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A B S T R A C T

This study provides detailed characterisation of nucleation kinetics, induction time and supersaturation to un-
derstand scaling and crystal growth in membrane distillation crystallisation. Membrane area was used to 
moderate supersaturation rate, as a method to transition across the metastable zone without modifying boundary 
layer conditions. Increasing membrane area sustained the same water vapour flux but increased supersaturation 
rate within the crystallising solution (sodium chloride). This reduced induction time and increased the super-
saturation level at induction. Membrane scaling was minimised by increasing supersaturation rate despite an 
increase in nucleation rate. This conforms with classical nucleation theory but contradicts membrane distillation 
crystallisation literature, where elevated supersaturation is often linked to advanced scaling. The transition from 
heterogeneous to homogeneous nucleation was evidenced once greater supersaturation at induction was ach-
ieved. The probability for scaling within the low supersaturation domain was confirmed through diagnostic 
investigation of the scaling deposit formed, and the growth mechanism within the scaling layer related to the 
relevant supersaturation region. Crystal size and morphology were also related to the metastable region, where 
membrane-to-volume ratio can facilitate higher nucleation rates complemented by greater crystal growth. This 
study provides critical insight for the development of scaling mitigation strategies and creates a basis for the 
sustainable design of thermal membrane crystallisation systems.   

1. Introduction

Membrane distillation crystallisation (MCr) is a promising technol-
ogy for resource recovery and the production of high value crystalline 
products, which can be applied to hypersaline fluids thus affording a 
potential solution for zero liquid discharge (Q [1,2]. A critical limit to 
conventional crystallisers is the advent of preferential mixing patterns, 
which invoke complex local and global mixing phenomenon [3]. This 
results in poor regulation of supersaturation, which is a critical factor in 
controlling nucleation and crystal growth [4,5]. The hydrophobic 
microporous membrane in MCr introduces fixed interfacial area, to 
deliver fine control over heat and mass transfer mechanisms that yield a 
uniform evaporation rate, resulting in consistent regulation of super-
saturation [6]. This can ensure a final crystal product comprising a fixed 
size, and narrow size distribution which is of significant value to many 
prospective end-uses [7–9]. 

Membrane properties (e.g. polar/non-polar components) have also 

been acknowledged for their role in adjusting the effective surface free 
energy (ΔGs), as this lowers the energy barrier for nucleation through 
improving solute-membrane interaction [7,10]. Consequently, the hy-
drophobic membrane can promote heterogeneous nucleation (HEN) 
through reducing the activation energy (ΔG) to shorten induction time 
[7]. While this presents a unique advantage to MCr, it also poses a 
challenge due to the risk of membrane scaling, which reduces control 
over supersaturation due to the reduction in flux, and could eventually 
lead to process failure [11–13]. The explicit contribution of the mem-
brane to scaling is not clear but may relate to the solute-membrane 
interaction extending solute hold-up, or improvement in molecular 
orientation [7]. It has also been proposed that material morphology can 
effect scaling as cavity structure [14], roughness and pore structure [11] 
could lead to solute entrapment, introducing local regions of supersat-
uration. This may be exacerbated by concentration and temperature 
polarisation which can alter the concentration, solubility and fluid 
physics within the primarily laminar boundary layer [15]. Several 
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authors have suggested that with sufficient shear stress, the probability 
for membrane scaling can be limited by enabling the back transport of 
crystals from the membrane to the bulk [7,16]. However, this implies 
that the applied shear stress is sufficient to overcome forces initiated by 
the solute-membrane interaction, and that the formation of scale and 
crystal phase (that is recoverable from the bulk solution) are phenom-
enologically interdependent which has yet to be clearly demonstrated. 

One of the critical challenges in improving understanding of mem-
brane scaling and membrane crystallisation is the accurate determina-
tion of induction time, as this can relate supersaturation to the kinetics 
of nucleation and crystal growth [17]. [18] describes how the maximum 
supersaturation that can be achieved at induction (ΔCmax,fm) is depen-
dent upon the supersaturation rate. This supersaturation limit is termed 
the metastable zone width (MSZW) (Fig. 1) [19,20]. 

Crystallisation at the outer region of the metastable zone is best 
avoided, as this can introduce high nucleation rates, generating a fine 
crystal product that is difficult to separate and is of limited value for 
downstream application [7,21]. In MCr, the supersaturation rate is 
modified by the membrane flux. Jiang et al. [8] showed how supersat-
uration rate could be adjusted by changing the feed temperature and the 
temperature difference between feed and permeate. High feed temper-
ature and temperature difference reduce the critical free energy barrier 
for nucleation and should favour homogeneous nucleation [11,20]. 
According to classical nucleation theory, if scaling is to be minimised, 
supersaturation conditions approaching the solubility limit should also 
be avoided as it is within this lower region of the metastable zone that 
the critical free energy barrier for nucleation approaches a maximum 
(leading to long induction times). Consequently, it is within this region 
that the membrane is most likely to adjust interfacial energy sufficiently 
to initiate heterogeneous nucleation (or scaling) [17,22,23]. Therefore, 
to achieve a crystalline product specification based on size, size distri-
bution and purity, while avoiding scaling, supersaturation should be 
regulated to a setpoint somewhere between the solubility limit and the 
outer limit of the metastable zone, which requires modulation of the 
supersaturation rate. 

