=

10

11
12

13
14

15

16

17

18

19

20

Distinct Behaviors between Gypsum and Silica

Scaling in Membrane Distillation

Kofi S.S. Christiei+, Yiming Yin2t, Shihong Lini,3+, and Tiezheng Tong2*

Submitted to: Environmental Science & Technology

1Department of Civil and Environmental Engineering, Vanderbilt University, Nashville, TN
37212, United States

2Department of Civil and Environmental Engineering, Colorado State University, Fort Collins, CO

80523, United States

3sDepartment of Chemical and Biomolecular Engineering, Vanderbilt University, Nashville, TN

37212, United States

+ Those authors contributed equally.

Corresponding authors: Shihong Lin, shihong.lin@vanderbilt.edu

Tiezheng Tong, tiezheng.tong@colostate.edu



21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

40

ABSTRACT

Mineral scaling constrains membrane distillation (MD) and limits its application in treating
hypersaline wastewater. Addressing this challenge requires enhanced fundamental understanding
of the scaling phenomenon. However, MD scaling with different types of scalants may have
distinctive mechanisms and consequences which have not been systematically investigated in the
literature. In this work, we compared gypsum and silica scaling in MD and demonstrated that
gypsum scaling caused earlier water flux decline and induced membrane wetting that was not
observed in silica scaling. Microscopic imaging and elemental mapping revealed contrasting scale
morphology and distribution for gypsum and silica, respectively. Notably, while gypsum crystals
grew both on the membrane surface and deep in the membrane matrix, silica only formed on the
membrane surface in the form of a relatively thin film composed of connected sub-micron silica
particles. We attribute the intrusion of gypsum into membrane pores to the crystallization pressure
as a result of rapid, oriented crystal growth, which leads to pore deformation and the subsequent
membrane wetting. In contrast, the silica scale layer was formed via polymerization of silicic acid
and gelation of silica particles, which were less intrusive and had a milder effect on membrane
pore structure. This hypothesis was supported by the result of tensile testing, which showed that
the MD membrane was significantly weakened by gypsum scaling. The fact that different scaling
mechanisms could yield different consequences on membrane performance provides valuable

insights for the future development of cost-effective strategies for scaling control.
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INTRODUCTION

Membrane distillation (MD) is an emerging water separation process suitable for the treatment of
hypersaline wastewater.1-s In MD, a vapor pressure gradient generated between a heated feed
solution and a cool distillate drives the transport of water vapor across a microporous hydrophobic
membrane.c MD possesses several advantages compared to other desalination technologies such
as reverse osmosis (RO) and mechanical vapor compression (MVC).7 MD tolerates high salinity
wastewater that cannot be desalinated by RO and requires lower temperature and capital costs than
MVC.1, 7,8 Also, MD is capable of leveraging low-grade waste heat,9, 10 with its modularity
rendering it adaptable to the dynamic wastewater treatment demand in industrial applications.
These desirable features make MD a promising technological candidate for treating hypersaline

wastewater from different industrial sectors.

Despite its desirable features for hypersaline wastewater management, MD has yet to be
adopted widely in practice in part due to its vulnerability to membrane-related process failure. Like
all other membrane processes, including those that have been extensively employed in practice
(e.g., RO and nanofiltration), MD is subject to membrane fouling that results in flux decline. A
unique challenge to MD is the wetting of membrane pores when the feed water contains a
considerable level of amphiphilic molecules or low-surface-tension, water miscible contaminants.
Fortunately, these problems can be satisfactorily addressed either by extensive pretreatment of the
feed wateri1-14 and/or by using novel membranes with special wettability.1, 1521 What remains to
be an important challenge is membrane scaling, which is particularly problematic if MD is to be

used in its most promising application of recovering water from hypersaline wastewater.

