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HIGHLIGHTS

e The impacts of temperature and flux on gypsum scaling are experimentally decoupled.
e Interfacial saturation index alone cannot predict the onset of gypsum scaling.
e Temperature has a stronger impact than flux on critical water recovery.

ARTICLE INFO ABSTRACT

Keywords: Mineral scaling by sparingly soluble gypsum (CaSO4+2H>0) is a persistent challenge to membrane distillation
Me"‘_‘bra“e distillation (MD). The underlying relationship between the thermodynamic state of the precipitating solution and the point
Scaling of flux decline due to rapid mineral growth remains unclear. In this work, a series of experiments along with a
Gypsum, . . semi-empirical model are executed to examine the thermodynamic state of the feed solution at the feed/mem-
Nucleation barrier height R . K . R R .
Metastability brane interface to evaluate and compare the critical point of scaling. The experiments were deliberately designed
Induction point in a way to decouple the influence of feed temperature and vapor flux. The thermodynamic state of the
Feed temperature precipitating solution at the membrane interface is evaluated using the saturation index and the nucleation
Flux energy barrier derived from the chemical potential difference between the dissolved ions and the gypsum

mineral. The model is rooted in established heat and mass transfer relationships and reflects the testing condi-
tions used to carry out the experiments. The model is built upon experimental results across a range of opera-
tional conditions, with the bulk feed solution temperature ranging from 50 to 80 °C (at a constant flux) and the
trans-membrane water flux ranging from 10 to 40 L m2h! (at a constant feed temperature). It was observed
that interfacial saturation index calculated at the induction point was not consistent across different experiments,
confirming that gypsum scaling in MD is controlled by kinetics instead of thermodynamics. We also found that
temperature plays a more important role than vapor flux in affecting the critical recovery. Lastly, we also provide
theoretical reasoning to support the experimental observation that gypsum scaling in MD is largely dominated by
heterogeneous nucleation onto the membrane surface.

[1]. MD is especially promising for applications in which the feed so-
lution salinity exceeds the maximum treatment range for reverse

1. Introduction osmosis (RO), which is about 80 g L™ [2], or when the target treatment
capacity is too small to justify multi-stage flash distillation and multi-

Membrane distillation (MD) carries the potential to supplement the  effect distillation [3]. Improvements in the energy efficiency of
production of water sustainably by utilizing low-grade waste heat to modular MD processes and the development of robust MD membranes

treat brines resulting from water desalination and industrial processes

* Corresponding author at: Department of Civil and Environmental Engineering, Vanderbilt University, Nashville, TN 37235-1831, USA.
E-mail address: shihong.lin@vanderbilt.edu (S. Lin).

https://doi.org/10.1016/j.desal.2021.115499
Received 13 August 2021; Received in revised form 5 December 2021; Accepted 8 December 2021

Available online 28 December 2021
0011-9164/© 2021 Elsevier B.V. All rights reserved.



K.S.S. Christie et al.

Desalination 525 (2022) 115499

Nomenclature

CP concentration polarization

CPC concentration polarization coefficient

IAP ion activity product

MD membrane distillation

RO reverse 0Smosis

SI saturation index

TP temperature polarization

TPC temperature polarization coefficient

Symbols

a; Nusselt coefficient of solution i

A Arrhenius constant (s 1)

A active area of membrane (m?)

Ag surface area of a nucleating cluster (m?)

b; Nusselt coefficient of solution i

Cp bulk feed solute concentration (mmol L™! or mol L)

i Nusselt coefficient of solution i

Cm interfacial feed solute concentration (mmol L ! ormol L™ 1)

Cm, 0 initial interfacial feed solute concentration (mmol L™! or
mol L)

Cm* critical interfacial feed solute concentration (mmol L.~! or
mol L™ 1)

Cp, i specific heat capacity of solutioni (J g~} K1)

d hydraulic diameter of flow channel (m)

E, activation energy (J mol™ 1)

AG nucleation work (J)

AGpe*  critical heterogeneous energy barrier for nucleation (kJ
mol™ 1)

AGpom*  critical homogeneous energy barrier for nucleation (kJ
mol™1)

hq distillate solution heat transfer coefficient (W m 2 K1)

hs feed heat transfer coefficient (W m 2 K1)

hm membrane heat transfer coefficient (W m 2K 1)

H, water vapor enthalpy (J mol %)

i subscript to indicate either feed solution (f) or distillate
solution (d)

j subscript to indicate either calcium (Ca®") or sulfate
(S04°7)

J water flux L m 2h tormolm 2s 1

kg Boltzmann's constant (1.38 x 10722 JK 1)

k; mass transfer coefficient of species j (m s

Am mass of distillate water over time At (g)

n number of molecules within a nucleating cluster
Nu; Nusselt number of solution i

Pr; Prandtl number of solution i

r reaction rate constant (s~ 1)

R gas constant (J mol ! K1)

R* critical recovery (m®m™3)

Re; Reynolds number of solution i

At time interval (s)

Tq, b bulk distillate solution temperature (°C or K)

Td, m interfacial distillate solution temperature (°C or K)
Ts bulk feed solution temperature (°C or K)

T m interfacial feed solution temperature (°C or K)
v critical recovery volume (m>)

Vo initial feed solution volume (m®)

Vi cross-flow velocity of solution i (m sH

Greek letters

a surface energy of a nucleating cluster (J m~2)

Yin interfacial energy between a liquid solution and crystal
nucleus (J m~?)