While homogeneous primary nucleation should be favoured by 
elevated supersaturation due to the reduction in critical free energy for 
nucleation (which reduces dependency on the membrane to lower the 
interfacial free energy requirement), various authors have shown that 
high feed temperatures enhanced membrane scaling (heterogeneous 
primary nucleation mechanism) [15,24]. This contradiction may arise 
from the adoption of high water vapour fluxes which increase interfacial 
concentration within the boundary layer through simultaneously 
modifying flux, solute concentration and temperature polarisation. 
Consequently, there is a higher probability for nucleation to 

preferentially occur within the interfacial region, that may proceed 
through an adhesive growth mechanism (often described as heteroge-
neous nucleation) or through the deposition of crystals that have un-
dergone nucleation in the bulk solution (homogeneous nucleation) [11, 
25]. To date, the supersaturation rate in MCr, which determines where 
within the metastable zone that nucleation will commence, has almost 
exclusively been studied through changes to feed temperature and 
temperature difference which modify membrane flux [15,24,26]. Ac-
cording to Nývlt [27], the supersaturation rate is independent of 
membrane flux and is instead dependent on the supersaturation rate of 
the crystallising solution [8,27,28]. The rate of supersaturation (R) can 
therefore be modified without changes to feed temperature or temper-
ature difference by an increase in membrane surface area. This permits 
transition across the MSZW, without modifying conditions within the 
boundary layer to yield a broader set of kinetic trajectories for nucle-
ation and crystal growth, that may also reduce the probability for scaling 
when approaching the upper region of the metastable zone where ho-
mogeneous primary nucleation is more likely to occur [7]. 

In this study, we therefore propose to modify supersaturation rate 
using membrane area to enable the regulation of supersaturation across 
the MSZW. Through adjusting supersaturation independent of temper-
ature or temperature difference, we will examine the potential to 
decouple surface scaling from bulk nucleation. This will be com-
plemented by the use of in-line dual optic fibre turbidimetry, for the 
accurate determination of induction time, which can be used to describe 
the nucleation kinetics within MCr. As this technique provides direct 
detection of the first crystals formed in the system, it is also possible to 
differentiate between the effects of adhesive scaling from those of 
deposition. Consequently, the mechanisms of scaling and crystallisation 
can be explored, and the modulation of crystallisation examined across 
the metastable zone to better inform on strategies to diminish scaling 
and favour homogeneous (or bulk) nucleation to advance control over 
crystal growth. Specific objectives are to: (i) characterise the MSZW 
through adjusting supersaturation rate by membrane area; (ii) relate 
supersaturation and induction time to MCr using classical nucleation 
theory; (iii) inform on the relative importance of heterogeneous and 
homogeneous nucleation during the transition across the metastable 
zone; and (iv) describe how regulating supersaturation rate within the 
metastable zone can modify properties of the crystal product. 

Fig. 1. MSZW as function of temperature and concentration.  
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2. Materials and methods 

2.1. Laboratory set-up for membrane distillation crystallisation 
experiments 

Commercial polypropylene hollow fibres (Accural PP 300/1200, 
from 3 M Company, Germany) were potted into end plates using epoxy 
(Araldite). The membrane comprised a pore size of 0.45 μm, wall 
thickness of 300 μm and porosity of 73% (Table 1). Distribution of the 
fibres was controlled by spatial arrangement of predrilled holes in the 
end plates, which ensured a consistent separation distance between fi-
bres for each module studied. Once the hollow fibres were sealed into 
the end plates, the membrane was mounted into an acrylic membrane 
module with a 15 mm internal diameter and 150 mm effective length. 
Membrane modules comprised of 1, 3, 7, 19, 25, and 37 hollow fibres. 

Membrane distillation was operated in direct contact mode. The feed 
was recirculated in the shell-side, and the cold solution recirculated in 
the lumen-side of the hollow fibre membrane (Fig. 2). Feed concentra-
tion was fixed at 23.9 wt% sodium chloride (NaCl) for each condition 
studied. This concentration is sufficiently below the supersaturation 
threshold to ensure the experiments reach steady-state prior to 
achieving a supersaturation of 1, as this ensures the precise discrimi-
nation of induction time. The feed solution was heated to 55 ± 1 ◦C 
using a heater and heat exchange assembly (Tornado TM IS6, HUBER 
Ministat230; Radleys, Saffron Walden, UK). Deionised water was used 
within the cold-side, and was cooled with a chiller (LT ECOCOOL 150, 
Grant Instruments, Shepreth, UK). The feed and permeate were recycled 
by a peristaltic pump (Masterflex L/S Digital Pump System, Cole Parmer, 
St. Neots, UK) to fix velocity at 0.06 m s−1. Increasing fibre number 
reduced shell-side priming volume, and so the flow rate was adjusted to 
maintain a velocity of 0.06 m s−1. By maintaining a comparable liquid 
velocity (and adjusting the heat input), a comparable temperature dif-
ference (ΔT) of 20 ± 2 ◦C was set for each module tested. The only 
exception was the 1 hollow-fibre module, which necessitated a feed 
velocity of ~0.6 m s−1 to maintain the same ΔT. While a constant liquid 
velocity was maintained for each module, the Reynold’s number 
declined with an increase in hollow fibre number due to the reduction in 
cross sectional area. However, laminar flow conditions were consis-
tently established within each membrane module tested (Re 134 to 
1370, for 37 and 1 HF respectively). Temperature and conductivity were 
measured in-line (El1034 Temperature Prop, LabJack Corporation, 
Lakewood, USA). An in-line turbidity sensor was used to detect the onset 
of nucleation. The dual optic fibre construction delivers high resolution 
for low turbidity measurements through detection of backscatter and is 
used extensively in industry for the determination of induction 
(InPro8200/S/Epoxy/120, Mettler Toledo, Manchester, UK). Experi-
ments were conducted in triplicate, and the average reported. 

2.2. Characteristics of produced crystals and membrane surface scaling 

Crystals collected from the bulk were filtered through a 0.45 μm 
nylon filter (Whatman, Dorset, UK) and dried over a desiccant for 48 h 
(temperature ~23 ◦C) before weighing and sizing. Optical microscopy 
was used to collect images (Lumenera Infinity 3-3 Camera with 5/0.12 
160/- lens) which were analysed for the determination of crystal size 
using proprietary software (Image ProPremir 9.2). Crystal size distri-
butions were determined in triplicate for each sample, with each dis-
tribution constructed from a minimum of 1300 crystals per batch as this 
exceeded the threshold at which the standard error of the distribution 
achieved a minimum. The coefficient of variation (CV) was calculated 
according to the following equation [29]: 

CV =
L84% − L16%

2 L50%
(1)  

where L (μm) is the crystal length of the cumulative percent function at 
indicated percentage. A high precision balance (range 0.02 to 62g, error 
±0.0001g, Fisherbrand™, Loughborough, UK) was used to weigh each 
of the scaled membranes after operation, and the crystal mass normal-
ised by membrane surface area (g m−2). Scanning electron microscopy 
(SEM) was used to explore surface scaling characteristics using an ac-
celeration voltage of 20 kV (TESCAN VEGA3, Cambridge, UK). 

