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ABSTRACT: Developing engineered surfaces with scaling resist-
ance is an effective means to inhibit surface-mediated mineral
scaling in various industries including desalination. However,
contrasting results have been reported on the relationship between
scaling potential and surface hydrophilicity. In this study, we
combine a theoretical analysis with experimental investigation to
clarify the effect of surface wetting property on heterogeneous
gypsum (CaSO,-2H,0) formation on surfaces immersed in
aqueous solutions. Theoretical prediction derived from classical
nucleation theory (CNT) indicates that an increase of surface
hydrophobicity reduces scaling potential, which contrasts our
experimental results that more hydrophilic surfaces are less prone

Classical nucleation pathway?

@ SO

Nonclassical nucleation pathway?

to gypsum scaling. We further consider the possibility of nonclassical pathway of gypsum nucleation, which proceeds by the
aggregation of precursor clusters of CaSO,. Accordingly, we investigate the affinity of CaSO, to substrate surfaces of varied wetting

properties via calculating the total free energy of interaction, with the

results perfectly predicting experimental observations of surface

scaling propensity. This indicates that the interactions between precursor clusters of CaSO, and substrate surfaces might play an
important role in regulating heterogeneous gypsum formation. Our findings provide evidence that CNT might not be applicable to
describing gypsum scaling in aqueous solutions. The fundamental insights we reveal on gypsum scaling mechanisms have the
potential to guide rational design of scaling-resistant engineered surfaces.

KEYWORDS: mineral scaling, surface wetting property, classical nucleation theory, total free energy of interaction,

nonclassical nucleation pathway

B INTRODUCTION

Mineral nucleation is a widely observed phenomenon in
environmental science, mineralogy, and materials science.' ¢
Mineral nucleation can take place via homogeneous nucleation
in the bulk solution or heterogeneous nucleation if foreign
substrates are present.” Particularly, heterogeneous nucleation
has attracted great attention due to its strong relevance to and
significant impact on numerous applications.”’ " In desali-
nation, for example, in situ surface formation of mineral nuclei
on the membrane surface not only shortens the lifespan of the
membrane materials but also compromises desalination
efficiency.'"'> Therefore, elucidating the mechanisms of
mineral nucleation, particularly its fundamental relationship
with surface properties, is of essential importance to
developing effective strategies for scaling mitigation and
fabricating engineered surfaces that are ca?able of reducing,
and ideally eliminating, scale accumulation.””®

The propensity of nucleation is typically described by
classical nucleation theory (CNT), which is a widely used
theoretical framework for explaining crystallization phenom-
ena.”””"7 CNT quantifies the change of Gibbs free energy
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(AG) for nucleus formation,”'® which is determined by the
free-energy change arising from the formation of the bulk
mineral and the energy penalty due to the increase of
interfacial area.”” The value of AG reaches its maximum
when the nucleus grows to a critical size, thereby creating a
free-energy barrier to mineral nucleation.

The theoretical framework of CNT has been adopted by
studies of membrane desalination for the development of
scaling-resistant membranes.'”~>' However, contradictory
results have been reported regarding how surface wetting
property (ie., if the surface is hydrophilic or hydrophobic)
regulates the membrane propensity to mineral scaling. Certain
studies suggest that increasing surface hydrophobicity
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enhances the free-energy barrier for heterogeneous nucleation
and thus delays scale formation on the membrane materi-
als,"*** whereas others conversely demonstrate that increasing
surface hydrophilicity, rather than hydrophobicity, is an
effective strategy to deter scale formation on solid
surfaces.”> >’ This inconsistency creates a controversy on the
relationship between scaling potential and surface wetting
property, prompting further elucidation of the factors that
regulate heterogeneous nucleation of mineral scales.