Sm membrane thickness (m)
membrane porosity (m®m2)

i viscosity of solution i (g m~'s™1)

7 intrinsic contact angle (degree or radius)

Ki thermal conductivity of solution i (W m 'K

Kg thermal conductivity of air (W m ™' K1)

Km thermal conductivity of the membrane (W m 'K

Ap chemical potential difference of solute in the dissolved and

crystal phase (J mol™1)

Usolute chemical potential of solute in the dissolved phase (J
mol™ 1)

Herystal chemical potential of solute in the crystal phase (J mol™ 1)

pi density of solution i (g m™>)

c saturation index

Q crystal volume (m%)

will further elevate its implementation in a broad variety of applications
[4-7].

In MD, sparingly soluble mineral salts in the feed solution can rise
above their saturation limits when high water recovery is achieved
[8,9]. As a consequence, mineral scaling can occur due to direct
nucleation onto the membrane surface and the accompanying crystal
growth [10]. Mineral scaling may also occur via deposition of crystals
that form in the bulk solution of the MD feed channel (i.e. homogeneous
nucleation). However, studies have shown that homogeneous nucleation
is not common and only dominates at extremely high concentrations
[11,12]. Membrane scaling can lead to a reduction in membrane
permeability due to pore blockage by the growing crystals. Interestingly,
mineral scaling can also cause membrane wetting and subsequent
contamination of the recovered volume of pure water upon pore wetting
[13-15].

The typical methods of scaling mitigation in MD desalination include
pretreatment via the addition of antiscalants into the MD feed solution
to disrupt mineral salt nucleation and crystal growth [16,17], and
chemical membrane cleaning using acids or chemicals with strong
chelating ability [18,19]. Antiscalant addition works to delay scaling via
either the chelating effect [20], where highly soluble molecules are
formed in coordination with the target scalants, or via the direct

interruption of scalant nucleation by a ligand-exchange mechanism or
long-range interaction between the charged nuclei surface and the
antiscalant [21]. Other scaling mitigation methods attempted include
the reduction in feed solution residence time by increasing crossflow
rate, intermittent flux reversal, back-purging with air, and the tailoring
of membrane surface properties such as roughness, hydrophobicity, and
charge [22-32]. Notably, the use of superhydrophobic membranes with
operational strategies to minimize scalant growth into pores appears to
be a highly effective strategy for mitigating mineral scaling [23,33]. The
development of improved scaling mitigation strategies relies on the
fundamental understanding of the effects that operating parameters
have on the propensity for scale formation [34-36].

Calcium and sulfate ions are abundant in natural water. Therefore,
calcium sulfate dihydrate (CaSO4:2H20, gypsum), which is sparingly
soluble, is one of the most commonly encountered scale-forming com-
pounds in membrane processes for the treatment of high-salinity natural
water such as seawater and brackish water [37-39]. The thermody-
namic equilibrium of crystal nucleation from solution can be an infor-
mative metric for understanding the state of the bulk solution at the
point when crystal growth is observed. It is theoretically expected that
the thermodynamic state of a crystal-forming solution is independent of
the operational parameters implemented during the crystallization
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process. However, to date, no studies exist which systematically
compare the thermodynamic state of the crystal-forming solution at the
crystallizing interface across varying operational parameters (i.e., so-
lution temperature and water flux).

Studies have suggested that gypsum scaling propensity in membrane
desalination can be influenced by feed solution temperature and water
flux [40,41]. Specifically, gypsum scaling induction is delayed when the
feed solution temperature and the flux are simultaneously reduced [42].
In direct-contact MD (DCMD), mass transfer is driven by a vapor pres-
sure gradient imposed between two solutions separated by a micropo-
rous, hydrophobic membrane [1,43,44]. The temperature-induced
vapor pressure gradient is created by heating the feed solution con-
tacting the hydrophobic membrane. Water evaporates at the membrane-
feed interface, diffuses through the membrane pores, and condenses at
the cooler membrane-distillate interface (Fig. 1). Because the water flux
across the membrane is inherently linked to the temperature difference
across the membrane, the isolation of one parameter is necessary to
analyze the effects of the other parameter on mineral scaling.

In this study, the thermodynamic condition of the gypsum-forming
solution at the feed-membrane interface is evaluated across varying
operational conditions to assess the applicability of a thermodynamic
model in predicting the behavior of gypsum scaling in MD. To facilitate
the controlled variation of thermodynamic state at the crystallizing
interface, the crystal precursor concentration and solution temperature
are individually managed by conducting two series of MD experiments
to isolate the independent effects of water flux and feed temperature.
Then, the critical water recovery at the point of flux decline (i.e., the
induction point) is compared to assess the variations in the estimated
thermodynamic state and the sensitivity of the induction point to either
operating parameter. The influence of both temperature polarization
(TP) and concentration polarization (CP) are considered using estab-
lished mass and heat transfer theory. The thermodynamic stability of the
system is quantified using interfacial saturation index which is used to
calculate the interfacial Gibbs free energy for nucleation.