As a long-standing challenge facing MD, membrane scaling involves the development of
inorganic salt deposits on membrane surfaces.13, 22, 23 During membrane scaling, scalants block
membrane pores to cause a reduction in water vapor flux, thereby compromising the process
efficiency and economic feasibility of MD. Mineral scaling can lead to pore wetting and the
consequent contamination of the distillate.24-26 Compared to organic fouling and pore wetting in
MD, a comparable knowledge of inorganic scaling is still emerging,22 and the mechanisms of
membrane scaling in the MD process have not been fully understood.27-29 For example, membrane
wetting induced by mineral scaling is a mysterious phenomenon. While a previous study has

shown that nucleation and subsequent growth of minerals on the membrane surface precede
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membrane wetting in vacuum MD experiments with synthetic seawater as the feed solution, the
mechanism governing scaling-induced wetting was not clearly elucidated.30 Unlike low-surface-
energy or amphiphilic contaminants (e.g., surfactants), which result in membrane wetting by
lowering the surface tension of feedwater,31, 32 it is still unclear how hydrophobic membranes fail

as a barrier to salt transport in MD as a result of mineral scale formation.

Furthermore, due to the complex chemical composition of feedwaters, different types of
scaling might occur in an MD process. Gypsum and silica are among the most commonly found
scaling in membrane-based desalination. Both types of scaling have been reported in MD as
responsible for the dramatic decline of water vapor flux.24,27,33,34 It should be noted that gypsum
and silica scaling have distinct formation mechanisms at the molecular level. Gypsum crystals are
created via a crystallization process involving the hydrated reaction between Ca2+ and SO42-. In
contrast, the formation of silica scale, which is typically amorphous, pertains to the polymerization
process of silicic acid.3s-37 This fundamental difference might result in varied scaling behaviors in
membrane desalination, and a comparative understanding of those behaviors will provide valuable
insights to further elucidate the mechanisms of membrane scaling. To the best of our knowledge,

however, such a comparison has not been performed in the literature.

In this study, we performed comparative direct-contact membrane distillation (DCMD)
experiments with commercial polyvinylidene fluoride (PVDF) membranes using feed solutions
that contain the precursors for gypsum and silica formation. The different behaviors of scaling by
gypsum and silica were investigated by comparing the water vapor flux, feed salinity, distillate
salinity, and transmembrane impedance obtained during DCMD experiments with these two types
of scalants. We also characterized the PVDF membranes after the scaling experiments to further
elucidate the different mechanisms of scaling. These characterizations included scanning electron
microscopy (SEM) to analyze the surface and cross-section morphology of the membranes,
energy-dispersive X-ray spectroscopy (EDS) to map the elemental distribution, and tensile testing

to understand the impact of scaling on the mechanical strength of the membranes.

MATERIALS AND METHODS

Chemicals and Membranes
Calcium chloride (CaClz2) and sodium sulfate (Na2SO4) were purchased from Research Products

International (Mount Prospect, IL). Sodium bicarbonate (NaHCO3), sodium chloride (NaCl), and
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hydrochloric acid (HCI) were acquired from Fisher (Hampton, NH). Sodium metasilicate
(Na2S103) was purchased from Alfa Aesar (Haverhill, MA). All salts and chemicals were used as
received without further purification. PVDF membranes with a nominal pore diameter of 0.45 um

were purchased from GE Healthcare (Chicago, IL).

Experimental Setup for Membrane Distillation

We used a custom-built DCMD system to perform MD experiments in this study (Fig. SI,
Supporting Information). The feed and distillate streams were circulated by centrifugal pumps
through the DCMD cell. The temperatures of the feed and distillate streams were controlled using
thermostatic water baths, and were monitored using in-line temperature probes. Throughout the
experiments, we measured the mass and electrical conductivity of the distillate, from which we
can calculate the real-time flux and salt rejection. We also performed two additional measurements
that are not typical in existing DCMD studies. The first measurement was the transmembrane
impedance, which was introduced by our previous study to elucidate the surfactant-induced
dynamic wetting phenomenon in MD.31,38 Specifically, two 4 cmz titanium electrodes, one on each
side of the membrane, were connected to a potentiostat (Bio-Logic, France). The time-dependent
impedance between the two electrodes was measured during the MD experiments. The second
additional measurement was feed conductivity, which was monitored by an in-line conductivity
probe (eDAQ, Australia). The feed conductivity measurement provides critical information about

the saturation level of the feed solution.