2.3. Mass and heat transfer characterisation in membrane distillation 

Permeate flux N (kg m−1 h−1) was calculated experimentally as [30]: 

N =
m

A × ΔT
(2)  

where m is the mass of permeate (kg), A is the effective membrane area 
(m2), and ΔT is the time interval (h). Heat transfer comprises of the 
latent heat Qv (W m−2) demand for water vapour transport, and heat 
conduction through the membrane Qc (W m−2) [30]: 

Q = Qc + Qv =

(
km

δm

)
(
Tfm − Tpm

)
+ NHV,T (3)  

where δm (m) is the membrane thickness, and km (W m−1 K−1) is the 
membrane thermal conductivity [31]: 

km = kp(1 − ε) + kgε (4)  

where kp (W m−1 K−1) is the polymer thermal conductivity and kg (W 
m−1 K−1) is the air thermal conductivity. HV,T (KJ kg−1) is the vapour 
latent heat [14,32]: 

HV,T = 1.7535 T + 2024.3 (5)  

where T =
Tfm+Tpm

2 , is the average temperature at the membrane surface. 

Table 1 
Membrane and module specification.  

Property Units Value Fibre no. 

1 3 7 19 25 37 

Internal diameter (di, m) 0.0012       
Outer diameter (do, m) 0.0018       
Wall thickness (m) 0.0003       
di/do - 0.67       
Pore size (μm) 0.45       
Porosity (%) 73 ± 2       
Contact anglea 

(
◦) 131       

Fibre length (m) 0.15       
Shell inner diameter (m) 0.015       
Packing density (%)  1.5 4.4 10.2 27.7 36.4 53.9 
Membrane area (cm2)  8.5 25.5 59.4 161.2 212.1 313.9  

a Measured using water (Davey et al., 2020). 
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The feed and permeate temperature adjacent to membrane surface, Tfm 
and Tpm (K), can be calculated by iteration [26] from the heat transfer 
relationship [30]: 

Tfm = Tf −
(
Tf − Tp

)
[

1
/

hf × di/do

1
/

hf × di/do + 1
/

(hm + hv) + 1
/

hp

]

(6)  

Tpm = Tp −
(
Tf − Tp

)
[

1
/

hp

1
/

hf × di/do + 1
/

(hm + hv) + 1
/

hp

]

(7)  

where di/do (unitless) is the ratio of inner/outer diameter, Tf and Tp (K) 
are the bulk temperature in feed and permeate, hm = km/ δm (W m−2 

K−1) is the heat transfer coefficient of the membrane, and hv (W m−2 

K−1) is the heat transfer coefficient involved with vapour flow, assuming 
constant membrane temperature: 

hv =
NHv,(Tfm+Tpm)/2

(
Tfm − Tpm

) (8)  

where hf and hp (W m−2 K−1) are the heat transfer coefficients associated 
with the liquid film of feed and permeate sides and can be calculated 
from the following equation: 

hf ,p = Nu ×
kf ,p

dhf ,p

(9)  

where kf,p (W m−1 K−1) is the thermal conductivity of feed/permeate, dh, 

f,p (m) is the hydraulic diameter of feed/permeate flow channel, Nu is 
Nusselt’s number, Re is Reynold’s number and Pr is Prandtl’s number 
(Appendix).Thus, the temperature difference between the bulk solution 
and membrane surface can be described by the temperature polarisation 
coefficient: 

TPC =
Tfm − Tpm

Tf − Tp
(10) 

The interfacial concentration Cfm (g NaCl g−1 
solution) close to the 

membrane surface is distinct from the feed bulk concentration Cfb (g NaCl 
g−1 

solution) and can be described by the concentration polarisation [33]: 

CPC =
cfm

cfb
= exp

(
N

ρ × ks

)

(11)  

where N (kg m−1 h−1) is the permeate flux, ρ (kg m−3) density of the 
solution and ks (m s−1) is the solute mass transfer coefficient which can 
be estimated based on (Appendix; [34]. 

2.4. Nucleation kinetics characterisation 

The nucleation rate J (No. m−3 s−1) is expressed according to 
Arrhenius’s approach as follows, where ΔG* is the critical nucleation 
barrier at a given supersaturation [35]: 

J = A exp
(

−
ΔG∗

K T

)

= A exp

(

−
16πv2

˳ γ3

3(kBT)
3 ln2 s

)

(12)  

ΔG ∗ =
16πv2

˳ γ3

3(kBT)
2 ln2 s

(13)  

where ΔG* (kJ mol−1)is the critical nucleation barrier at a given su-
persaturation, kB (1.38 x 10−23 J K−1) is the Boltzmann constant [36], vo 
= M/ρcryNa (m3) is the molecular volume, M (kg mol−1) is the molar 
weight, ρcry is crystal density, Na is Avogadro’s number (6.022 x 1023 

molecules mol−1), T is the nucleation temperature (K), S––C/C* (unit-
less) supersaturation degree, γ is the interfacial energy (mJ m−2). 
Nucleation rate and induction time have an inverse relationship ac-
cording to classical nucleation theory [21]: 

tind∝
1
J

(14)  

which can be related to the extent of supersaturation: 

ln tind = ln A +

(
16πv2

˳ γ3

3(kBT)
2 ln2 s

)

= ln A +

(
B

ln2 s

)

(15)  

where A (m−3 s−1) is the pre-exponential parameter (intercept), B is the 
thermodynamic parameter for nucleation (gradient) [37]. The linear 
relationship between ln(tind) and 1/(ln2S), enabling determination of 
nucleation mechanism (homogenous or heterogenous) from the degree 
of linear slopes. 