Feed Membrane Distillate
| J
|
Tip i Ttm 5 Vg
I _—
|

| —

3

Fig. 1. Schematic of the membrane distillation (MD) process, including bulk
feed temperature (Ty, ), interfacial feed temperature (Tf, ,,), bulk feed con-
centration (cf, 5), interfacial feed concentration (cf, ), feed solution velocity
(vp), feed boundary layer for mass transfer (), water flux (J), MD membrane
thickness (6,), bulk distillate temperature (Tq, p), interfacial distillate temper-
ature (T4, ), and distillate solution velocity (vq). The profile of salt concen-
tration in the distillate is not shown because the distillate contains no salt in a
functional MD membrane with a salt rejection close to 100%. (For interpreta-
tion of the references to colour in this figure, the reader is referred to the web
version of this article.)
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2. Theory and methodology
2.1. Temperature and concentration polarization in MD

To describe the interfacial conditions for gypsum nucleation on the
MD membrane surface and therefore yield meaningful comparisons
between scaling events across different MD experiments, it is necessary
to evaluate TP and CP within the coupon-scale MD test cell. TP is a
phenomenon in which the temperature of the feed solution tends to be
lower at the feed-membrane interface than in the bulk solution, and,
correspondingly, the temperature of the distillate tends to be higher at
the membrane interface than in the bulk solution. TP is affected by both
the conductive heat transferred between the feed solution and the
membrane and the convective heat transferred due to the transport of
water vapor across the membrane. Based on the method developed in
previous work [45], which considers the flow of both of these convective
and conductive heat transfer using a resistive framework, an overall heat
balance was used to implicitly evaluate the interfacial temperatures in
each experimental trial (Eq. (1)):

he(Typ — Tpn) = JHy + o (Trin — Tam) = ha (Tagn — Tap) €))

where hy, hy,, hg are the heat transfer coefficients in the feed solution,
membrane, and distillate solution, respectively; Ty, j is the bulk feed
solution temperature, Ty, , is the interfacial feed solution temperature
(at the feed/membrane interface), Ty p is the bulk distillate solution
temperature, Ty 5, is the interfacial distillate solution temperature (at
the distillate/membrane interface), J is the water vapor flux, and Hy, is
the enthalpy of water vapor.

The use of this heat balance to assess average interfacial properties
on the module scale assumes (1) negligible heat losses into the sur-
roundings, (2) a linear relationship between the mass water flux and the
vapor pressure difference across the membrane, and (3) constant H,
despite small temperature changes along the length of the module.
Several works have successfully applied a similar framework support
experimental findings [46,47]. The Nusselt number was used to estimate
hyand hg (Eq. (2)):

NM,'K,‘

h;
d

(2

where h; is the heat transfer coefficient of solution i (either feed solution,
in which case “i” is “f”, or distillate, in which case “i” is “d”), Nu; is the
Nusselt number of the stream of solution i, ; is the thermal conductivity
of solution i, and d is the hydraulic diameter of the flow channel. The
thermal conductivities of the hydrophobic membrane polymer and of
the air trapped within the membrane's pores were used to calculate hy,

(Eq. (3)):

Kg€ + K (1 — €)

Iy =
Om

3

where k; is the thermal conductivity of air, ky, is the thermal conductivity
of the membrane, ¢ is the porosity of the membrane, and 6y, is the
membrane thickness. The established correlation between the Nusselt
number, the Reynolds number, and the Prandtl number was used to
calculate Nu; (Eq. (4)):

Nu; = a;Re;” Pr 4)

where Re; is the Reynolds number of solution i, Pr; is the Prandtl number
of solution i, and q;, b;, and c; are the Nusselt coefficients of solution i.
While ¢; is usually assigned the value of 1/3 in MD literature [48-50],
the other Nusselt coefficients (a; and b;) were determined iteratively by
constraining them within the range that would yield a value for Nu;
within the same flow regime (i.e., turbulent or laminar) identified
through calculation of Re;. The known physical properties of the solu-
tions and of the flow channel were used to calculate Re; and Pr; (Egs. (5)
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and (6)):

Re; = V14 ®)
n;

Pr, = 1;,Cp.i ©)
Ki

where v; is the cross-flow velocity of solution i, p; is the density of so-
lution i, #; is the viscosity of solution i, and C,, ; is the specific heat ca-
pacity of solution i.

Concentration polarization (CP) is the phenomenon in membrane-
based separation where the solute concentration is higher at the mem-
brane interface when compared to the bulk solution. CP is driven by the
convective water flow from the bulk solution toward the membrane
surface. As water continuously evaporates at the feed/membrane
interface, solutes remain at the interface and a gradient in solute con-
centration across the mass transfer boundary layer is established (Fig. 1,
purple curve). CP can be calculated using (Eq. (7)) [51].

J
Cm,/’ = Cbexp (l?) (7)

J

where Cp, ; is the concentration of species j at the feed-membrane
interface, Cp is the bulk solute concentration, and k; is the mass trans-
fer coefficient of species j. The molecular diffusivity of the sulfate ion
(SO42’) is greater than that of the calcium ion (Ca2+), and k; is depen-
dent on ion diffusivity and the hydrodynamic condition of the feed/
membrane interface. Therefore, a solution with an identical C, of Ca®"
and SO42~ will result in a Cy, of S04%~ which is less than that of Ca®*. The
stoichiometry of gypsum formation (Eq. (8)) dictates that the molar ratio
of the precipitating Ca®* and S042~ to be 1:1. The limiting reactant for
gypsum formation is the species which is present in the lower concen-
tration. To reflect this assumption that the amount of gypsum formed
within the solution can be no greater than the amount of the limiting
reactant, the C,, of S04%~ is used to represent the interfacial solute
concentration in this work. However, the partial vapor pressure calcu-
lated at the feed-membrane interface (via Antoine's equation) consid-
ered the concentration of both Ca?* and SO42’.

