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ABSTRACT

Reynolds number (Re) has been previously related to several scaling mitigation and crystallisation strategies that
offer distinct hypotheses for how Re may regulate the kinetics of nucleation and crystal growth in membrane
crystallisation. Such ambiguity has arisen from the present inability to discretely characterise induction time in
membrane systems. This study therefore introduces techniques for the detection of induction time, with mea-
surements used to develop a modified power-law relation between nucleation rate and supersaturation to
establish how Re can be used to adjust nucleation kinetics. Increasing Re enhanced mass and heat transfer
processes which raised permeate flux. The interfacial supersaturation set by the increase in flux, also modified
the supersaturation rate at induction for crystals formed in the bulk solution, providing the first direct evidence
that it is the supersaturation level set within the boundary layer which controls primary nucleation in the bulk
solution. Bulk nucleation rate can therefore be adjusted in proportion to Re. While the extent of scaling was also
determined by the interfacial supersaturation set by Re, its formation was shown to be more dependent on the
interfacial diffusion coefficient which regulates solute backtransport and the activation energy for nucleation.
Through this work we suggest that the nucleation mechanisms underlying scale formation and bulk crystal-
lisation are distinct. The regulation of nucleation rate in the bulk solution by Re is described analytically through
classical nucleation theory, while scaling can be mitigated through operation below a critical threshold super-
saturation value that determines the rate and type of scaling that prevails. These seemingly distinct strategies can
be combined through modifications to T and dT with Re to suppress scaling and offer refined control over the
kinetics of nucleation and crystal growth.

1. Introduction

membrane-solution interface [2]. Consequently, it has been postulated
that nucleation and crystal growth can be independently controlled

Membrane distillation crystallisation (MDC) has emerged as a
promising technology for zero-liquid discharge (ZLD), the production of
high value chemicals, and for resource recovery in the circular economy
[1,2]. In MDC, the vapour-pressure gradient established across the hy-
drophobic microporous membrane fosters the selective transport of
water vapour. This concentrates the feed solution to develop a super-
saturated solution, after which crystallisation can proceed [1,3]. The
fixed interfacial area enables the precise control of solvent transfer
which advances the regulation of supersaturation. Fine regulation of
supersaturation improves control over the kinetics of nucleation and
crystal growth when compared to conventional crystalliser designs [4].
Temperature and concentration polarisation are also introduced by the
confined laminar flow conditions to create a discrete region of elevated
supersaturation within the boundary layer that forms at the
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within MDC through two discrete domains: a highly supersaturated
interfacial boundary layer, where nucleation is dominant, and a satu-
rated bulk solution that primarily mediates growth [5,6]. The fully
developed hydrodynamic characteristics of this supersaturated envi-
ronment may therefore improve the control of crystallisation kinetics
during scale-up, which is an acknowledged barrier for most existing
crystallisation technologies [7].

However, the probability for inorganic scaling increases due to
concentration and temperature polarisation that are set by heat and
mass transfer processes local to the membrane [2]. This leads to the
adhesive growth of crystals on the membrane surface and/or inside the
pores, that is commonly described to proceed through a heterogeneous
primary nucleation mechanism [2,8]. Scaling contributes to process
failure by increasing resistance to mass and heat transfer which
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collectively hinder water vapour permeability [9]. Scaling has been
shown to occur at low flow rates due to high concentration polarisation
[10]. However, an increase in scaling rate was subsequently observed at
higher flow rates where the mixing imparted within the boundary layer
by higher Reynolds numbers (Re) has generally been assumed to miti-
gate such effects [11]. This complex behaviour may be related to the
way in which Re determines the interfacial rate of heat and mass
transfer, which collectively governs the permeate flux, interfacial solute
concentration, and solubility constant. It is this set of interdependent
parameters that ultimately inform on the supersaturation rate. The su-
persaturation rate determines the difference between the solubility
curve and the metastable limit curve, and therefore provides the driving
force for nucleation. To date, the supersaturation rate and induction
time for scaling have not been characterised in membrane systems. A
steep decline in permeate flux is often used as an indirect measurement
of the onset of scaling, but there is general recognition that the induction
time for scaling and the induction time for flux decline are phenome-
nologically distinct [2]. Characterisation of induction time and super-
saturation rate are important since their definition can provide a
complete description of the nucleation kinetics, that can relate the for-
mation of scaling to the hydrodynamics used in membrane distillation.

It has also been proposed through modelling solute back-transport
[12] that high Re can mitigate scaling in highly saturated solutions by
ensuring that the residence time of a fluid volume at the membrane
interface is shorter than the induction time required for a stable nucleus
to form. However, modelling to date has been restricted to the use of
empirically derived induction time and supersaturation values. This
approach cannot currently account for how Re modifies the supersatu-
ration rate and fluid physics within the boundary layer which will adjust
these kinetically dependent parameters, therefore altering both induc-
tion time and the extent of supersaturation at induction. Without char-
acterisation of these discrete kinetic parameters through experimental
investigation, it is therefore not possible to evidence how Re informs
crystallisation kinetics or the extent to which Re can be used to mitigate
scaling in membrane distillation. The interfacial solute concentration,
boundary-layer thickness, and interfacial diffusion coefficient also
define the kinetics for crystal growth [13]. As these factors are related to
the hydrodynamics adopted, the rate of growth of nucleated scale will
therefore also be dependent upon the Re adopted. As the interfacial
solute concentration at induction has not been quantified and used to
accurately estimate the concentration dependent diffusion coefficient,
the effects of interfacial concentration polarisation and solute back-
transport on scaling are generally underestimated.