The MSZW was calculated by adoption the approach proposed by 
Ref. [27]; where the maximum MSZW at membrane surface ΔCmax.fm 
(mg g−1 solution) is assumed to be proportional to the concentrating rate 
within MCr (R’ = dc/dt) (g 100g solution−1 h−1) [8,18,38] as follows: 

ΔC =

(
dC
dT

)

T
R′ (16)  

R′

=

(
dCo
dt

)

t
=

FpC0

m0 −
∫ t

0 FPdτ
(17)  

where Fp (kg h−1) is the permeate flow rate. Following the approach of 
[27]; the relation between the nucleation rate J (No. m−3 s−1) and the 

Fig. 2. Schematic diagram of the Membrane Distillation Crystallisation setup.  
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maximum supersaturation ΔCmax.fm (gNaCl g−1 
solution) adjacent to 

membrane surface can be expressed by the empirical power-law 
equation: 

J = k
(
ΔCmax,fm

)n (18)  

where k (No. m−3−n s−1+n) is the nucleation rate constant, n (unitless) is 
the nucleation order, ΔCmax,fm is the maximum supersaturation (cfm-c*), 
cfm (gNaCl g−1 

solution) is the feed membrane surface concentration and c* 
(gNaCl g−1 

solution) is the saturation concentration. Combining equations 
(21) and (22), the nucleation rate (J) provided by continuous solvent 
removal is: 

J = k
(
ΔCmax,fm

)n
=

(
dc0

dt

)

t
=

FpC0

m0 −
∫ t

0 FPdτ
(19) 

Once supersaturation reaches the MSZW limit (ΔCmax,fm), the loga-
rithm form is described as: 

ln
(
ΔCmax,fm

)
=

1
n

ln
(

C0

k

)

+
1
n

ln

(
Fp

m0 −
∫ t

0 FPdτ

)

(20) 

From linearly fitting ln(ΔCmax,fm) and ln(R’), the nucleation rate 
constant (k) and nucleation order (n) can be calculated. 

3. Result and discussion 

3.1. Impact of increasing membrane area on nucleation at fixed flux 

To examine the effect of increasing membrane area on induction (the 
onset of nucleation), permeation flux was measured as this is generally 
considered to provide the driving force for nucleation (Fig. 3) [9]. A 
constant temperature difference (ΔT) of 20 ± 2 ◦C was maintained by 
fixing feed velocity for each membrane module. Consequently, compa-
rable membrane flux of around 3.5 kg m−2 h−1 was achieved for each 
membrane, except for the 37 HF module which recorded a slightly lower 
flux of 2.8 kg m−2 h−1. This slight reduction in flux may have been 
induced by the higher packing density (Table 1) which has been shown 
to impose preferential flow patterns that can reduce the perceived local 
superficial velocity [39]. Importantly, while comparable fluxes were 
achieved for each membrane, the extent of supersaturation that was 
achieved before flux decline, was dependent upon the membrane surface 
area (Fig. 3b). 

To illustrate, a significant flux decline was observed at 895, 57 and 
47 min for 1, 25 and 37 HF membrane modules respectively. Each flux 
profile comprised of three consecutive stages (Fig. 3b, inset): (i) a period 
of steady-state filtration, with a slow progressive decline in flux initiated 
by the increase in solute concentration which reduced water activity 

Fig. 3. Permeation flux during MCr operation time 
for different membrane modules: (A) over time; and 
(B) evidencing flux decline against the progressively 
supersaturated fluid. Boundary conditions: Tbulk, 55 
± 1 ◦C; ΔTmembrane, 20 ± 2 ◦C; initial feed NaCl 
concentration, 23.9 wt%. Standard error of perme-
ation flux was calculated based on differences in 
triplicate measurements for each membrane modules; 
1 HF, 3.8 ± 0.3; 3HF, 3.4 ± 0.5; 7HF, 3.2 ± 0.3; 
19HF, 3.1 ± 0.3; 25HF, 3.3 ± 0.1; 37HF, 2.8 ± 0.1.   
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[40,41]; (ii) an inflection point, which marks a disruption in water 
vapour transport; and (iii) a rapid loss in water vapour flux [26,30]. This 
inflection point is often associated to the initiation of nucleation, while 
the subsequent reduction in vapour pressure is attributed to the mass 
and heat transfer resistance provided by the crystal phase which can 
develop at the membrane surface through adhesive growth or via 
deposition following nucleation and crystal growth in the bulk solution 
[9,17,26]. 

Turbidimetric profiles confirmed the onset of bulk nucleation 
(Fig. 4). The time required to produce a crystal phase decreased from 
930 min for 1 fibre, to 60 min for the 37 HF membrane. Bulk nucleation 
was consistently observed after the rapid flux decline was observed, 
while the time between the flux decline and bulk nucleation shortened 
as membrane area was increased. The time between the saturation state 
(c/c*, 1) and the first detected nuclei is defined as the induction time, 
which indicates the onset of primary nucleation (J.W [22,37,42]. 
(Fig. 4B). The induction time is therefore a measure of the kinetic 
metastability of solution. With an increase in membrane area, induction 
time decreased, but the supersaturation level achieved at induction 
increased. For instance, with 1 HF module, induction time was 143 min, 
corresponding to bulk supersaturation (c/c*) of 1.02, whereas an 

induction time of 24 min, and c/c* of 1.12 was recorded for the 37 HF 
module. This inverse relationship between induction time and super-
saturation is in accordance with the literature [21,22], when the crys-
tallising solution is exposed to an increase in solvent removal rate. In this 
study, the increase in solvent removal rate is enabled through the in-
crease in membrane area (despite constant flux, temperature and ΔT), 
and it is through these higher solvent removal rates that elevated su-
persaturation levels can be reached within the crystallising solution. 
This is evidenced by constructing the corresponding MSZW, which de-
scribes the difference between the solubility limit and the maximum 
supersaturation limit at which nucleation occurs [43] (Fig. 5). 