Ca* (ug) + 5047 (1) + 2H,02CaS04- 21,0, ®

2.2. Gypsum nucleation and growth

Gypsum nucleation and growth can be assumed to follow the prin-
ciples described in classical nucleation [52]. The equilibrium chemical
potential of the crystal-forming ions within an aqueous solution can be
described as the difference between the solute chemical potential and
the chemical potential of the same species in the solid crystal phase (Eq.

(9)) [531].

A.“l = Hsoture — :ucryxlal (9)

where Ay is the chemical potential difference between the two phases
within the system, usomee is the chemical potential of the solute, and
Herystat is the chemical potential of the crystal. When the solute chemical
potential is greater than the chemical potential of the same species in
crystal, the solution is supersaturated. Given sufficient time, this su-
persaturated solution will eventually approach equilibrium through the
formation of crystal via precipitation reaction, which lowers the chem-
ical potential of the solutes and tends to reduce the system free energy.
The chemical potential difference is often quantified using the satura-
tion index (o, or SI) defined as the following:

IAP Au
Jfln<K )7107 (10)

sp

where IAP is the ion activity product of the crystal-forming ions, K, is
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the solubility product of the precipitate, and kgT is the thermal energy.

At the same time, the formation of nuclei creates new solid/water
interface, which tends to increase the system free energy. Together,
these competing effects of free energy loss (due to phase change) and
gain (due to increased surface area) contribute to a free energy profile as
a function of the size of nucleating cluster (Eq. (11)) [54].

AG(n) = — ndu+ Asn*a(n) (1)

where AG(n) is the free energy change associated with the formation of
clusters of n ion pairs within the supersaturated solution, —nAy is the
decrease in chemical potential caused by the formation of clusters of n
molecules, and Agn®3a(n) is the free energy gain caused by the creation
of a new interface with a surface area of Ag and an interfacial energy of
a(n). The number of ion pairs within the cluster is considered because a
supersaturation condition alone is insufficient to induce precipitation
with finite kinetics.

Before crystals begin to develop, the solution must produce or con-
tact nuclei or seeds which act as centers for crystallization. If too few ion
pairs are present within a nascent cluster, growing such a cluster in-
creases the system free energy due to the creation of interfaces and is
thus energetically unfavorable. Consequently, the newly formed cluster
is likely to dissolve back into solution [55]. Therefore, a critical cluster
size exists beyond which the continued decrease in chemical potential
results in crystal growth rather than crystal dissolution. This phenom-
enon is referred to as the Gibbs-Thomson effect, and leads to the un-
derstanding of the existence of the critical nucleus size for crystal
formation (Fig. 2A) [56]. The critical size with a spherical particle
assumption (although questionable) can be evaluated by finding the
maximum of AG(n) based on Eq. (11). The energy barrier for homoge-
neous nucleation can then be expressed as

3 02

- 1677},Q (12)

3(kgTo)?

where yj, is the interfacial energy between the liquid solution and the

crystal nucleus, Q is the volume of a crystal unit (i.e., molar volume
divided by Avogadro's number),

The critical nucleus size and the energy barrier of nucleation are
important to consider for membrane scaling, because only the nuclei
that have assembled beyond this limit will contribute to scale growth.
According to such a theory, a metastable state exists where the solution
contains a concentration of crystal-forming ions beyond the solubility
limit of the associated crystal, but the nuclei have not formed and ori-
ented into a fixed lattice exceeding the critical size from which succes-
sive growth can continue [57].

Traditionally, nucleation theory distinguishes between homoge-
neous nucleation and heterogeneous nucleation. Homogeneous nucle-
ation refers to the formation of nuclei in the absence of foreign particles
or surfaces within the initial single phase, while heterogeneous nucle-
ation refers to nucleation induced by surfaces that are different from the
crystallizing substance [59]. It is generally accepted that nucleation onto
foreign particles or surfaces is more kinetically favorable than homo-
geneous nucleation [60]. The metastable zone (Fig. 2B), which arises
from the constant formation and dissolution of nuclei, can be manipu-
lated by adding particles to the solution or by otherwise increasing the
probability of the generation of nuclei which are above the critical size
[54]. While crystal formation in solution (i.e., homogeneous nucleation)
can be controlled in this way, crystal nucleation can also be controlled
by adjusting the surface energy of the nucleating surface during het-
erogeneous nucleation [61,62]. The energy barrier for heterogeneous
nucleation, AGp.*, can be obtained by modifying Eq. (12) with a
correction factor that accounts for the interaction between the crystal
and the surface it grows on [63-66]:

16772 @ [1

AG,, = 1 (1 — cos#)*(2 + cos 1
G 3 To)? 4.( c0s0)” (2 + cos0) (13)
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Fig. 2. (A) Ilustration of the components of the work of nucleation and the resulting basis for the critical free energy barrier for crystal formation (AG*) and the
associated critical nucleus cluster size (n*). As new clusters form within a saturated solution, the total change in free energy is both decreased due to a reduction of
chemical potential within the solution (—nAy) and increased due to the formation of new favorable surfaces from which to nucleate (Asn*>a(n)). When the number of
molecules within a crystal cluster is equal to n*, the work of nucleation is maximized (AG*) and successive crystal growth lowers the free energy of the system. (B)
Ostwald-Miers diagram showing the stable, metastable, and unstable zones of solubility for calcium sulfate dihydrate (gypsum) from 0 to 100 °C [58]. The solid curve
represents the saturation limit of gypsum at each temperature, and the dashed line represents the supersaturation limit of gypsum at each temperature. (C)
Theoretical gypsum saturation index as a function of solution temperature and equimolar Ca>" and SO, concentration. In accordance with gypsum solubility data,
the saturation index is at a minimum near 40 °C which is near gypsum's maximum solubility.