Furthermore, CNT was initially developed to investigate the
condensation of water vapor.”*~>° While it has been further
applied to other systems such as mineral crystallization in
aqueous solutions and ice nucleation on surfaces,'”"**
crystallization in nature does not always follow CNT.'73*3*
Nonclassical nucleation pathways involving the aggregation of
prenucleation or precursor clusters have been proposed.”> ™’
These stable clusters are considered at local free-energy
minimum, thereby contradicting the assumption of CNT that
the nucleus is stable only if its size exceeds the critical size.'”**
Therefore, a closer look at the applicability of CNT to
describing surface-induced mineral scaling is needed. Also, it is
worth to mention that the term prenucleation cluster (PNC) is
typically used for the formation of calcite in the literature.”>**
For other minerals such as gypsum, it is not conclusive whether
the CaSO, clusters should be defined as PNC.>” As a result,
the term precursor cluster, which is more accurate for
describing the nascent intermediates in the nonclassical
pathway of gypsum formation,””*” will be used along this
manuscript.

In this work, we investigate the relationship between scaling
potential and surface wetting property in aqueous solutions
using a combination of theoretical and experimental
approaches. Gypsum scaling was selected as the representative
scaling type due to its common presence in desalination
systems.”"” We first revisit the theory of CNT to derive the
relationship between the free-energy barrier of surface-
mediated gypsum nucleation and surface wetting property.
The validity of this relationship was investigated by
experimental results of surface scaling propensity. Inspired by
the concept of precursor clusters in the nonclassical nucleation
pathway, we further explored the affinity of CaSO, with
substrate surfaces of varied wetting properties via calculating
the total free energy of interaction, which was correlated to the
extent of gypsum scaling. Our study provides evidence that
CNT might not be applicable to describing gypsum scale
formation in aqueous solutions. Instead, heterogeneous
nucleation of gypsum might be regulated by the interactions
of precursor clusters with the substrate surface. The
implications of our findings to the design of scaling-resistant
surfaces (e.g., for membrane desalination) are also discussed.

B MATERIALS AND METHODS

The glass substrates were purchased from Capitol Scientific
(Austin, TX). Pure ethanol (200 proof) was provided by
Decon Laboratories (King of Prussia, PA). Calcium chloride
dihydrate (CaCl,-2H,0), sodium sulfate (Na,SO,), and n-
hexane were acquired from Fisher Chemical (Hampton, NH).
Ethylene glycol and diiodomethane were purchased from
Sigma Aldrich (St. Louis, MO). Hexyltriethoxysilane
(C1,H,5048i, 97%), n-decyltriethoxysilane (C;sH;40;Si,
97%), and (heptadecafluoro-1,1,2,2-tetrahydrodecyl)-
triethoxysilane (C,¢HoF;,0;Si, 97%) were obtained from

Gelest (Morrisville, PA). Deionized (DI) water was supplied
from a water purification system (>18 MQ, Millipore).
Preparation of Glass Substrates with Different Sur-
face Functionalities. Glass substrates with different func-
tional groups were obtained via grafting three functional silanes
on the surface of glass substrates, respectively. Before surface
modification, all glass substrates were thoroughly rinsed by DI
water and pure ethanol, followed by a 15-min sonication
treatment. The functional silanes, each terminated with ethoxy
groups, can hydrolyze to form a silanol group and react with
the hydroxy groups on the glass substrate surface.”’ In brief,
the glass substrates were immersed in 1 v/v % silane/n-hexane
solution for 24 h with gentle mixing. After the reaction, the
resultant silane-grafted glass substrates were thoroughly rinsed
with n-hexane to remove the unreacted silane molecules and
air-dried under room temperature. The surfaces of the glass
substrates grafted with hexyltriethoxysilane, n-decyltriethox-
ysilane, and (heptadecafluoro-1,1,2,2-tetrahydrodecyl)-
triethoxysilane were denoted as CH;/C, CH,/C,, and
CF;/C,, respectively, where Cq4 and C,, represent the number
of carbon atoms of the molecule backbone (i.e., the length of
the silane molecule anchored on the substrate surface).
Substrate Surface Characterization. The surface hydro-
philicity and the surface energy of the glass substrates (both
unmodified and modified) were characterized by measuring
the contact angles (CAs) of specific probe liquids using the
sessile method with a goniometer (Ramé-hart Instrument
Corporation, Succasunna, NJ). Specifically, water, ethylene
glycol, and diiodomethane were used as the probe liquids with
known surface tension components (Table S1, Supporting
Information). An 8 uL liquid droplet was placed on the surface
of the substrate, with the measurement performed after the
liquid droplet was stabilized for 10 s. The CA measurement
was carried out at three different locations of each substrate,
and the average values of CA =+ the standard deviations are
reported (Figure S1, Supporting Information). With the
CA(0) between the three probe liquids and the substrate
surface, we calculated the surface energy components
stemming from the Lifshitz—van der Waals (y5") and Lewis
acid—base (¢, y5) interactions for each glass substrate using42