Increasing membrane area from 1 to 37 HF resulted in an increase in 
MSZW from 27.6 to 30.1% wt./wt. According to Ref. [27]; higher su-
persaturation rates reduce the critical free energy barrier for nucleation 
due to the higher driving force provided by the elevated supersaturation 
gradient [8,38,44]. Consequently, membrane area can be adjusted to 
mediate the size of the MSZW, which will likely inform the kinetics of 
nucleation and crystal growth, in addition to the specific primary 
nucleation mechanism which determines the probability for scaling 
phenomena that remain an acknowledged limitation for membrane 
distillation and crystallisation [8,45]. 

Fig. 4. Turbidity profile during MCr operation for membranes comprised of increasing surface area: (A) based on operating time; (B) based on bulk supersaturation. 
Boundary conditions: Tbulk, 55 ± 1 ◦C; ΔTmembrane, 20 ± 2 ◦C; initial feed NaCl concentration, 23.9 wt%. 
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3.2. Shifting induction time by using membrane area to increase 
concentration rate 

Since mass and heat transfer can collectively modify supersaturation 
locally, concentration and temperature polarisation were characterised 
to confirm that increasing membrane area did not significantly adjust 
the boundary layer conditions which can otherwise increase the 
maximum supersaturation near the membrane interface at induction 
(ΔCmax,fm) (Fig. 6). 

The temperature polarisation coefficient (TPC) was reasonably 
consistent when increasing membrane area. Higher surface area will 
increase conductive heat transfer losses, while the greater convective 
losses can be expected from the increase in net water vapour transport 
[40,46,47]. However, as an equivalent fluid velocity was sustained for 
each module, the losses are in proportion to surface area and an 
equivalent TPC profile was developed, which was confirmed by the 
consisent ΔT of 20 ± 2 ◦C achieved for each module. Since the 
solubility-temperature dependency of NaCl is relatively flat [26], the 
solubility constant for NaCl within the boundary layer is not markedly 
affected by the increase in membrane area. A slight reduction in con-
centration polarisation coefficient (CPC) from 1.06 to 1.03 was observed 
when the supersaturation rate was increased from -1.01 g 100 g−1 h−1 

for 1 HF to 3.24 g 100 g−1 h−1 for 37 HF. Since similar hydrodynamics 
were consistently employed, this slight modification of CPC may relate 
to the extent of supersaturation achieved within the bulk solution with 
an increase in supersaturation rate, which will also reduce the relative 
vapour pressure at induction. 

According to Ref. [18]; the maximum supersaturation at induction is 

proportional to the supersaturation rate and is linearly dependent on 
where within the metastable zone that nucleation occurred. This was 
confirmed by constructing the correlation between supersaturation rate 
(LnR′) and the corresponding metastable zone width (ΔCmax,fm) 
(Fig. 7A). The lowest ΔCmax,fm of 2.62 mgsolute gsolution

−1 was recorded for 
1HF corresponding to LnR’ -1.01 g 100 g−1 h−1, whereas a ΔCmax,fm of 
3.73 mg g−1 was recorded for the 37HF module as LnR’ increased to 
3.24g 100 g−1 h−1. The supersaturation rate is a direct analogy to 
nucleation rate [18]. Acordingly, the nucleation kinetics were ascer-
tained from line fitting to provide a nucleation order n = 0.23 (−) and 
nucleation constant k = 2.91 No. m−3−n s−1+n. Nucleation order and 
constant are physical parameters that describe nucleation rate, relating 
the MSZW dependency to the concentrating rate in which its value de-
fines the growth of stable nuclei to visible entities [28,48]. Widening of 
the MSZW by the supersaturation rate is consistent with the literature 
[20]. An increase in supersaturation rate reduces the time required to 
achieve induction (Fig. 7B). This is because the elevated supersaturation 
lowers the energy barrier for nucleation by providing a greater driving 
force for solute transformation to a solid-phase [49]. Induction time is 
therefore inversely related to nucleation rate through classical nucle-
ation theory, where higher nucleation rates are achieved at the shortest 
induction time [50]. 

By increasing membrane area from 1 to 37HF, induction time 
reduced by 119 min, indicating a significant increase in nucleation rate 
from 8.9 x 10−7 to 2.2 x 10−5 No. m−3 s−1 (based on CNT) without 
obviously modifing polarisation within the boundary layer. The Gibbs 
free energy barrier is substantially reduced by the increase in ΔCmax,fm at 
induction. In such conditions, primary nucleation is less dependent on 
modification of the interfacial energy, and therefore the probability for 
nucleation to proceed through a homogeneous mechanism is increased 
[9,22,51]. This is contradictory to suggestions within the existing MCr 
literature, which hypothesise that it is the supersaturated conditions 
within the boundary layer complemented by reduction in interfacial 
energy introduced by the membrane that overcome the free energy 
barrier for nucleation [11,26]. In this study, we propose that the high 
supersaturation driving force imposed by the increase in supersaturation 
rate subsequently imposes kinetically controlled crystallisation with 
nucleation being more dependent on development of the closest meta-
stable form and less dependent on the heterogeneous substrate [20]. 
This is supported by comparison of supersaturation within the bulk and 
interfacial boundary layer adjacent to the membrane at induction 
(Fig. 8). As the supersaturation rate is modified by membrane area 
rather than boundary layer characteristics (which would not be the case 
for temperature or ΔT), the difference in supersaturation between the 
bulk solution and interfacial region becomes negligible as supersatura-
tion rate is increased. Consequently, it can be inferred that the proba-
bility for nucleation occurring within the bulk solution rather than at the 
membrane surface is comparable or greater within the upper region of 
the metastable zone. 

3.3. Supersaturation rate defines the primary nucleation mechanism 

To distinguish which primary nucleation mechanism was dominant 
when supersaturation rate was controlled by membrane area, rather 
than by local mass and heat transfer mechanisms (as with feed tem-
perature and ΔT), diagnostic examination of scaling was conducted on 
each HF module following induction (Fig. 9). An increase in the super-
saturation rate reduced crystal mass deposition. Membrane scaling is 
thought to proceed via two distinct mechanisms: (i) adhesive growth, 
following nucleation within the vicinity of the membrane; and/or (ii) 
the deposition of crystals that have undergone primary homogeneous 
nucleation in the bulk solution [17,24,51]. Microscopic examination of 
each membrane surface illustrated distinct growth characteristics 
(Fig. 10). 