where 0 is the intrinsic contact angle between a nucleus (of a hypo-
thetical shape of a spherical cap) and the substrate it adheres to, when
both are submerged in solution. We note that @ is a fictitious parameter
as crystals do not form a sessile drop of a spherical cap geometry on a
submerged solid substrate. Rather, 0 is a hypothetic parameter that
quantifies the interaction between the nucleus and the substrate in
water, following the Young-Dupre equation, cosd = (ysw — ¥sc)/Ycws
where ygy, 7sc and yc stand for the interfacial energy between substrate
and water, between substrate and crystal, and between crystal and
water, respectively. From the limited studies performed in this area, it
appears AGhe*/AGhom™, which equals (1 — cos 022 + cos 0)/4, was
experimentally determined [67,68]. Alternatively, & may also be
determined from the extended Young-Dupré equation considering the
both the Liftshitz-van der Waals interaction and the polar interaction
[69]. These interaction parameters may be determined from the
measured liquid sessile drop contact angles on both the substrate and on
the crystal.

The solubility product constant for gypsum as a function of tem-
perature has been obtained by Marshall and Slusher [70] and others
[71,72] for solutions from 0 to 100 °C, which informs the inverted
solubility-temperature relationship above ~40 °C (Fig. 2B). Both solute
concentration and temperature affect the saturation index (Fig. 2C), as
the solute concentration determines the IAP and temperature influences
the K. Both parameters also affect the energy barrier (Eqs. (12) and
(13)) through o, but temperature also exerts an extra (and strong)
impact through the square of kgT in the denominator.

2.3. Membrane distillation experiments

2.3.1. Salts and membranes

Calcium chloride (CaCly) and sodium sulfate (NaySO4) were pur-
chased from Research Products International (Mount Prospect, IL). Both
salts were used as received without further purification. Poly vinylidene
fluoride (PVDF) membranes with a nominal pore diameter of 0.45 pm
were purchased from GE Healthcare (Chicago, IL).

2.3.2. Experimental setup for membrane distillation

A custom-made DCMD cell was used to perform the experiments in
this study (Fig. S1). Centrifugal pumps were used to circulate the feed
solution and the distillate through the DCMD unit on either side of the
MD membrane. The feed and distillate temperatures were monitored
using digital temperature probes at the entrance and exit of both streams
and adjusted using digitally controlled constant-temperature baths
(Fig. S2). The distillate conductivity was measured over time using a

conductivity probe. The water flux was monitored by calculating the
mass of water transferred through the membrane using the time series of
the distillate mass following Eq. (14):

Am

= Bopean a9

where J is water flux, Am is the mass of the distillate water collected over
time (At), pq is the density of the distillate water, and A, is the active
area of the membrane.

2.3.3. Membrane distillation scaling experiments

Each of the gypsum scaling experiments in this study were conducted
using a 1 L feed solution composed of 20 mM CaCl, and 20 mM NaySO4.
The flowrates used for the feed solutions and distillate were 0.3 and 0.2
L min~!, respectively. Based on the geometry of the custom-built
membrane testing cell, the crossflow velocity calculated for the feed
and distillate solutions was 0.08 and 0.05 m s™!, respectively. Prior to
the commencement of each experiment, the temperatures of each stream
and the water flux through the membrane were stabilized for at least 2 h
using deionized (DI) water as in both feed and distillate channels. CaCl,
and NaySO4 were added (5 min apart) in the hot feed reservoir once the
hot and cool streams reached the target operating temperature and the
target water flux was achieved. The feed reservoir containing the salt
solutions was stirred continuously, and although the maximum solubi-
lity of gypsum is about 15.5 mM (at 40 °C), no suspended particles were
observed before or during the experiments. This suggests that the initial
feed solutions were metastable and remained in a metastable state
before flux decline resulting from pore blockage was observed. The
changes in both density and partial vapor pressure between DI water and
the feed solutions were small (less than 2%) for each stream [73], so the
average water flux measured during the stabilization period was not
observed to change after CaCly and NaySO4 addition.

The values of critical recovery (R*) in this study were taken to be the
water recovery (in percentage) at the point when scaling reduced flux to
85% of its original value. This cutoff percentage is not meant to imply
any theoretical significance (e.g., related to the critical nucleus size), but
rather to give a consistent threshold for the identification of the induc-
tion point described in other works without direct observation of gyp-
sum nucleation via feed solution conductivity or quartz crystal
microbalance measurements [74,75]. The identity of the scale layer
which formed on the membrane surfaces was characterized using X-ray
powder diffraction (XRD). The values for critical gypsum-forming ion
concentration (in the bulk solution) were calculated as the original bulk
concentration multiplied by the volumetric concentration factor at the
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critical recovery point (Egs. (15) and (16)):

R = v x 100% (15)
Vo
. C
C =1 =4 (16)

Vo

where V* is the critical recovery volume, Vj is the initial feed solution
volume, Cp* is the critical ion concentration of the feed solution, and Cp o
is the initial ion concentration of the feed solution.