Scaling Experiments: Solution Chemistry and Detection Methods

We performed scaling experiments in DCMD using feed solutions of either gypsum or silica. The
feed solutions were prepared using solution compositions similar to those used in the literature,
which satisfied the criteria of having an initial concentration high enough to offer a reasonable
induction time for silica scaling (less than 36 hr for an initial water flux of 25 L m-2 hr-1).36, 39-41
Specifically, gypsum solutions were prepared by mixing CaCl2 and Na2SO4 in deionized water to
achieve an initial molar concentration of 24.5 mM for both Ca2+ and SO42- ions, which corresponds
to a bulk gypsum saturation index (SI) of 0.16. Silica solutions were prepared by combining 5 mM
NazSi03, 50 mM NaCl, and 1 mM NaHCOs3, then adjusting the pH of the solution to 6.5 using an
HCl solution (1 M) to achieve the same SI of 0.16 for amorphous silica. In both cases, the SI was
calculated as the logarithm of the quotient of the ion activity products at the supersaturated state

(K) and the saturation state (Ko), respectively:
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SI = log (K_) Eq. 1
0

PHREEQC, a program developed by the United States Geological Survey to perform aqueous
geochemical calculations,+ was used to calculate the saturation index of the relevant species within

the solutions.

In all scaling experiments, the feed and distillate solution temperatures were maintained at
60 °C and 20 °C, respectively, whereas the flow rates of the feed and distillate streams were
controlled as 0.45 L min-1 and 0.3 L min-1, respectively. The feed flow rate was controlled to be
higher than the distillate flow rate to enable a slightly higher hydraulic pressure on the feed side
of the membrane, which allows for the facile detection of pore wetting.16, 17 The transmembrane
impedance was measured using a sinusoidal perturbation with an amplitude of 5 mV and a
frequency of 100 kHz. Each reported impedance data point represents the average of five
measurements. Scaling was identified in each experiment by monitoring the water vapor flux over
time. The formation of a mineral scale layer blocks the membrane pores, reduces the interfacial
area for evaporation, and thus leads to vapor flux decline. We examined the possible occurrence
of pore wetting via monitoring the distillate conductivity and the transmembrane impedance over
time. As membrane pores become wetted, the penetration of the salty feed solution will result in a
measurable increase of the distillate conductivity. Additionally, the progressive migration of the
water-air interface (i.e., the thinning of the air-gap in membrane pores) in the dynamic wetting

process also results in the change of the transmembrane impedance.

Characterization of Scaled Membranes

To acquire more information regarding how scalants interact with the membranes and how such
interactions result in performance failure, we performed detailed characterizations of the
membrane samples after the scaling experiments. Both top-view and cross-section micrographs of
the scaled membranes were captured using SEM (Zeiss, Germany). Besides, we also performed
an elemental analysis of the scaled membranes using EDS. In addition, tensile testing was
performed using a mechanical strength testing instrument (Instron, MA) on membrane coupons
with a dimension of 5 x 25 mm to evaluate the impact of scaling on the mechanical strength, which
was used to explain the mechanism of pore wetting induced by membrane scaling. Membrane

coupons were dried in ambient conditions and gently handled during sample preparation and
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tensile testing in which no flaking or peeling of either scalant was observed. At least five replicates

of membrane coupons were tested for each sample.

RESULTS AND DISCUSSION

Distinct behaviors between gypsum and silica scaling in MD

The decline of vapor flux over time, as a result of pore blockage by mineral scale on the membrane
surface, is a telltale indication of scaling in MD. The scaling induction time is defined as the point
at which flux begins to decline. Comparing gypsum and silica feed solutions of equivalent SI
(SI=0.16) under identical feed temperature and initial water vapor flux, the induction time for silica
scaling was substantially longer than that for gypsum scaling (Fig. 1A vs. 1B, red curves). The
flux started to decline immediately after the gypsum scaling experiment started (Fig. 1A), whereas
that caused by silica scaling did not occur until ~20 hours (Fig. 1B). We also performed additional
experiments with gypsum scaling at a lower SI (SI = 0.05) and observed the stable vapor flux for
an extended period of time (Fig. S2), which suggests that gypsum scaling does not have to occur
immediately after the experiment starts if the SI is not sufficiently high, and that a reduced initial
SI results in a longer induction time. However, we chose to use an SI of 0.16 throughout this study

as otherwise the silica scaling experiments would become impractically long.