Deposition on the hollow-fibre membranes that fostered low super-
saturation rates (below 7HF), exhibited significant surface coverage, 

Fig. 5. A broad metastable region is created by increasing membrane area at 
fixed flux. Boundary conditions: Tbulk, 55 ± 1 ◦C; ΔTmembrane, 20 ± 2 ◦C; initial 
feed NaCl concentration, 23.9 wt%. 

Fig. 6. The CPC and TPC of supersaturation at induction over different con-
centration rate (ln R′). bulk (◦C) = (55 ± 1), ΔT membrane (◦C) = (20 ± 2), 
Velocity of feed and permeate = 0.06 m s−1, initial feed concentration NaCl (wt. 
%) = 23.9. 
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Fig. 7. (A) The dependence of Δcfm, max on concentrating rate (ln R′) according to equation (20) for different membrane modules, (B) The dependence of induction 
time on concentrating rate (ln R′) for different membrane modules, bulk (◦C) = (55 ± 1), ΔT membrane (◦C) = (20 ± 2), velocity of feed and permeate = 0.06 m s−1, 
initial feed concentration NaCl (wt. %) = 23.9. 

Fig. 8. Supersaturation degree of bulk and membrane over different concen-
tration rate (ln R′), bulk (◦C) = (55 ± 1), ΔT membrane (◦C) = (20 ± 2), ve-
locity of feed and permeate = 0.06 m s−1, initial feed concentration NaCl (wt. 
%) = 23.9. 

Fig. 9. Membrane crystal adhesion for modules of different surface area, which 
indicates the reduction in surface nucleation with an increase in concentra-
tion rate. 
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while the cubic morphology synonymous with NaCl was difficult to 
clearly observe. For hollow-fibre membranes that promoted higher su-
persaturation rates (>19HF), less deposition was noted and was 
confined to discrete areas, that were fewer in number as membrane 
surface area increased. Crystalline morphology appeared distinct from 
that observed at low supersaturation rates, with cubic orientation more 
evident but with evidence of interconnected dendritic outgrowths. This 
is characteristic of highly supersaturated conditions which migrate from 
diffusion limited to surface-integration limited crystal growth, where 
surface area is rapidly formed by secondary nucleation mechanisms 
[52]. 

The kinetic transition across the metastable zone was subsequently 
characterised to relate the specific primary nucleation mechanism to the 
extent and character of the deposition observed. While induction time 
and the supersaturation level at induction are recognised as critical 
crystallisation parameters that underpin scale formation, such data is 
rarely reported in the membrane literature [17]. In-line turbidimetry 
enabled direct measurement of induction time and evidenced two 
discrete regions of supersaturation with very different gradients 
(Fig. 11). 

Induction time is a kinetic parameter that is characterised by two 
distinct supersaturation regions within the metastable zone, where the 
shallow gradient formed at low supersaturation is indicative of hetero-
geneous primary nucleation while the steeper curve formed at higher 
supersaturation represents a homogeneous primary nucleation mecha-
nism [20,22]. The gradient of the curves represents the interfacial en-
ergy required to create a thermodynamically stable nucleus within those 
discrete regions of supersaturation (Datta & Grant, 2005). In this study, 
the region of heterogeneous primary nucleation corresponded to mod-
ules with 1–7 HF where low supersaturation rates were observed, and 
substantive scaling was detected (Fig. 10). The gradient of the curve 
representing the homogeneous primary nucleation mechanism, was 
seven times higher, indicating the energy barrier for nucleation to be 
considerably lower when higher supersaturation rates were employed 
(>19 HF) and corresponded to supersaturation levels measured at 

induction (C/C*) of 1.075-1.117 (Table 2). This transition between 
nucleation mechanisms when moving across the metastable zone is 
comparable to previous literature observations (Fig. 11, Table 2) [20,22, 
53]. The limited supersaturation observed for 1 to 7 HF restricts the 
driving force for nucleation, which increases the dependency on het-
erogeneous sites to modify the interfacial free energy sufficient to 
overcome the critical free energy barrier for nucleation [17,22,54]. For 
highly soluble compounds such as NaCl, nucleation tends to be more 
critically dependent on a heterogeneous catalyst due to the low super-
saturation achieved [11]. 

Low supersaturation tends to favour crystal growth which may 
explain the substantive scaling observed [55–57]. This hypothesis is 
supported by the limited crystal yield observed for supersaturation rates 
characterised as primarily undergoing a heterogeneous primary nucle-
ation mechanism (Fig. 12). As the supersaturation rate was increased, 
the crystal phase produced in the bulk solution improved, and was 
complemented by a reduced scaling rate (Fig. 13), which is analogous to 
the description of a homogeneous primary nucleation mechanism [17, 
20]. Several mechanisms have been proposed to explain how the 
membrane promotes heterogeneous nucleation that include solute 
entrapment, enhanced molecular orientation and a reduction in inter-
facial energy [7]. In this study, microscopic examination evidenced 
significant scaling within the pores that dissipated with an increase in 
supersaturation rate. While this observation may be specific to condi-
tions where supersaturation rate is moderated without substantive 
changes to the boundary layer, it infers that solute entrapment within 
the pores constitutes a significant role in initiating scaling. 