2.4. Evaluation of the impact of feed temperature and water flux on
gypsum scaling

Gypsum scaling during membrane processes is influenced by a
number of factors, including the crystal-forming ion concentration (i.e.
saturation level) and solution temperature. To investigate a collection of
scenarios to compare gypsum scaling with varying saturation levels and
solution temperatures at the membrane interface, two series of experi-
ments were conducted (Fig. 3). The bulk feed temperature range in
Series 1 (50.5 to 77.8 °C) and water flux range in Series 2 (11.4 to 38.9 L
m 2 h™!) were chosen because they are within the representative
magnitude of the parameters that are used in pilot-scale MD applications
[76-78].

2.4.1. MD experiments with constant flux and varied feed temperature
(Series 1)

In the first series of experiments (Series 1), the bulk feed temperature
was varied from 50.5 to 77.8 °C while the bulk distillate temperature
was simultaneously increased (via trial-and-error) to maintain a con-
stant vapor flux near 15 L m2h1(1515+034Lm2h Y (Fig. 3A
and Table S1). This allowed for the independent evaluation of temper-
ature effects on gypsum formation without influence from the effects of
mismatched water flux. As the partial vapor pressure increases much
more rapidly in the higher temperature range than in the lower tem-
perature range according to Antoine equation, the temperature differ-
ence between the feed solution and distillate to maintain the same
partial vapor pressure difference (for achieving the same flux) is sub-
stantially smaller in the higher temperature range (Table S1).

2.4.2. MD experiments with constant feed temperature and varied flux
(Series 2)
In the second series of experiments (Series 2), the bulk feed
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temperature was maintained near 70 °C (70.93 + 0.89 °C) while bulk
distillate temperature was adjusted to achieve vapor fluxes ranging from
11410389 L m 2 h! (Fig. 3B and Table S1). Isolating the effects of
water flux without changing the feed temperature allows for the direct
evaluation of CP and TP on gypsum scaling in MD.

3. Results and discussion
3.1. Interfacial temperatures and ion concentration

To determine the effects of temperature and water flux on the mass
and heat transfer across the membrane, the interfacial feed temperatures
and ion concentrations were calculated for each series using Eq. (1)
through Eq. (7) considering temperature and concentration polariza-
tions. The simulated results (based on experimentally measurable pa-
rameters) show the dependence of interfacial feed temperature and ion
concentration on the bulk temperature and water flux (Fig. S3). For
Series 1 (constant flux), temperature polarization was more severe with
a lower bulk feed temperature because the bulk temperature difference
between the feed and the distillate was substantially larger at a lower
bulk feed temperature (Fig. 3A). For Series 2 (constant bulk feed tem-
perature at 70 °C), temperature polarization was expectably more sig-
nificant at a higher flux (Fig. 4A, Fig. S4).

The initial interfacial ion concentrations in Series 1 (constant flux)
were constant as the same flux resulted in the same degree of concen-
tration polarization. The value of CPC was ~1.25 based on the vapor
flux and the hydrodynamic conditions of boundary layer (Fig. S4). In
Series 2 (constant feed temperature), the impact of varied water flux on
interfacial concentration was consequential. As water flux increased
from 10 to 40 L m~2 h™!, interfacial ion concentration increased from 23
to 35 mM (Fig. S3).

3.2. Scaling behavior of gypsum at varying bulk feed temperature and
water flux

A total of sixteen different scaling experiments were performed to
compare the conditions at the feed-membrane interface at the point
when gypsum scale begins to reduce mass transfer during direct-contact
MD. The individual impacts of bulk feed solution temperature and water
flux on pure water recovery and gypsum saturation index at the point of
flux decline were assessed. In each trial, the initial feed solution was
composed of 20 mM CaCl, and 20 mM NaySO4. As water was recovered,
the feed solution became increasingly concentrated and supersaturated.
Significant flux decline was observed in each trial as gypsum crystals
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Fig. 3. Solution temperatures and water fluxes for varying gypsum scaling membrane distillation trials with (A) constant water flux, varied bulk feed solution
temperature and (B) constant bulk feed solution temperature, varied water flux. In Series 1, the interfacial thermodynamic environment observed upon scaling was
compared across varying temperatures, with all other operating parameters held constant. In Series 2, the interfacial thermodynamic environment was altered in both

temperature and ion concentration because of the varied flux.
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formed and grew to cover the membrane pores [79]. The observation
that gypsum was the only precipitating phase of calcium sulfate within
the temperature range explored, as opposed to simultaneous or
competitive precipitation of calcium sulfate anhydrite (CaSO4) and
calcium sulfate hemihydrate (CaSO4+1/2H30, bassanite), is confirmed
by XRD analysis (Fig. S5) and is in agreement with results from previous
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studies [74,80].