In membrane crystallisation, high Re are generally described as
important in providing the critical shear stress required to overcome the
intermolecular and frictional forces of adhesion that will lead to the
detachment and recovery of crystals from the membrane [3,5,8]. This
presumes a mechanism in which scaling is followed by growth with
detachment achieved once a critical crystal size or a critical shear stress
is achieved. However, several authors have indicated that nucleation
may occur preferentially in the bulk solution (generally characterised as
homogeneous primary nucleation) [14,15]. This was proposed to be the
most plausible mechanism in MDC as the hydrophobicity of the mem-
brane provides only a nominal reduction in the interfacial free energy
requirement for nucleation [14]. Under such conditions, any scaling that
does occur may therefore be the result of crystal deposition after un-
dergoing primary homogeneous nucleation in the bulk solution. These
mechanisms are distinct and emphasise potentially very different roles
for how Re may moderate nucleation and crystal growth but cannot
presently be elucidated as the modification of nucleation kinetics by Re
have not been measured to date. This requires techniques to indepen-
dently measure induction time in the bulk solution and at the mem-
brane, to accommodate Kkinetic characterisation, and discriminate
between which primary nucleation mechanism is first initiated.

This study therefore aims to provide a complete description of how
Re governs the kinetics of nucleation and crystal growth to permit
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rationalisation for the selection of hydrodynamic conditions that can
minimise scale and foster controlled crystal growth in the bulk solution
to improve product quality, and process sustainability. To achieve this, a
Nyvlt-like equation for metastable zone width determination is adapted
to relate boundary layer characteristics to classical nucleation theory for
the first time, through the use of non-invasive techniques for the
experimental derivation of induction time at the membrane and in the
bulk solution. This will provide an accurate description of supersatura-
tion rate, supersaturation and induction time to enrich primary nucle-
ation kinetics characterisation, complemented with an enhanced
description of the interfacial boundary layer with which to relate to the
process of scaling and to the inception and growth of the crystal phase
within the bulk solution. Specific objectives are to: (i) characterise the
interfacial boundary layer to determine how the metastable zone width
is adjusted when Reynolds number modifies the interfacial supersatu-
ration rate; (ii) introduce induction time and supersaturation measured
into a modified power-law description of metastability that can relate
hydrodynamics to the nucleation kinetics for scaling and bulk crystal-
lisation; (iii) compare nucleation kinetics of bulk crystallisation and
scaling to determine the preference, order and dependence of these
discrete phenomena; (iv) evaluate how crystal morphology is governed
by the boundary layer properties set under different hydrodynamic
conditions; and (v) provide an accurate description of solute backtran-
sport based on interfacial conditions that can evidence how to suppress
the onset of scaling in favour of sustained crystal growth in the bulk
solution.

2. Materials and methods

2.1. Membrane distillation crystallisation experimental setup and
operation

A Perspex membrane module was used to incorporate a 100 x 40 mm
ePTFE flat-sheet microporous membrane comprising 0.1 pm pores
(Cobetter Filtration, Hangzhou, China). The membrane was configured
for direct contact, with a 0.95 mol L™! sodium chloride (NaCl, 99.5%,
ACROS Organics™, Fisher Chemicals, Loughborough, UK) feed solution
passed counter-current to a permeate stream of deionised water (re-
sistivity ~15.0 MQ cm). The feed solution Re was varied between 1300
and 2050 using a peristaltic pump (Watson-Marlow 530S, WMFTG,
Falmouth, UK). No pulsation was evident in the feed channel within the
flow rate range specified. The permeate flow rate was fixed to 65% of the
feed solution. An overhead stirrer within the crystalliser vessel was set to
300 rpm (Hei-TORQUE Ultimate 400, Heidolph Instruments, Schwa-
bach, Germany). The feed temperature at the entrance of the membrane
module was maintained at 60 °C by an inline heat exchanger connected
to a heater (LT ecocool 150, Grant Instruments (Cambridge) Ltd., She-
preth, UK). Inside the heat exchanger, hot water from the heater flowed
counter-current to the feed solution. The permeate temperature was
regulated by recirculating chiller water around the jacketed permeate
vessel (LT ecocool 150, Grant Instruments (Cambridge) Ltd., Shepreth,
UK). Permeate temperatures at the inlet of the membrane were varied
between 35 and 45 °C to achieve temperature differences (AT) of
15-25 °C. Four thermocouples (EI-1034, Electronic Innovations Corpo-
ration, Colorado, USA) were inserted inline to measure entrance and exit
temperatures. Conductivity of the permeate stream was monitored for
salt breakthrough using an inline conductivity probe and meter (Sev-
en2Go™ Pro S7, Mettler-Toledo Ltd, Leicester, UK). A precision balance
beneath the permeate vessel recorded permeate mass over time to
calculate water vapour flux (Cole Parmer Symmetry PT-4202E, Antylia
Scientific, Illinois, USA).