Further, continuous measurement of the feed conductivity (a surrogate of salinity) revealed
that the feed salinity barely changed in the course of gypsum scaling (Fig. 1A). This is because the
water flux (and therefore the rate of concentration of the feed solution) was quite low as a result
of the short scaling induction time. The feed conductivity decreased slightly at the beginning of
the gypsum scaling experiment and then increased very slowly as the MD process continuously
removed water from the feed solution via evaporation and thus increased the concentration of NaCl
(Fig. S3). On the contrary, the feed conductivity continued to increase throughout the silica scaling
experiment (Fig. 1B). In this case, additional 50 mM of NaCl was added with 5 mM Na2SiO3 to
render the initial feed conductivity comparable to that of gypsum scaling. As a result, the increase
of feed salinity was mostly attributable to the long scaling induction time leading to a notable
increase of the concentration of the highly soluble NaCl. Starting with a feed conductivity of ~10
mS cm-1, no flux decline was observed until the feed conductivity reached ~20 mS cm-1, which
implies that a dramatic increase of resistance against water vapor transport did not occur until total

water recovery reached ~50%.
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Figure 1. (A and B) Water vapor flux (red) and feed conductivity (blue) in MD experiments with (A)
gypsum scaling and (B) silica scaling. (C and D) Normalized transmembrane impedance at 100 kHz (red)
and distillate conductivity (blue) in MD experiments with (C) gypsum scaling and (D) silica scaling. The
initial pH of the feed solution was 6.5 in both cases. The gypsum feed solution had an initial gypsum SI of
0.16. The silica feed solution had an initial silica SI of 0.16. Figure 1A is also replotted as Figure S3 to
more clearly show the small change of feed conductivity.

Besides the different scaling kinetics, another notable difference in the behavior of gypsum
and silica scaling was whether pore wetting resulted from membrane scaling. Specifically, our
experimental results suggest that pore wetting resulted from gypsum scaling but not from silica
scaling (Fig. 1). An obvious indication of pore wetting is the increase of distillate conductivity
caused by the permeation of salt through the wetted pores. In experiments of gypsum scaling, the
distillate conductivity started to increase in about three hours from the beginning of the experiment.

The pore wetting induced by gypsum scaling continued to worsen as more water was recovered,



204
205
206
207
208

209
210
211
212
213
214
215
216
217
218
219
220
221
222
223

224
225
226
227
228
229
230
231
232
233
234

with the real-time rejection decreasing from 98.7% at 200 min to 63.8% at 800 min. Similar
differences between gypsum and silica scaling (i.e., earlier water flux decline and unique
membrane wetting of gypsum scaling) were also observed in independent experiments using
another commercial PVDF membrane (HVHP Durapore, Millipore Sigma) as shown in Fig. S4

(Supporting Information).

The single-frequency (100 kHz) impendence across the membrane was also monitored
during the scaling experiments. In our previous studies of pore wetting induced by surfactants, the
single-frequency impedance was found to be capable of monitoring imminent wetting before any
salts enter the distillate stream.31, 38 Briefly, the progression of the feedwater-air interface within
the pores toward the distillate changes the capacitance of the system and thereby results in a shift
of impedance. Although the mechanism of wetting induced by surfactants and by mineral scale
may be fundamentally different, similar behavior of impedance was observed in our experiments
with gypsum scaling. Specifically, the impedance dropped dramatically before significant increase
in distillate conductivity was observed (Fig. 1C), which suggests that the feed-air interface within
the membrane pores propagated toward the distillate progressively, in the time-scale of tens of
minutes (see highlighted range in Fig. 1C) and before any membrane pore was fully penetrated by
the feed solution. In contrast to gypsum scaling, silica scaling did not result in any observable pore
wetting, even though the DCMD experiment of silica scaling was performed for a much longer
time than that of gypsum scaling. Both the distillate conductivity and the single-frequency

impedance remained constant throughout the MD experiment (Fig. 3D).

