleation (B,) is not experimentally detectable
for PVDF/GP10 membranes. However, the crystals formed
with this membrane continue to increase quite quickly
(Fig. 5d). Although the work of hydration for this membrane
is the lowest one, the work of interfacial attraction continues
to be high enough to detach water previously adsorbed at the
graphene-functionalized surface (Table 3). In this case, a
smaller number of hydration sites (W;,) associated to a
higher autophilic character (Wjy;) of the surface promotes the
growth of a few crystals, which results in a larger size if com-
pared with the pristine membrane (Fig. 5b and d).

This argument continues to be valid for PVDF/GP05 mem-
branes. In this case, the production of crystals is shortened;
however, the lowest water flux prevents a massive formation
of crystals. Nevertheless, a growth rate higher than that of
pristine PVDF continues to be observed. A higher number of
hydration sites is indeed estimated throughout the surface of
this membrane (Fig. 5c). This lets a large number of water

1732 | Environ. Sci.. Water Res. Technol,, 2020, 6, 1723-1736

molecules attach to the surface, reaching supersaturation in
a short time. However, the number of small crystals is not
such to promote sizeable aggregation like that of the PVDF/
GP5 membrane. Thus, the length/width ratio - related to the
growth of the crystal - better evolves towards smaller cubic
crystals (Fig. 8a).

It should be stressed that a low value of length/width ratio
indicates a cubic shape, while a high value indicates an elon-
gated shape. In this case, a good balance of hydration sites
and autophilic character of the surface leads to crystals with
a predominantly cubic shape (Fig. 8a).

Although in a counter-current system secondary nucle-
ation cannot be suppressed completely, more uniformly dis-
tributed crystals are achieved as the coefficients of variation
(CV) reveal (Fig. 8d). It is pertinent to note that low percent-
ages of CV are indicators of narrower crystal distribution:

- The PVDF/GP5 membrane exhibits a low coefficient of
variation (CV) of 26.7%, suggesting that accelerated and syn-
chronized ion-ion core shrinking and crystal aggregation lead
to bigger and much more uniform crystals (Fig. 8b and c).

- A lower loading of graphene (i.e., PVDF/GPO05) causes a
displacement towards large nucleation but limited aggrega-
tion, thus evolving towards a predominantly cubic shape with
a coefficient of variation (CV) of 32.2%.

In both cases, the results are of great interest if it is con-
sidered that an ideal mixed suspension mixed product

This journal is © The Royal Society of Chemistry 2020
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removal (MSMPR) crystallizer has a CV of 50% for size-
independent growth on an industrial scale.*”>%%!

- Very large amounts of graphene confined in the PVDF
framework (i.e., PVDF/GP10) result in a value of CV (35.8%)
that continues however to be lower than that estimated for
the pristine PVDF membrane (48.1%) (Fig. 8d).

Conclusion

Experimental evidence aided by atomistic simulation pro-
vides insights about the performance of graphene confined
in polymer networks. The formation of better-quality crystals
is obtained when functional membranes equip a crystalliza-
tion device. Nanocomposite membranes enable one to direct
the nucleation and growth of NaCl crystals depending upon
the loading of the nanofiller. Thus, thermodynamic forces
and kinetic factors can be manipulated to direct the process.
Despite the different scale, experimental findings together
with dynamic simulations data suggest the occurrence of a
water ‘attachment-detachment’ mechanism type. The poly-
mer-graphene ratio can be adjusted to stimulate nucleation

This journal is © The Royal Society of Chemistry 2020

and growth rate events towards a better quotient of crystals.
Definitely, for membranes where assisted water exclusion
leads to stimulated nucleation and growth of crystals on a
scale of time and space, values of CV down to 26.7% could be
obtained. This evidence can be regarded as the accomplish-
ment of a promising target.

It is conceivable that graphene dispersed in a hydrophobic
continuum can be managed to function as a source of hydra-
tion sites isolated in a very low-energy surface so much that
water can be adsorbed and desorbed according to the desired
nucleation-growth trade-offs.
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