2.2. Crystal detection and measurement

To detect bulk nucleation, an in-line turbidity probe (InPro 8200/S/
Epoxy/120 turbidity sensor, Mettler-Toledo Ltd, Leicester, UK) was
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installed in the feed solution downstream of the membrane module and
data recorded every second. The dual fibre optical sensor is an indus-
trially proven method using backscatter technique for detecting the
onset of bulk nucleation [16]. Non-invasive images of the membrane
were acquired using an online digital microscope (UHM350-11 HDMI
digital microscope, AmScope, UK). The digital microscope was focused
on the feed side of the membrane through the Perspex cell wall and set
within the maximum working distance of 145 mm. The wide-angle lens,
long working distance and broad magnification range ( x 20-100)
permitted the full area of the membrane to be examined in real time with
resolution provided by a scale equivalent to 2 pm per pixel. Conse-
quently, while the exact moment at which a thermodynamically stable
critical nucleus was formed could not be precisely determined by surface
imaging (a nanometre scale event), a stable crystal phase quickly de-
velops following induction that is readily detectable (Appendix B,
Figure B1 and B2). This method is therefore analogous to widely
accepted techniques for the determination of induction in solution using
backscatter technique. On average NaCl crystals produced in bulk so-
lution are around 100 pm in diameter [17]. However, scaling growth
rates are extremely fast (>3 pm s~ 1, Appendix B, Figure B3) and as such
considerably larger crystals are common for scaling due to the highly
supersaturated boundary layer and the progressive concentration of the
feed solution. Consequently, the temporal resolution is sufficient to
determine an accurate induction time for scaling, and to quantify surface
area coverage. Captured images were analysed with Olympus Stream
Image Analysis Software (Olympus, Southend-on-Sea, UK) and trans-
formed into surface area coverage. For SEM analysis, crystal samples
were taken from the bulk crystalliser and membrane surface 10 min after
the onset of bulk nucleation. After vacuum filtration through a 0.45 pm
pore nitrocellulose membrane filters (Whatman® NC45, Cytiva, Maid-
stone, UK), crystals were left to dry at room temperature for at least 48 h
before submission for scanning electron microscopy (SEM). Crystal
samples were coated by physical vapour deposition with 10 nm gold
prior to analysis at an acceleration voltage, beam current and working
distance of 20 keV, 300 pA and 10 mm, respectively (Tescan VEGA 4,
Tescan Orsay Holding, Czech Republic).

2.3. Introduction of revised concentration polarisation coefficient

The concentration polarisation coefficient (CPC) is conventionally
defined as [18]:

Cim ] p
CPC=—-= £ 1
C, exp QK) (€8]

where C is concentration (kg m~>), subscripts int and b represent the
interface and bulk respectively, p is the solution density (kg m~), K is

the mass transfer coefficient (m s~ 1) and Jp is the permeate flux (kg m~2
s’l):
Am
D = 2
Y A, At @

where A,, is the membrane surface area (rnz), Am (kg) and At (s) are the
changes in permeate mass and time, respectively. To calculate I,
experimental data was smoothed with a 5-min average. K (m s~ 1) was
resolved using the Lévéque solution [18]:

1.62D (Va2 \*
K= ——h
(o) ®

where D is the molecular diffusivity (m2 s’l), V is the solution velocity
(m s’l), dy, is the hydraulic diameter (m) and L is the membrane surface
length (m). Lokare and Vidic [19] noted that this conventional analyt-
ical approach can underpredict the CPC. Hence, a more accurate
determination of CPC is required to better understand the effect of Re on
boundary-layer phenomena and the subsequent extent of scaling. Chang
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and Myerson [20] evidenced the concentration dependency of the
diffusion coefficient within a supersaturated NaCl solution. In the con-
ventional CPC analysis method, the diffusion coefficient is determined
based on the bulk concentration, which is usually lower than the
interfacial concentration due to polarisation effects. Since the diffusion
coefficient of NaCl decreases drastically as supersaturation increases
[20-22], this approach likely contributes to the underestimation of CPC
previously observed [19]. To improve the precision of the CPC, in this
study, a revised CPC value, based on the interfacial diffusion coefficient,
Dint, was introduced. This involved initially calculating the interfacial
concentration (Ciyy) applying the conventional CPC (Eq. (1)). Ciyt was
then applied to empirical data to determine Dj,; (Appendix A) which was
subsequently substituted into Eq. (1) to obtain the revised CPC. This
revised CPC can therefore be used to improve description of solute mass
transport within a supersaturated boundary layer.

2.4. Crystallisation kinetics

Through characterising the metastable zone width (MSZW) or
maximum supersaturation level, the primary nucleation kinetics (J) of a
system can be determined [18]. According to classical
three-dimensional (3D) nucleation theory [22,23]:

J=Aexp <7%> (C))

where A is the pre-exponential factor, S is the supersaturation level and
B is a parameter defined by:

3

16z yv%
B=— 5
3 (kBT> ®

y is the interfacial energy (J m~2), v is the volume of the solute
molecule (m3), kg is the Boltzmann constant (J K’l), and T is the
nucleation temperature (K). Crystallisation kinetics were analysed based
on the interfacial supersaturation level (S;;) given by:

G

Sin = (6)
Ciu

where C;. is the interfacial saturation concentration at the interfacial

int
temperature (kg m~>). The interfacial temperature was determined

iteratively based on the temperature polarisation coefficient (TPC) [18]:

Tim,f - Tinl,p

TPC =
Tpy — Ty

)

where T is temperature (°C) and subscripts f and p represent the feed and
permeate solutions, respectively.

1
h
Tinry =Tpp — (be - Tb,p) — (€))]
i Tt
1
hp
Tim,p = Tb.p + (Th,/ - T”-ﬂ) 1 1 1 (9)
he by U hethy
h is the overall heat transfer coefficient for each solution, i:
Nuk;
hi=—=i=f.p 10
dy
where Nu is the Nusselt number based on the Lévéque solution:
Nu=0.023Re**Pr an
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P vd,

Re (12)
u
Pr— C’;(” (13)

where y is the dynamic viscosity (Pa s), ¢, is the specific heat capacity (J
kg ! K1), and k is the thermal conductivity of the respective solutions
Wm 'Kk, h. is the conduction heat transfer coefficient:
k,
he="2 14
Om as)
&m is the thickness of the membrane (m) and k,, is the membrane
thermal conductivity [24]:

e 1—¢g\"
k= + (15)
(kga: ksolid )

where ¢ is the membrane porosity, ke and kg are the thermal con-
ductivities of the water vapour/air gas mixture and solid polymer,
respectively [24]:

Kgas = 1.5x107V/T 16)

Keotia =4.86x107*T + 0.253 a”
h, is the vapour heat transfer coefficient:

J,AH,

hy=F——F—
! Tinr,/ - Tinr,p

(18)

where AH, is the latent heat of vaporisation (J kg’l). All solution
properties were obtained from Aspen Plus software using the Elec-NRTL
thermodynamic model which is suitable for highly-concentrated elec-
trolyte solutions [25].