Microscopic characterization of scaled membranes

The PVDF membranes after gypsum scaling and silica scaling demonstrated distinct surface
morphologies (Fig. 2). Compared to the pristine PVDF membrane (Fig. S5, Supporting
Information), the surface of the PVDF membrane after gypsum scaling was covered by a layer of
needle-like gypsum crystals with a magnitude of 100 um (Fig. 2A). While these distinct crystal
particles physically overlapped each other, they did not form a single, chemically connected
network. In contrast, the surface of the PVDF membrane after silica scaling showed an amorphous
feature, with the sizes of silica particles much smaller than those of gypsum crystals (Fig. 2B).
Unlike the growth of gypsum, which follows a crystallization mechanism, the growth of silica
follows a gelation mechanism that tends to form a continuous film which consists of submicron-

sized, chemically bound silica particles (Fig. 2B inset).
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Figure 2. Top-down scanning electron microscope (SEM) images of a polyvinylidene fluoride (PVDF)
membrane scaled with (A) gypsum and (B) silica.

The occurrence of pore wetting induced by gypsum scaling was corroborated by the cross-
section micrographs of SEM, which reveals the intrusion of gypsum crystals into the pores of the
scaled PVDF membrane (Fig. 3A to 3E). More importantly, flaky gypsum crystals (indicated by
the green arrows) were present deep within the PVDF membrane substrate (Fig. 3C). The
formation of gypsum both on the surface and within the pores of PVDF membrane was confirmed
by the presence of Ca and S elements detected in the EDS analysis (Fig. 3B, 3D, and 3E). On the
other hand, no intrusion of silica into the pores of the scaled PVDF membrane was observed. Both
the SEM micrograph (Fig. 3F) and the corresponding EDS mapping of Si element (Fig. 3G)
suggest that the silica scale was only formed on the top surface of the PVDF membrane without
intruding into the membrane pores. Also, the silica scale layer was much thinner than the gypsum
scale layer, which was congruent with the slower kinetics of flux reduction due to silica scaling

observed in Fig. 1.

10



250

251
252
253
254

255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270

Figure 3. SEM cross-section micrographs (A, C, and F) and the corresponding EDS mapping (B, D, E, and
G) for PVDF membrane after gypsum scaling (A to E) and silica scaling (F and G). Panel C is a magnified
view of the highlighted region in panel 3A, with its EDS mapping presented in Panels D and E. The green
arrows in panel C indicate flaky gypsum crystals observed deep within the membrane substrate.

Mechanisms of the difference between gypsum and silica scaling in MD

The dramatic difference in the behaviors between gypsum and silica scaling was attributable to
their distinct scaling mechanisms. The different scaling kinetics (Fig. 1) was likely a result of
slower rate of silicic acid polymerization than that of gypsum crystallization, as evidenced by the
generally much smaller sizes of silica scale observed in other desalination processes (e.g., RO and
forward osmosis)39-41, 43-45 as well as our microscopic analysis (Fig. 2 and 3). As reported by
Mbogoro et al.s6, the growth rate of a single gypsum crystal was ~0.05 pm min-1 for the most
reactive [001] facet, using initial Ca2+ and SO42- concentrations lower than that used in our
experiments. Thus, gypsum crystals formed with a high kinetic rate were able to block the
membrane pores (nominal diameter of 0.45 um) quickly and reduce water vapor flux promptly. In
contrast, the kinetics of silicic acid polymerization is much slower. Gilron et al.34 demonstrated
that nanoscale silica particles could be observed after >10 hours of DCMD scaling experiment,
with the SI of silica comparable to that of this study. Similarly, silica particles with sizes of 200-
500 nm were observed after 2,000 min of silica scaling in the current study, forming a scaling layer
that was much thinner than that by gypsum scaling (Fig. 2 and 3). The slow kinetics of silica

scaling delayed the onset of water flux decline relative to that with gypsum scaling.

11
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The even more intriguing phenomenon is the distinct wetting behaviors between gypsum
and silica scaling in MD. The results of both distillate conductivity and transmembrane impedance
indicate that pore wetting was induced by gypsum scaling but not by silica scaling. Although pore
wetting induced by low-surface-tension or amphiphilic contaminants (e.g., surfactants) has
attracted considerable attention and has been investigated extensively in the literature,31, 32, 47
whether membrane wetting would occur concomitantly with mineral scaling remains uncertain.
Also, the mechanism of scaling-induced wetting (when it indeed occurs) is ambiguous. It has been
demonstrated that surfactants promote membrane wetting by reducing the surface tension of the
feed solutions.31, 32 In such cases, pore wetting occurs when the liquid entry pressure (LEP)
becomes lower than the hydraulic pressure difference, AP. In the case of scaling, however, the
heightened feed salinity (as more water is recovered) increases the surface tension of feed solution
and the corresponding LEP if all other factors are assumed to be unchanged.4s Therefore, other

mechanism(s) must exist for wetting that is induced by mineral scaling.