The critical recovery (as marked by flux decline to 85% of initial flux)
achieved during each scaling experiment ranged from 30 to 60% for
Series 1 with varied bulk feed temperature (Fig. 5A, C) and from 30 to
40% for Series 2 with varied flux (Fig. 5B, D). With a constant water flux
(Series 1), a higher bulk feed temperature resulted in earlier flux decline
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Fig. 5. Results from 16 experimental trials where (A, C) water flux was held constant with varied bulk feed solution temperature, and (B, D) bulk feed solution
temperature was held constant with varied water flux. (A, B) Water flux versus pure water recovery, and critical recovery versus (C) bulk feed temperature and (D)
water flux. Each MD trial was executed using an initial feed composition of 20 mM Ca*" and 20 mM SO,>". The bulk solution temperatures varied according to
(Table S1). The critical recovery (C, D) was taken to be the percentage of pure water recovered from the feed solution into the distillate solution at the point where

the flux was reduced to 85% of its original average value.
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and thus a lower critical recovery (Fig. 5C). With a constant feed tem-
perature (Series 2), a higher flux led to a higher critical recovery, but the
dependence of critical recovery on flux was relatively small as compared
to that on feed temperature (Fig. 5D). We note that even with a constant
bulk feed temperature (as in Series 2), the interfacial temperature
decreased with increasing vapor flux (Fig. 4A). Therefore, the slightly
higher critical recovery observed with a higher water flux in Fig. 5D may
also result from a reduction of interfacial temperature in addition to the
higher interfacial ion concentration due to stronger concentration
polarization.

3.3. Thermodynamic conditions at the interface upon scaling

To facilitate further analysis, we define the saturation index at the
critical recovery point as the “critical SI”. The critical SI in the bulk and
near the membrane interface are termed as “bulk critical SI” and
“interfacial critical SI”, respectively. The interfacial critical SI quantifies
the deviation of interfacial thermodynamic condition from the ther-
modynamic equilibrium of gypsum formation at the critical recovery. In
theory, several factors affect the interfacial critical SI, including critical
recovery, flux, and interfacial temperature (note that critical recovery
and the interfacial critical SI are interdependent). Higher flux and crit-
ical recovery both contribute to higher interfacial ion activity product,
thereby increasing the critical SI. As the interfacial feed temperature was
almost always higher than 40 °C (Fig. 4A), a higher interfacial tem-
perature (given other parameters maintained constant) would tend to
increase the critical SI by slightly reducing the solubility (Fig. 3B).
However, this does not mean that the critical SI will in fact increase with
increasing interfacial temperature as the interfacial temperature also has
impacts on flux and critical recovery.

The analysis of experimental data from both series of experiments
suggests that the interfacial critical SI negatively correlates with the
interfacial feed temperature, regardless of whether higher interfacial
temperature was achieved by increasing the feed temperature or
reducing the vapor flux (Fig. 6A). The interfacial critical SI is also quasi-
linear to the interfacial critical ion concentration (Fig. 6B). This second
correlation can be readily explained based on the definition of saturation
index (Eq. (10)) and the relatively weak dependence of K, on temper-
ature, and is thus not as informative as the correlation with temperature.

The negative correlation between interfacial temperature and the
interfacial critical SI suggests that the solution can sustain a higher de-
gree of oversaturation at a lower interfacial temperature. The concept of
interfacial critical SI captures the impacts of interfacial temperature and
ion concentration on the deviation of the interfacial solution from
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precipitation equilibrium. Therefore, if the scaling process were to be
controlled solely by thermodynamics, it would be reasonable to hy-
pothesize that all experiments would yield a similar interfacial critical SI
regardless of the experimental conditions. This is equivalent to stating
that, regardless of the interfacial temperature and ion concentrations,
scaling occurs at a similar degree of oversaturation. However, such a
constant interfacial critical SI has not been observed throughout
different experimental conditions. The lack of such a constant interfacial
critical SI and the universally observed strong dependence of interfacial
critical SI on interfacial temperature both suggest that kinetics of pre-
cipitation plays an important role in gypsum scaling. These results are
consistent with other studies that build upon the generally accepted
theory of gypsum precipitation kinetics and thermodynamics [81,82], in
that higher temperatures accelerate nucleation kinetics.

3.4. Energy barrier of nucleation and scaling mode

The consideration of kinetics can be facilitated using the activation
energy barrier (AG*) in the free energy curve for reaction which de-
scribes the free energy of the system as a function of the reaction process.
In the case of nucleation, the reaction process is described by the nucleus
radius. If we can increase the interfacial temperature without changing
the interfacial ion concentration, the temperature increase should have
two major effects on the shape of the energy curve. First, a higher
temperature should increase the Gibbs free energy of nucleation and the
saturation index, as Gibbs free energy is proportional to kgT and Ky, is
negatively dependent on temperature in the studied temperature range.
However, these impacts only concern thermodynamics that quantifies
the deviation of the solution at the interface from its ion-mineral equi-
librium condition.

The second impact of temperature, which is perhaps more important,
is the enhanced kinetics at higher temperature due to both reduced
activation energy barrier (AG*) as predicted by Egs. (12) and (13)
(depending on nucleation mode) and the increased thermal energy of
ions. Egs. (12) and (13) suggest that AG* is inversely proportional to the
square of the product of temperature and SI. For example, by increasing
the temperature from 40 °C (~313 K) to 70 °C (~343 K), AG* decreases
by more than ~20% while the thermal energy (kgT) increases by ~10%,
both promoting the nucleus to grow beyond the critical nucleus size (i.e.,
to overcome the energy barrier).