3.4. How supersaturation rate determines crystal growth characteristics 

The crystal phase recovered from the bulk solution was examined to 
understand how crystal size, size distribution and morphology may be 
influenced by the supersaturation rate. The crystal growth kinetics 
broadly correlated to where within the metastable zone that growth was 
initiated, with the crystal size distribution observed to shift right as 
supersaturation rate was increased (Fig. 14). To illustrate, mean crystal 
size (L4,3) was 195 μm at the highest supersaturation rate (37 HF), and 
reduced to 107 μm at the lowest supersaturation rate (Table 3). This is 
not consistent with classical crystallisation where fewer, larger crystals 
are generally favoured at low supersaturation rates [44]. This may 
explained by the competition between nucleation and crystal growth in 
highly supersaturated solutions (particularly relevant for high solubility 
aqueous salts) characterised by short induction times which tend to 
favour Ostwald ripening, where the produced nuclei have little time to 
grow into a thermodynamically stable phase, which results in dissolu-
tion and the redeposition onto stable crystals resulting in substantive 
growth [58]. Higher supersaturation generally constrains crystal 
growth, as the high nucleation rates inhibit ion availability for growth 
(Lewis et al., 2015). While a similar response may be expected for MD 
operation when ΔT is adjusted, as this will raise the supersaturation 
profile only within the boundary layer, this is not the case when 
increasing supersaturation with membrane area, as the supersaturation 
profiles within the bulk and boundary layer both increase. Conse-
quently, despite the higher supersaturation profile instigating higher 
nucleation rates when membrane area is increased, there is likely to be 

Fig. 10. Scanning electron microscope (SEM) images highlighting reduced surface adhesion (scaling) as concentration rate increases through an increase in 
membrane area. Scale bar: 1 mm. 

Fig. 11. ln (tind) versus 1/ln2S for different membrane modules show different 
nucleation mechanism. The change in slope indicates different nucleation 
mechanism as reported in Li et al. (2009). 
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sufficient ion saturation within the bulk condition following nucleation 
to enhance growth. 

The coefficient of variation (CV) represents the distribution of pro-
duced crystal sizes which can be important for product end use [29]. In 
general, the CV was lower for the higher supersaturation rates exam-
ined. For each supersaturation rate studied, the crystal phase produced 
in the bulk solution was of cubic habit which conforms with expected 
growth patterns [14]. However, modifying the supersaturation rate with 
membrane area initiated morphological distinctions in the end crystal 
product (Fig. 15). 

The cubic face formed at high supersaturation rates (e.g. 37 HF) was 
characterised by a ‘rough growth’ pattern, whereas under low super-
saturation rates (e.g. 1 HF) the growth followed a spiral growth mech-
anism [59]. This can be explained based on the kinetic-based model that 
describes the absorption and subsequent diffusion of molecules on the 

Table 2 
Results analysis of nucleation parameters based on correlation of ln (tind) versus 1/ln2S.  

T/K Nucleation Intercept 
(K) 

Slope 
(m) 

R2 Supersaturation Range (c 
c*−1) 

Recovered 
mineral 

Molecular weight (g 
mol−1) 

Solubility Ref. 

328.15 Homogeneous 2.78 0.0036 0.99 1.075-1.117 NaCl 58.44 370 (g L−1) This Study  
Heterogeneous 4.05 0.0005 0.81 1.025-1.065      

323.15 Homogeneous 6.47 0.0918 0.99 1.27-1.40 Analgin 333.34 0.027 (mol 
mol−1) 

[21]  

Heterogeneous 7.88 0.0071 0.94 1.10-1.23      

283.15 Homogeneous 2.56 0.025 1 1.60-1.81 KCl 74.55 312 (g L−1) (Li et al., 
2009)  

Heterogeneous 5.71 0.0001 1 1.49-1.51      

Fig. 12. Scanning electron microscope (SEM) images of membrane pores from membranes used in different sized modules, illustrating how the increase in con-
centration rate with membrane area reduces nucleation within the pore structure. Scale bar, 50 μm. (a) 7HF; (b) 19HF; (C) 25HF. 

Fig. 13. Crystal yield produced in the bulk solution when using membranes 
modules of different size to increase concentration rate. Fig. 14. Crystals Size Distribution (CSD) based on volume fraction (%).  

Table 3 
CSD parameters of recovered crystals from different membrane sizes.  

Membrane 
module 

Volume-based 
mean crystal size 
(L4,3, μm) 

Coefficient of 
variation (CV, %) 

Volume-based crystal’s 
percentile (μm) 

L10 L50 L90 

37 HF 195 ± 1 0.49 ± 0.07 31 
± 8 

98 
±

19 

178 
± 13 

19 HF 184 ± 10 0.56 ± 0.08 27 
± 7 

51 
± 4 

115 
± 9 

7 HF 112 ± 17 0.63 ± 0.12 12 
± 7 

30 
±

15 

75 ±
5 

1 HF 107 ± 23 0.60 ± 0.04 12 
± 2 

29 
±

11 

66 ±
24  
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crystal surface until incorporated into the crystal lattice [59]. At a higher 
supersaturation level, the growth unit is incorporated into the crystal 
lattice with either two or three bonding sides, invoking rough growth 
pattern [59,60]. While at lower supersaturation the growth unit is 
incorporated into the crystal lattice at a flat surface with one bonding 
side, providing a faster growth in the centre compared to edges [59,60]. 
Consequently, crystal morphology depends on the supersaturation 
environment that determines the crystal growth mechanism. 

4. Conclusions 

In this study, the metastable zone has been quantitatively described 
in membrane distillation crystallisation by using in-line turbidimetry to 
provide a framework with which to define explicit scaling and crystal 
growth mechanisms which to date have been rarely described. Super-
saturation rate was modified by membrane area rather than through 
adjustment of water vapour flux. This approach enabled the detailed 
characterisation of scaling mechanisms that could be explained through 
classical nucleation theory and may be more difficult to delineate when 
modifying boundary layer hydrodynamics, feed temperature or tem-
perature difference due to the simultaneous modification of supersatu-
ration rate, temperature polarisation and concentration polarisation. An 
increase in supersaturation rate reduced induction time and increased 
supersaturation at induction. This increased nucleation rate and was 
complemented by a reduction in scaling. While this conforms with 
classical nucleation theory, it contradicts recommendations in the 
literature, which generally advocate for operation within a region of low 
supersaturation. This was explained by the modification of the super-
saturation rate independent of boundary layer characteristics which 
resulted in a comparable supersaturated state within the bulk and 
boundary layer once supersaturation rate was increased and is a critical 
foundation for the development of scaling mitigation strategies. Two 
discrete regions for primary nucleation were described to discriminate 
between heterogeneous and homogeneous nucleation mechanisms and 
their physical relevance confirmed through characterisation of the scale 
deposit formed within each domain. Crystal growth could be described 
within the scale deposit and bulk crystal phase and related to the local 
supersaturation, which also informed on crystal size. While further work 
is required to confirm, the physical characteristics of the crystal phase 
within the bulk solution appear distinct from those within the scale 
deposit, which would indicate that the mechanisms of scale formation 
and of bulk crystal formation may be phenomenologically distinct. This 
may be facilitated by temporal examination of the crystal phase in the 
bulk solution, complemented by the direct measurement of supersatu-
ration, to ensure the growth profile can be related explicitly to the 
metastable zone width. 