At the wetting frontier within the membrane pores, there are several possible interfaces for
the addition of new crystal mass by precipitating out solutes from the feed solution. These
interfaces include the water-membrane interface, the water-air interface, and the water-crystal
interface. Thermodynamics of crystallization suggest that an interface with a lower interfacial
energy also has a lower Gibbs free energy of crystallization and is thus more favorable for crystal
growth.49, 50 Thus, crystal growth at the water-air interface, which possesses the highest interfacial
energy, is as unfavorable as homogeneous precipitation,s: while the growth of a crystal that has
already formed is the most favorable. Consequently, gypsum crystals near the wetting frontier can
grow bigger in the confined space within the membrane pores (Fig. 4A). A similar but more-widely
studied phenomenon is crystal growth in porous media, such as stone and concrete. Previous
studies in this field have found that crystal growth in microscopic confined space can impose a
substantial “crystallization pressure” against the confining “walls”,s2-55 causing cracking and
damage to buildings and geotechnical structures. The crystallization pressure, AP, can be

quantified asse

URT
AP = ——SI Eq.2
Vin

where v is the van’t Hoff factor of the solute (v = 2 for gypsum), R is the ideal gas constant, T is

the absolute temperature, and V;, is the molar volume of the solid crystal (~73.8 cm3 mol-1 for

12
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gypsum). For gypsum, vRT /V,, is as high as ~75.0 J cm-3 at 60 °C, which suggests that gypsum
can theoretically exert an enormous pressure (~12 MPa at SI=0.16) against the membrane pores

even at a relatively low level of supersaturation.
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Figure 4. Schematic illustration of (A) Initial formation of gypsum crystal particles near the wetting
frontier before any wetting occurs; (B) Pore deformation caused by local growth of gypsum crystals that
exert a large crystallization pressure; (C) Mechanism of wetting frontier propagation: the deformation of
pores near the entrance results in reduced LEP and movement of the wetting frontier. The crystal growth at
the new wetting frontier will again lead to local pore deformation and further movement of the wetting
frontier; (D) Formation of a silica “mat” that covers the membrane pores; (E) Thickening of the silica “mat”
by deposition of more silica particles and the further polymerization of silicic acid onto the formed silica
“mat

ER]

The water-crystal interface possesses the lowest interfacial energy due to the hydrophilic
nature of gypsum crystals. Therefore, the water-crystal interface is most preferable for
precipitating out additional solutes from the solution. Among all crystal particles that have already
formed in the system, those near the wetting frontier are particularly prone to further growth
because the local SI is the highest due to concentration polarization driven by evaporative flux
(Fig. 4A). Therefore, it is expected that the fastest crystal growth occurs to the crystals located
near the wetting frontier, which locally deforms the membrane pores (Fig. 4B). The local
deformation of membrane pores results in an increase of membrane pore size and reduction of LEP
(Fig. 4C). If the local LEP is lower than the hydraulic pressure, wetting occurs and the water-air
interface propagates toward the distillate until it reaches a small aperture with a corresponding

local LEP that again exceeds the hydraulic pressure.
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The exact mechanism for the new water-air interface to continue its propagation toward
the distillate needs further elucidation. It is possible that smaller crystals begin to grow in the
region near the new wetting frontier (Fig. 3C and 4C), and the crystallization pressure eventually
leads to sufficient expansion of the aperture at the current wetting frontier so that the wetting
frontier can move to the next position with a smaller aperture. This process of local deformation
by crystallization pressure repeats itself, which eventually leads to percolation of the feedwater
across the membrane (i.e., wetting). This theoretical postulation of the mechanism for
crystallization-induced pore wetting suggests that such a wetting process is progressive, which is
consistent with results observed in Fig. 1C. Specifically, the time difference between the onset of
impedance drop and the onset of distillate conductivity increase was in the order of tens of minutes

for wetting induced by gypsum scaling.