By assuming an empirical power law relationship between the
nucleation rate and supersaturation at induction, Sangwal [23] char-
acterised the nucleation rate, B, (kg m~3 s_l), using the nucleation
constant, k (kg m~3 s71), and nucleation order, m, as follows:

B, =k(InS)" (19)

It can be assumed that the nucleation rate is equal to the supersat-
uration rate (R’) at the metastable limit (the onset of nucleation) [26,
23]:

R= M, AC=Cy, —C, (20)

dt "

where R’ (kg m~2 s71) is defined as the change in interfacial supersat-
uration ACy, over time t. In a study by Jiang et al. [26], R’ was equated
to the concentrating rate (‘fj—f). In MDC however, the interfacial super-
saturation rate differs from the concentrating rate due to temperature
polarisation which can change Cj,, over time. As such, a modified su-
persaturation rate was developed in this work to provide a more accu-
rate description of system metastability. Substitution of R’ into Eq. (19)
and linearising yields:

n(R) =mlin(In Siw)] + In (k) @1

Hence, a plot of In(R) versus In(In S;,) provides a linear trend, from
which the nucleation constants k and m can be derived.

The primary nucleation mechanism is dependent on whether a
reduction in the activation energy barrier required for nucleation in the
system can be achieved. For a homogeneous nucleation mechanism, the
critical Gibbs free energy required for nucleation (AG*) is [3,27]:

16r  p?

AG" =—

— 22
3 (ksT)’In* S @2)

At a constant temperature, this energy barrier is reduced by
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increasing the supersaturation level of the system. The energy barrier
can also be reduced by the introduction of a foreign substrate (such as
the membrane surface) which would decrease the effective interfacial
energy such that heterogeneous nucleation takes place at a lower acti-
vation energy [3]:

(23)

hom

AG (7,4) < AG*(y) =AG},, < AG;

where y, is the effective interfacial energy and AGy,, and AG;,, are the

hom
critical energy barriers for heterogeneous and homogeneous nucleation,
respectively. By considering that the induction time is inversely pro-
portional to the nucleation rate, the primary nucleation mechanism can
be determined from induction time measurements. Hence, by
substituting into Eq. (4) and linearising:

—InA + ZL (24

ln Sinr

ln(t[nd) =

A plot of In(ty¢) against In"2S;, therefore yields a straight line with a
gradient of B. From Eq. (5) it can be deduced that at constant temper-
ature, lower gradients, i.e., B values, show a tendency towards hetero-
geneous nucleation by reducing y [3,27,28].

3. Results and discussion
3.1. Reynolds number determines flux and the onset of nucleation

Solute convection toward the membrane surface in direct contact
MDC is a balance between the vapour pressure gradient fixed by the
transmembrane temperature difference (AT), and the boundary layer
characteristics prescribed by the hydrodynamic conditions [29,30].
Since permeate flux is an indication of the rate of solute convection, the
effects of AT and Re on permeate flux were independently examined
(Fig. 1a). Comparison at the same time interval evidenced that an in-
crease in AT from 15 to 25 °C, raised permeate flux from 7.0 to 23.4 kg
m~2h~! (Re 1300). Similarly, an increase in Re from 1300 to 2050 at a
fixed AT (25 °C shown here to illustrate), yielded an enhancement in
permeate flux from 23.4 to 37.3 kg m~2 h™!. While increasing AT en-
hances the vapour-pressure driving force, higher Re promotes
boundary-layer mixing therefore improving heat and mass transfer
conditions. Hence, both variables increase the rate of solute transport to
the membrane interface.

Bulk nucleation was consistently determined for each condition by
an increase in turbidity (Fig. 1b). The onset of bulk nucleation was
observed sooner when AT was increased. Turbidity peaks indicating the
onset of nucleation were noted at 98, 65 and 45 min for 15, 20 and 25 °C
respectively, when Re was fixed to 1300. An increase in Re at a fixed AT
of 25 °C also decreased the time at which bulk nucleation was observed
from 45 to 37 and 31 min for Re 1300, 1750 and 2050 respectively. The
onset of a rapid flux decline, which authors have previously used to
indirectly infer nucleation, showed a lag time of 72 min relative to the
turbidity peak (red dashed line: Re 1300; AT 15 °C) [12]. This empha-
sises how such methodologies do not allow for the direct detection of
induction time as suggested by Horseman et al. [2] and therefore cannot
be used for the determination of nucleation kinetics within MDC.