Ion concentration also affects the energy barrier of nucleation ac-
cording to Egs. (12) and (13). Specifically, AG* is inversely proportional
to the square of SI. Thus , increasing the ion concentration alone tends
to reduce AG*. In the Series 2 experiments (constant bulk feed
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Fig. 6. Interfacial critical saturation index versus (A) interfacial feed temperature and (B) interfacial critical ion concentration for the constant flux with varied bulk
feed temperature Series 1 (blue squares) and the constant bulk feed temperature with varied water flux Series 2 (green circles). The interfacial critical saturation
index was calculated using the interfacial ion concentration estimated from the volume remaining in the feed solution when the water flux fell below 85% of its initial
value. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



K.S.S. Christie et al.

temperature), however, a higher flux did not only result in a higher
initial interfacial ion concentration but also reduced the interfacial
temperature due to stronger temperature polarization. Therefore, the
impact of increased interfacial SI at higher flux on AG* was to a certain
extent offset by the reduced interfacial temperature.

To evaluate the activation energy barrier using Egs. (12) or (13), we
need the values of several parameters, including the unit volume of the
crystal (£2: 0.496 nm3) [59], the interfacial energy between water and
the nucleus (y1,), and in the case of heterogenous nucleation, the contact
angle between the crystal and the substrate membrane when both are
submerged in water (). Accurate evaluation of y;, and @ is not trivial. In
this study, we use a 6 of 57.5° as reported in literature [83], noting that
the correction factor (1 — cos (8))%(1 + cos (0))/4 in Eq. (13) always
ranges from zero to one. The choice of yy, is tricky as the literature re-
ports values that span over an order of magnitude (from 4 to 100 mJ
m~2) [84] and the activation energy barrier is highly sensitive to yj,
(AG" xy;,3). We decide to choose the lowest value (4 mJ m™2), because
larger values of yj, will result in activation energy barrier (even for
heterogeneous nucleation) that is too large (as compared to thermal
energy) for any nucleation to occur.

We evaluate three activation energy barriers at the critical recovery,
including that for homogenous nucleation in the bulk solution, homo-
geneous nucleation in the solution phase near the membrane surface,
and heterogeneous nucleation at the feed/membrane interface
(Table S2). Egs. (12) and (13) are used to calculate AG* for homoge-
neous nucleation and heterogeneous nucleation, respectively, along
with the solution conditions (i.e., temperature and ion concentration)
relevant to the respective location of nucleation. Specifically, the
experimentally measured critical recovery allows the determination of
the bulk ion concentration, whereas the interfacial temperature and ion
concentration were determined using well-established mass and heat
transfer model as detailed in Section 2.1. We compare these energy
barriers to the thermal energy kgT as the reference energy level. How-
ever, we recognize that the precipitation process differs from other
phenomena such as chemical reaction or colloidal interaction, where the
energy curve describes the event of a single “particle”, the energy curve
in precipitation describes the collective event of a group of “particles”.

From such calculations, we observe that the energy barrier of
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homogeneous nucleation, whether it is in the bulk or near the membrane
surface, was significantly higher than thermal energy of ions in the
respective positions when critical recovery was reached (Fig. 7). This
suggests that formation of gypsum precipitates in the solution phase
along with deposition of such precipitates onto the membrane surface
was unlikely the primary mechanism of scaling. In contrast, heteroge-
neous nucleation onto the membrane surface only required an activation
energy barrier that was lower than the thermal energy. The low acti-
vation energy barrier for heterogeneous nucleation stems mainly from
the fact that the correction (1 — cos 9)2(2 + cos 0)/4 with a 0 of 57.5° has
avalue of ~0.134, which substantially reduces the energy barrier and its
dependence on temperature and flux (as compared to homogeneous
nucleation).

These observations, which were consistent in both series of experi-
ments (constant flux vs. constant feed temperature), suggest heteroge-
neous nucleation should be the dominant mechanism for scaling. Such a
prediction is consistent with our experimental observations (in this
study) that the feed solution remained clear, i.e., no homogeneous
nucleation was observed, at the critical recovery or at any point during
the trials. However, we recognize the limitation of the above analysis for
the lack of consideration of the local hydrodynamic condition. While
previous studies have shown the significant impacts of flow conditions
on the scaling induction, it was unclear if the hydrodynamic conditions
affect scaling directly, which is not considered under the current
framework, or indirectly via their impacts on the spatial distributions of
temperature and ion concentrations.

4. Conclusion

In this work, we examine the correlations between the behavior of
gypsum scaling in MD and the thermodynamic conditions of the feed
solution. Specifically, we focused on the metric of critical recovery, i.e.,
the water recovery at which substantial flux decline (15%) is observed,
to evaluate the impacts of the feed temperature and vapor flux. By
performing systematic experiments to control either the (bulk) feed
temperature or the flux, we found that the critical recovery is more
strongly dependent on feed temperature and less dependent on vapor
flux. We also found that gypsum scaling is largely kinetically controlled
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Fig. 7. Activation energy barriers vs. thermal energy for different nucleation modes at critical recovery for (A) Series 1 experiments with constant flux, and (B) Series
2 experiments with constant feed bulk temperature. Red: homogeneous nucleation in the bulk; Green: homogeneous nucleation near the membrane surface; Blue:
heterogeneous nucleation. The thermal energy is also given as the dashed line. Points on the dash line have activation energy barrier being equal to thermal energy.
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based on the lack of a condition-independent interfacial critical satu-
ration index, and that temperature has a strong effect on the kinetics via
both influencing the activation energy barrier of nucleation and the
thermal energy. By carefully analyzing the bulk and interfacial condi-
tions at the critical recovery, we also identified interfacial crystallization
onto the membrane surface as the most probable mechanism of gypsum
scaling in this study, which is consistent with experimental observation
of lack of gypsum precipitation in the bulk.
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