Membrane distillation is a contemporary solution for evaporative 
crystallisation where poor regulation of nucleation is common in 

conventional evaporators as mixing is generally in a discrete domain of 
the mass transfer zone, while the decoupling of heat and mass transfer 
have also made crystal growth difficult to control. This study evidences 
that with control of heat and mass transfer over a well-defined surface 
area, nucleation rate and crystal growth can be regulated and in a 
scalable platform technology. High solubility salts are most likely to 
initiate adhesive growth due to their greater dependency on heteroge-
neous primary nucleation. However, membrane area-to-volume ratio 
has been demonstrated to mitigate scaling by sodium chloride, which 
evidences membrane distillation as a valid option for zero liquid 
discharge of desalination brines. The increase in crystal size with 
nucleation rate is a seemingly unique facet of this configuration and is 
likely a function of the two discrete regions of supersaturation that are 
initiated. Importantly, this provides an enhanced capability for crystal 
growth control in evaporative crystallisers, which are ordinarily limited 
to regulation by simple temperature setpoint. Although an increase in 
hollow-fibre membrane area also increased packing density to a 
commercially relevant fractional volume, less scaling (by adhesion or 
deposition) was observed at higher membrane areas. We therefore 
propose that it may be possible to translate similar operation to a wider 
set of membrane configurations (e.g. spiral wound) characterised by 
narrow channels without incurring substantive risk based on this work, 
provided kinetic modification of the supersaturation is facilitated to 
preference a homogeneous primary nucleation pathway. 
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Nomenclature and abbreviations 

N permeate flux, kg m−2 h−1 

L hollow fibre length, m 
A effective membrane area, m2 

m mass of permeate kg 
Q heat transfer, W m−2 

Qv latent heat of evaporation, W m−2 

Qc conductive heat flux through the membrane, W m−2 

km membrane thermal conductivity, W m−1 K−1 

kp polymer thermal conductivity, W m−1 K−1 

kg air thermal conductivity, W m−1 K−1 

kf thermal conductivity of feed, W m−1 K−1 

kp thermal conductivity of permeate, W m−1 K−1 

Tfm feed temperature adjacent to membrane surface, K 
Tpm permeate temperature adjacent to membrane surface, K 
Tf bulk temperature in feed, k 
Tp bulk temperature in permeate, k 
di outer diameter, mm 
do outer diameter, mm 
dhf hydraulic diameter of feed flow channel 
dhp hydraulic diameter of permeate flow channel 
HV,T vapour latent heat, KJ kg−1 

hm heat transfer coefficient of the membrane, W m−2 K−1 

hv heat transfer coefficient of vapour, W m−2 K−1 

hf film heat transfer coefficients associated of feed side, W m−2 K−1 

hp film heat transfer coefficients associated of permeate side, W m−2 K−1 

Nu Nusselt’s number 
Re Reynold’s number, dimensionless 
Pr Prandtl’s number, dimensionless 
v velocity, m s−1 

cp specific heat of feed/permeate, J kg−1 K−1 

Cfm interfacial concentration close to the membrane surface, g NaCl g−1 
solution 

Cfb feed bulk concentration, g NaCl g−1 
solution 

ks solute mass transfer coefficient, m s−1 

Sh Sherwood number, dimensionless 
Sc Schmidt number, dimensionless 
J nucleation rate, No. m−3 s−1 

ΔG* Gibb’s free energy, kJ mol−1 

tind induction time 
kB Boltzmann constant, 1.38 x 10−23 J K−1 

vo molecular volume, m3 

M molar weight, kg mol−1 

ρcry crystal density, kg m−3 

Na Avogadro’s number (6.022 x 1023 molecules mol −1) 
T nucleation temperature, K 
A pre-exponential parameter, m−3 s−1 

B thermodynamic parameter for nucleation 
ΔCmax.fm maximum MSZW at membrane surface, mg g−1 solution 
R’ concentrating rate, g 100 g−1 solution h−1 

Fp permeate flow rate, kg h−1 

k nucleation rate constant, No. m−3−n s−1+n 

n nucleation order, dimensionless  

Greek letters 
δm membrane thickness, m 
ε membrane porosity, % 
ρ density, kg m−3 

μ viscosity, Pa s−1 

γ interfacial energy, mJ m−2 

θ contact angle, ◦
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Appendix 

Nusselt number, Reynold number and Prandtl number were calculated using the following equations: 

Nu = 1.86
(

Re Pr dh/L

)0.33

(A1)  

Re =
dh V ρ

μ (A2)  

Pr =
Cpμ

k
(A3)  

where v, ρ, μ and cp are the velocity (m s−1), density (kg m−3), viscosity (Pa s−1) and specific heat of feed/permeate (J kg−1 K−1) respectively and L (m) 
is the hollow fibre length. The solute mass transfer coefficient ks (m s−1) is estimated using the following equations: 

Shf

Sc0.33
f

=
Nuf

Pr0.33
f

(A4)  

where Sherwood (Sh) and Schmidt (Sc): 

Shf =
ksDh

Ds
(A5)  

Scf =
μf

Pf Ds
(A6) 

The growth rate can be calculated according to classical nucleation theory as follows: 

G = KG (c − c ∗ )
g (A7)  

log (G) = log (KG) + g log (c − c∗) (A8)  

where KG is the kinetic rate constant, (c-c*) is the growth driving force, c (g NaCl g−1 
solution) is the feed bulk concentration and c* (g NaCl g−1 

solution) is 
the solubility. Linearisation of the relationship between log(G) and log(c-c*), yields (g) as the gradient of the curve and log (KG) as intercept. 
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