3.2. Reynolds number determines the kinetics of nucleation and growth

The interfacial supersaturation rate (R') provides an analogy to the
nucleation rate [23], while the interfacial supersaturation level (Sint)
gives a measure of the metastable zone width (MSZW) within the
boundary layer at induction (Fig. 2). At each fixed AT, an increase in Re
corresponded to an increase in the interfacial supersaturation achieved
at the time induction was measured by turbidimetry in the bulk solution.
Consequently, this provides the first direct evidence that the boundary
layer conditions set by Re directly determine the nucleation kinetics of
the bulk crystal phase. This can be explained by the modification of mass
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Fig. 1. Illustration of how temperature difference (AT 15-25 °C) and Reynolds
number (Re 1300-2050) alter the water vapour flux (a), and the onset of bulk
nucleation, which is identified with turbidimetry. Dotted line indicates onset of
bulk nucleation based on the conventional approach of using the flux inflection
point to infer induction. Data repeated in triplicate.
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Fig. 2. Characterisation of nucleation kinetics based on bulk nucleation using
the modified power-law relationship proposed by Sangwal (2009). The rela-
tionship between interfacial supersaturation rate (R') and metastable zone
width (MSZW, In(S;,)) enables determination of the apparent nucleation order
(m) and nucleation constant (K) for the system. Experimental conditions: AT
15-25 °C, Re 1300-2050, feed temperature 60 °C. Data repeated in triplicate.
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and heat transfer processes instigated by an increase in Re which raises
R’ due to the adjustment in permeate flux (Fig. 1a). For the same AT, an
increase in Re therefore introduces higher nucleation rates. A power-law
dependency between R’ and MSZW was determined for each AT. This
characteristically linear response was observed following an increase in
Re with each AT and demonstrates that the interfacial supersaturation
concentration set within the boundary layer by Re directly corresponds
to the nucleation rate measured in the bulk solution. The gradient of the
line represents the nucleation order (Eq. (21)). At a AT of 15 °C, a low
nucleation order (<5 [31]) was observed [m=1.17 < 5 (dimensionless)]
indicating strong diffusive interactions between the solute (NaCl) and
solvent (water), which promoted the aggregation and growth of nuclei
near the membrane interface. These interactions were facilitated by the
high interfacial NaCl concentration, which reduced the distance be-
tween the solute molecules and can favour cluster formation [23,31]. A
comparable response was identified for AT of 20 and 25 °C, with higher
nucleation orders of 1.89 and 2.03 observed respectively. While an in-
crease in Re raised the interfacial supersaturation level considerably,
which is the driving force for nucleation [23], bulk nucleation did not
proceed until the bulk solution approached saturation (C/C* ~1) irre-
spective of the AT or Re applied (Fig. 3). We therefore suggest that while
the nucleation rate is fixed by the interfacial supersaturation concen-
tration, a thermodynamically stable crystal phase cannot be sustained
until the bulk solution achieves saturation. A co-dependency is therefore
established between boundary layer and bulk solution, where nucleation
is dependent on the interfacial boundary layer condition, while the
formation of a stable crystal phase is dependent on the bulk solution.
This implies that induction may proceed somewhere within the upper
fluidised region of the boundary layer or approaching the bulk solution
where the net flux of nuclei formed within the supersaturated boundary
layer can grow into a thermodynamically viable crystal phase once the
bulk solution approaches saturation. The small increase in bulk satura-
tion from 0.996 + 0.002 to 1.006 + 0.005 following an increase in AT
from 15 to 25 °C can be attributed to a rise in metastability of solution
which is in accordance with CNT, but the extent of supersaturation in the
bulk at induction is insufficient to independently overcome the energy
barrier for nucleation.

Distinct morphologies were observed in crystals recovered from the
bulk solution when exposed to different hydrodynamic conditions
(Fig. 4). At Re 1300 (AT 25 °C), a characteristic cubic structure was
formed, but many crystals contained hollows within which a stepped
surface structure was observed (Fig. 4a). This form is referred to as a
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Fig. 3. Extent of supersaturation achieved in bulk solution at induction for the
bulk crystal phase. For each AT, saturation approaches a C/C* ~1 (dashed
line). The average and error bars for each AT represent saturation data from
each Re for that temperature difference and were repeated in triplicate (n = 21).
Experimental conditions: AT 15-25 °C, Re 1300-2050, feed temperature 60 °C.
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Fig. 4. High-resolution scanning electron microscopy (SEM) images of crystals
collected 10 min after the onset of bulk nucleation: (a) Re 1300; and (b) Re
2050. Experimental conditions: AT 25 °C, feed temperature 60 °C.

hollow, or skeletal, cubic hopper crystal [32,33]. Hopper cube
morphology occurs in conditions of relatively low supersaturation, as
this can introduce a heterogeneous distribution of supersaturation at the
crystal faces [33,34]. Consequently, higher supersaturation levels occur
at the edges and corners compared to the crystal faces. This promotes
crystal growth preferentially at the edges and corners, resulting in the
formation of hollows [32,33]. Aquilano et al. [35] observed that an
increase in supersaturation rate can shift crystal morphology from cubic
to the co-existence of octahedral and cubic forms. The onset of the
octahedral form was observed in this study for Re 2050 (AT 25 °C) where
the loss of faces around the edges and corners of the crystal can be
accounted for by the kinetic competition between cubic and octahedral
forms (Fig. 4b). Development of the hollow hopper structure was also
constrained at Re 2050. This can be explained by the increased mixing
which promotes solute diffusion by forced convection and is sufficient to
overcome diffusion-controlled growth [36]. Increasing supersaturation
rate through Re is therefore shown to shift both the morphology and
quality of the crystal product, which can be of critical importance for
downstream application.

3.3. Comparison of surface scaling and bulk crystallisation kinetics

The nucleation and growth of scale is presumed to follow classical
nucleation theory (CNT) [26,12]. Accordingly, the nucleation kinetics of
scaling were characterised at different Re and compared to those of bulk
nucleation at an equivalent AT of 25 °C (Fig. 5). Nucleation kinetics were
derived at the onset of scaling (the first measurable crystal growth
formed on the membrane at induction). A linear correlation between
supersaturation rate and supersaturation was evidenced when analysing
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Fig. 5. Characterisation of nucleation kinetics for scaling based on the modified
power-law relationship proposed by Sangwal (2009). The relationship between
interfacial supersaturation rate (R) and metastable zone width (MSZW, In(S;,.))
enables determination of the apparent nucleation order (m) and nucleation
constant (K) for the system. Bulk nucleation data is provided for comparison:
(a) supersaturation versus supersaturation rate; and (b) interfacial supersatu-
ration rate versus induction time. Experimental conditions: AT 25 °C, Re
1300-2050, feed temperature 60 °C. The dashed-line in (b) represents a power-
law fit of induction time across bulk and scaling data. Data repeated
in triplicate.

scaling kinetics based on the modified power-law relationship proposed
by Sangwal [23]. This was comparable to the kinetic relationship
established for bulk nucleation, but the nucleation rate (an analogy to
InR’ at the onset of scaling) was considerably higher for scaling. A higher
supersaturation rate is established in the boundary layer compared to
the bulk due to concentration and temperature polarisation which in-
creases supersaturation locally. This is emphasised by the reduced
nucleation order that implies greater solute-solvent interactions exist
[23,31] at the onset of scaling which subsequently increases nucleation
rate. At AT 25 °C, scaling was consistently observed for each Re before
induction of the bulk crystal phase occurred, where the inception of
scaling corresponded to a highly supersaturated boundary layer and an
undersaturated bulk solution (C/C* 0.973 + 0.006) which emphasises
that unlike bulk nucleation, scaling is not dependent on the bulk solution
for the formation of a stable crystal phase.