However, this mechanism of pore deformation due to crystallization pressure as described
above does not apply to silica scaling which does not involve crystal growth. The formation of the
silica scale layer follows two major steps. The first step is the polymerization of silicic acid to
form silica particles,s7 and the second step is gelation in which silica particles aggregate to form
a cake layer on the membrane surface (Fig. 2B and 4D).ss, 5o Together, these two steps lead to the
formation of a silica “mat” in which the primary particles are chemically bonded with each other.
Different from gypsum crystals, silica particles are amorphous and lack of orientation preference
for growth. The scaling precursors (i.e., silicate) in the feed solution grows the scale layer either
by forming more silica particles that later deposit onto the existing scale layer, or by further
polymerizing on the existing scale layer to make it thicker (Fig. 4E). However, due to the lack of
orientation preference for polymerization growth, the silica scale layer stays as a film on the
membrane surface rather than forcefully intruding into the membrane pores (Fig. 3F and 3G).

Therefore, the scaling by silica did not induce pore wetting in MD.

If this hypothesis of pore deformation by gypsum crystallization is correct, we should
expect the mechanical properties of the PVDF membrane to be significantly affected by gypsum
scaling. Therefore, we performed tensile testing of three PVDF membrane samples, including the
reference membrane after an MD experiment using deionized (DI) water (without any scalant), the
membrane after an MD experiment with silica scaling, and the membrane after an MD experiment

with gypsum scaling. The experimental conditions of the MD experiments with scaling were

14
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identical to those for Fig. 1. The representative stress-strain curves for these different samples are

presented in Fig. SA.
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Figure 5. (A) Stress-strain curves for three different membrane samples, including the PVDF membrane
after an MD experiment with deionized water (dash black), as well as the PVDF membranes subject to
silica scaling (blue) and gypsum scaling (red). (B) Summary of the break point strain for the three membrane
samples. Error bars represent standard deviations from five measurements. The asterisk (*) indicate that the
break strain of a gypsum-scaled membrane was statistically different from a membrane subjected to an MD
experiment without scalant (p < 10-s).

Comparing the representative stress-strain curves for the three membrane samples suggest
that gypsum scaling significantly reduces the break point strain (i.e., the percent of membrane
elongation upon fracture) as compared to the reference membrane subject to an MD experiment
with DI water. In contrast, silica scaling does not seem to have any observable impact on the tensile
properties of the PVDF membrane (Fig. 5A). Statistical analysis (with five replicates for each
sample) also confirms the break point strains for the reference membrane and membrane subject
to silica scaling are similar and are both significantly higher than the membrane subject to gypsum
scaling (Fig. 5B). The decrease in break strain was likely associated with the increased pore sizes
within membrane substrate due to pore deformation. Similarly, a decrease of break point strain
caused by the increased depth and width of the voids within the polymer matrix has been observed
in other studies.c0-62 Interestingly, scaling of either kind does not seem to reduce the break point
stress (i.e., the stress upon fracture, Fig. SA and Table S1), which suggests that the most salient

effect of gypsum scaling was to make the membrane more brittle. Overall, gypsum scaling reduced
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the toughness the membrane, which is proportional to the area under the stress-strain curve, i.e.,

the integral of stress with respect to strain (Table S1).

IMPLICATIONS

We have demonstrated contrasting behaviors between gypsum scaling and silica scaling in MD
desalination. Gypsum scaling caused much earlier decline of water flux and induced membrane
wetting that was not observed in silica scaling. Although it is known that these two scalants are
produced from different mechanismes, i.e., crystallization and polymerization for gypsum scaling
and silica scaling, respectively, our comparative experiments reveal, for the first time, that this
mechanistic difference can translate to dramatically different impacts on membrane performance.
In inland brackish water desalination where the saturation index of gypsum is typically higher
than, or comparable to, that of silica,e3, 64 gypsum scaling is more prone to initiate the water vapor
flux decline while the detrimental effect of silica scaling on water productivity is not expected to
occur until the feed solution is concentrated to a much greater extent. Even worse, gypsum scaling
also has an additional detrimental effect of scaling-induced pore wetting. These considerations
imply that cost-effective measures for scaling control, whether via pretreatment to remove scaling
precursors, adding anti-scalant chemicals, or developing scaling-resistant membranes, should

probably be prioritized toward mitigating scalants which are formed through crystallization.
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