Induction time is the time interval between reaching saturation and
the time at which nucleation occurs, and is therefore a measure of the
metastability of solution [37]. For bulk nucleation, an increase in Re
shortened induction time and increased nucleation rate (R’) (Fig. 6).
This corresponds to homogeneous primary nucleation where induction



A. Jikazana et al.

Re=1300
In(t;ng) = 0.50-In%(S,,,) +2.59
3.5 A
Re=2050
=
£ Re=2050 +
= 31 - e Re=1300
2
o Re=175!
£
Re=1900 |Re=1600 Re=1450
2.5 A
Bulk induction - AT=25degC
@ Scaling induction - AT=25degC
2 T T T T d
1.5 1.8 21 24 2.7 3

InZ[S,,, ()]

Fig. 6. Evaluation of primary nucleation mechanism(s) for scaling. The rela-
tionship between induction time and metastable zone width (MSZW, In(S;y,)) is
more difficult to discern for scaling due to polarisation. Bulk nucleation data is
provided for comparison. Experimental conditions: AT 25 °C, Re 1300-2050,
feed temperature 60 °C. Data repeated in triplicate.

time is recognised to be inversely proportional to nucleation rate.
Consequently, much shorter induction times were recorded for scaling,
which corresponded to higher nucleation rates, and can be accounted for
by the higher supersaturation level achieved at induction for scaling
(Fig. 6). The inverse relationship between induction time and super-
saturation conforms with classical nucleation theory where higher su-
persaturation levels increase the likelihood of nucleation [28,37].
Increasing Re reduced induction time for bulk nucleation by raising the
rate of solute transport to the interface therefore increasing interfacial
supersaturation (Sin), where the gradient of the slope (0.50) represents
the relative interfacial free energy which is the main contributor to the
nucleation barrier [27]. While scaling nucleation rate was also observed
to increase with a reduction in induction time, a reduction in induction
time did not correspond to an increased supersaturation level at in-
duction for scaling following an increase in Re (Fig. 6). Therefore, while
the interfacial supersaturation established within the boundary layer by
Re directly regulates nucleation rate in the bulk solution, other local
transport phenomena may be involved in defining the kinetics of scaling.

Microscopic examination emphasised distinct crystal growth mech-
anisms for the scale formed (Fig. 7). The dendritic (branched)
morphology differed from the growth of singular cubic hopper crystals
observed in the bulk solution (Fig. 4). This dendritic interconnected
hopper growth profile is characteristic of crystal growth within highly-
supersaturated and confined homogeneous solutions [38], that can be
considered similar to the pore structure within the stagnant interfacial
region established in MDC. Highly supersaturated regions promote a
shift from diffusion limited to surface-integration limited crystal growth,
which encourages creation of surface area as interconnected cubes
formed by secondary nucleation from the central nucleus. The poly-
hedral growth evidenced at Re 1300 is consistent with growth patterns
observed in highly supersaturated and confined conditions in other en-
vironments, where an inversely proportional relationship exists between
the size of the cubes in the branches and the initial supersaturation at
which they are formed [34,38]. Consequently, the interconnected cubes
comprising the branches were much smaller in size for Re 2050,
resulting in a more layered, vicinal surface with enhanced branching
(more twigs). While several authors have proposed a mechanism for
bulk crystal formation where scaling firstly occurs, and is followed by
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the detachment of crystals from the membrane into the bulk solution
once a critical shear stress is achieved [3,5,8], the contrasting mor-
phologies of crystals formed in the bulk and at the membrane in this
study, infer that the two crystal growth mechanisms are distinct.

3.4. Relating scaling to boundary-layer phenomena by using solute mass
transport

Membrane surface coverage was characterised at the induction time
for the bulk crystal phase, to determine the extent of membrane scaling
prior to bulk nucleation (Fig. 8). At AT 15 °C, negligible scaling was
observed prior to the formation of the bulk crystal phase, independent of
the Re used. The negligible effect of scaling by adhesive growth (classical
scaling) or deposition was highlighted by the consistent flux observed
both before and after induction in the bulk (Fig. 1), where flux was
sustained for over 169 min before a significant ‘stage 3’ flux decline was
observed (71 min after bulk induction was achieved). Despite negligible
scaling being observed up to bulk nucleation, bulk nucleation was
consistently demonstrated at each Re, to support the hypothesis that the
formation of the bulk crystal phase is not critically dependent on first
forming a crystalline phase at the membrane. A small increase in scaling
was observed when AT was raised from 15 to 20 °C within the Re range
1450-1900. However, surface coverage was most pronounced within
the same Re range, when AT increased to 25 °C. An increase in AT im-
proves heat and mass transfer, while the lower permeate temperature
used to raise AT to 25 °C, also reduces the solubility constant due to an
increase in temperature polarisation. This increases the local supersat-
uration and supersaturation rate, which can raise the probability for
localised nucleation of scale despite the relatively flat solubility-
temperature dependency of NaCl.

At a AT of 25 °C, the extent of membrane scaling at bulk induction
increased from 29 x 10~ m? at Re 1350 to a maximum of 231 x 10~°®
m? at Re 1750, after which a further increase in Re resulted in a
reduction of scaling (Fig. 8). It has previously been suggested, based on
modelling, that an increase in Re may reduce the likelihood of scaling by
lowering the solute residence time at the membrane [12]. However,
modelling cannot presently account for how modifying boundary layer
properties by an increase in Re will adjust the supersaturation level at
induction as this is kinetically dependent, and is thus determined by the
supersaturation rate established for each specific Re. Furthermore, the
extent of supersaturation will also alter the concentration dependent
diffusion coefficient, which is critical to solute backtransport, and hence
will determine the extent of interfacial concentration polarisation that
will be achieved. Consequently, supersaturation (metastable zone
width) was characterised and used to determine interfacial boundary
layer properties that may also influence the probability for scaling.

An increase in Re reduced boundary layer thickness, but this
improved mass and heat transfer processes within the boundary layer
which enhanced the interfacial solute concentration at higher Re
(Fig. 9a). To illustrate, at the lowest Re of 1300 where the boundary
layer thickness approached a maximum, the interfacial solute concen-
tration tended toward a minimum. In contrast, interfacial solute con-
centration increased from 10.9 to 11.7 mol m™~2 when Re was modified
to 1750. The concentration polarisation coefficient is generally esti-
mated using a diffusion coefficient that is defined based on the bulk
concentration. However, at the induction time for scaling, the bulk so-
lution is undersaturated (C/C* 0.973 £ 0.006) and since the diffusion
coefficient has been shown to exhibit a strongly negative concentration
dependency within supersaturated NaCl solutions [20-22], this will lead
to a misrepresentation of the extent of concentration polarisation within
the boundary layer. The interfacial diffusion coefficient (Dj,¢) was
therefore calculated from empirical data derived in supersaturated NaCl
solutions (Appendix A) based on the specific interfacial solute concen-
tration determined for each Re in order to revise the concentration
polarisation coefficient. This demonstrated a marked reduction in the
interfacial diffusion coefficient from 12.7 x 107% to 11.8 x 1071% m?
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Fig. 7. High-resolution scanning electron microscopy (SEM) images of scaling formed at the membrane: (a) Re 1300; and (b) Re 2050. Experimental conditions: AT
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Fig. 8. Extent of scaling at the onset of bulk nucleation as determined by non-
invasive digital microscopy. Experimental conditions: AT 15-25 °C, Re
1300-2050, feed temperature 60 °C. Data repeated in triplicate.

s1 following an increase in Re from 1300 to 1750 due to the increase in
solute concentration (Fig. 9a).

Concentration polarisation represents the interfacial solute concen-
tration that develops due to the balance between the rate of solute
convection toward the membrane, and the back-diffusion of solute
(NaCl) from the boundary layer toward the bulk solution (Eq. (1)).
Consequently, there are two factors (convection and diffusion) that will
determine the extent of concentration polarisation and hence the su-
persaturation at induction. The revised CPC permits description of both
factors and illustrates that the conventional method of CPC determina-
tion significantly underestimates interfacial concentration polarisation,
but also that it is the balance between convection and diffusion that
determines the extent of CPC (Fig. 9b). In this study, the revised CPC
strongly correlates to the extent of scaling, where maximum scaling was
observed for conditions that elicit the highest convection, and therefore
the lowest interfacial diffusion which is a compounding factor in driving
the interfacial solute concentration. However, higher diffusion rates are
also noted to lower the critical size at which a thermodynamically stable
nucleus is formed [39]. The interfacial diffusion coefficient therefore
modifies the interfacial solute concentration through its role in
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Fig. 9. An increase in Re reduces boundary layer thickness but the increase in
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transport within the boundary layer, and hence modifies the CPC. Comparison
of scaling rate to the revised CPC illustrates an analogous criticality at Re 1750.
Experimental conditions: AT 25 °C, feed temperature 60 °C, Re 1300-2050.
Data repeated in triplicate.

determining solute backtransport, while simultaneously adjusting the
activation energy requirement for nucleation. We propose that it is this
interdependency on the interfacial properties (D) that makes the
relation between interfacial supersaturation and nucleation rate more
complex to describe for scaling. This is distinct from bulk crystallisation
where induction is observed to be dependent on achieving saturation in
the bulk solution (C/C* ~1), providing more consistent physical prop-
erties at nucleation independent of Re or AT (Fig. 3).

The revised CPC was used to re-evaluate the interfacial supersatu-
ration level (Sin) and relate this to the extent of scaling observed
(Fig. 10). Whereas the conventional CPC method determined a
maximum Sjy of 1.26 (Re 1750, AT 25 °C), the revised CPC reported Sin¢
up to 1.6. Scaling was only prevalent when S > 1.45, which is coincident
with the threshold supersaturation level identified in the literature for
the transition from cubic to hopper morphology for halite (NaCl) [38].
This morphology is comparable to the scaling determined in this study,
where the hopper form leads to conditions approaching maximum
crystal growth (6.5 + 1.8 pm s~ ! for previous research [38], which is
within the same order of magnitude to that determined in this study
(Appendix B)). Identification of a comparable supersaturation level for
the onset of ‘hopper’ growth to the literature provides corroborative
evidence that the revised CPC calculation is more representative of the
interfacial solute concentration in MDC. This also introduces a new
threshold supersaturation value below which scaling by ‘hopper’ growth
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crystal growth. This threshold value is equivalent to that identified in the
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cannot be sustained, and growth defers to a cubic form which is char-
acterised by considerably lower growth rates. This threshold value can
therefore be used to inform scaling mitigation strategies to suppress
scaling in favour of crystal growth in the bulk solution. A reduction in
scaling was observed once Re was increased from 1750 to 2050. As the
velocity within the boundary layer approaches zero toward the wall,
mass transport in the vicinity of where scale is formed is dominated by
natural diffusion and is best described by Fick’s first law of mass
transport:

Juwe = =D @5)

dx

where Jyp. is the diffusional flux of solute from the interface to the bulk
solution, and % is the concentration gradient which increases as the
boundary-layer thickness decreases (dx). The reduction in boundary
layer thickness with an increase in Re may therefore have improved
solute migration from the membrane to the bulk solution by increasing
d¢, complemented by an increase in velocity of the fluidised region of the
boundary layer when approaching transitional flow. Importantly, the
scaling rate could be related to the revised CPC and supersaturation
threshold for each Re and AT studied, evidencing that the approach to
mitigate scaling is valid for a wide range of conditions.

4. Conclusions

In this study, Reynolds number is demonstrated to directly inform
the kinetics of nucleation and growth for scaling and the bulk crystal
phase. A modified power law relation between nucleation rate and su-
persaturation was introduced to characterise primary nucleation which
was made possible by the first direct measurements of induction time for
scaling and bulk crystallisation in MDC. Higher Reynolds numbers
increased mass and heat transfer processes which raised the supersatu-
ration rate (an analogy to nucleation rate) and shortened induction time.
The interfacial conditions correlated favourably to classical nucleation
theory for bulk crystallisation, which evidenced for the first time that it
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is the supersaturation level set within the boundary layer which controls
primary nucleation of the crystal phase that is found in the bulk solution.
However, it was also demonstrated that to establish a thermodynami-
cally stable crystal phase, the bulk solution must have achieved satu-
ration. This is important as previous studies have assumed that the
primary role of Reynolds number is to provide the critical shear stress
required to detach crystals from the membrane. The dependence of bulk
nucleation on the bulk solution approaching a set saturation value im-
plies that induction occurs at the interface between the boundary layer
and bulk solution following migration of nuclei formed within the
interfacial region, where they can establish and grow within the satu-
rated solution. Consequently, this provides evidence that bulk crystals
are not initially formed at the membrane which is distinct from what
was previously assumed. The description of supersaturation rate
developed within this study can therefore be used to control nucleation
kinetics in membrane systems, where an increase in Reynolds number
was shown to raise nucleation rate. While scaling nucleation rate was
also observed to be dependent on the interfacial supersaturation level,
which indicates that high Reynolds numbers are in fact detrimental to
scaling, the modification of scaling kinetics was not directly related to an
increase in Reynolds number. The diffusion coefficient was modified to
adjust interfacial solute concentration and provide closer corollary be-
tween interfacial supersaturation and scaling rate, confirming that
scaling is dependent on boundary layer properties and not those of the
bulk solution. A threshold supersaturation value was subsequently
identified above which scaling proceeds via ‘hopper’ growth in which
maximum growth rates are observed. This threshold value, together
with the revised concentration polarisation coefficient provide a
framework with which to mitigate scaling using Reynolds number.
While the formation of scaling and bulk crystals are seemingly distinct,
complimentary strategies to mitigate scaling and control nucleation rate

Appendix A. Diffusion in supersaturated solution
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can be developed using Reynolds number, where exploitation of this
dimensionless quantity can ensure replication across systems of various
configuration and scale provided fully developed laminar flow is
established.
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In membrane distillation crystallisation (MDC), the solute back transport through the stagnant boundary layer is diffusive [1]. The rate of this
diffusive solute flow is dependent on the diffusion coefficient, which is in important parameter in the calculation of the concentration polarisation
coefficient (CPC). To improve the precision of this parameter in the revised-CPC approach, the diffusion coefficient as a function of (temperature
independent) molality was derived based on the literature data from Rard and Miller (1979) as well as that of Chang and Myerson (1985) (Figure A1).
According to Zimmerman et al. (2015), after the observed maximum, the diffusion coefficient is expected decrease monotonically with further in-
creases in molality. Based on this assumption, a linear trendline was fitted using the four available literature data points of highest molality. The
resultant equation was then applied to determine the interfacial diffusion coefficient at experimental molalities above 6 mol kgyLer.
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Fig. Al. Determination of diffusion coefficient based on interfacial concentration (molality). Figure shows literature data used to derive diffusion coefficients with
extrapolation based on assumption of monotonic decrease in molality within supersaturated conditions (Zimmerman et al., 2015).
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Appendix B. Characterisation of scaling through imaging

(b)

Fig. B1. Example digital image time series: (a) following the commencement of scaling, several early crystals and formed that quickly grow due to the excess of
supersaturation in the boundary layer; (b) illustration of surface area measurement following further growth of early formed individual crystals. Scale bar presented
(10 mm); (c) shortly after bulk induction, the number density of crystals increases on the membrane surface; (d) after a 5-min elapse from (c), the crystal phase
exhibits significant growth due to the progressive increase in system supersaturation provided by continued concentration of the feed solution, coupled with the
enriched supersaturated state within the boundary layer.
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+5 minutes

Fig. B2. Digital imaging of membrane surface showing scaling shortly after induction, and images from the same membrane sample taken 5 min later to illustrate
how fast crystal growth proceeds on the membrane due to the elevated supersaturation within the boundary layer. The growth rate of individual crystals on the
membrane is exacerbated by an increase in temperature difference due to the increase in supersaturation rate: (a) 15 °C; (b) 20 °C; and (c) 25 °C.
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Fig. B3. An illustration of crystal growth for scaling through image analysis of a single crystal formed at induction (dashed line, 65 min). As the feed solution
continues to concentrate, the system supersaturation increases, which is the driving force for crystal growth. Consequently, the crystal growth rate increases with
time. The interfacial crystal growth rate is exacerbated by the elevated supersaturation in the boundary layer which leads to the production of large crystals. The
crystal growth rates are comparable to those observed for hopper growth of halite in the literature [38].
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