(1 + cos Oy =2/ + Jrin +\rknD) )

where ¥V, 7i, and y[ represent the Lifshitz—van der Waals
surface tension component, electron—acceptor, and electron—
donor surface tension components of the probe liquids,
respectively; 7, denotes the total surface tension of the probe
liquids; and y§"V, y§, and y5 represent surface energy
components of substrate surfaces (Table S2, Supporting
Information). In addition, the surface chemical compositions
of the unmodified substrate and the substrates grafted with
different functional silanes were analyzed by X-ray photo-
electron spectroscopy (XPS) using a PHI-S800 spectrometer
(Physics Electronics, Chanhassen, MN) with a monochromatic
Al-K X-ray source. The spectra of the substrate samples were
calibrated based on the adventitious carbon C 1s, which is
assigned to the value of 284.8 eV.*

Scaling Experiments of Heterogeneous Gypsum
Nucleation. Static scaling experiments were performed to
assess the propensity of each glass substrate to gypsum scaling.
Gypsum solutions were prepared by mixing 25 mM CaCl,-
2H,0 and 25 mM Na,SO, in DI water at room temperature
(20 £ 0.5 °C), resulting in a saturation index (SI, defined as
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Figure 1. Propensities of different substrates to gypsum scaling as predicted by CNT. (A) Geometrical illustration of a hemisphere gypsum nucleus
on an ideal solid surface. (B) Positive correlation between the theoretical contact angle 8y and the free-energy barrier of gypsum nucleation. (C)
Contact angles 6y, (calculated, red line), total surface energy (calculated, pink line), and water contact angles (measured, blue line) of the
substrates. (D) Calculated free-energy barriers of gypsum heterogeneous nucleation for the unmodified substrate (with the —OH group) and the
CH,/C¢, CH;/Cyy, and CF;/C,ymodified substrate surfaces, respectively (—OH is from the unmodified glass slides, CH;/Cq4 is from
hexyltriethoxysilane, CH;/C, is from n-decyltriethoxysilane, and CF;/C,, is from (heptadecafluoro-1,1,2,2-tetrahydrodecyl)triethoxysilane).

the natural logarithm of the ratio between ion activity product
and solubility equilibrium constant, In(IAP/K,)) of gypsum at
0.44, as calculated by PHREEQC software and the WATEQ4F
database (PC version).”* Both the unmodified and modified
glass substrates were immersed vertically in the gypsum
solution (800 mL) at room temperature (20 + 0.5 °C). A
magnetic stirring bar was used to mix the solution at 450 rpm.
The gypsum scaling experiment lasted for 2 days, after which
all samples were gently washed by the experiment solution and
dried in the oven (50 °C). The gypsum scale coverage of each
glass substrate was quantified using Image]J software (National
Institutes of Health) to determine the extent of scale
formation. The original optical images were first converted
to binary (i.e, white and black) images. Then, the fractions of
gypsum scale coverage on different surfaces after scaling
experiments were calculated automatically by Image] using
brightness values.*

B RESULTS AND DISCUSSION

Increase of Surface Hydrophobicity Enhances Scaling
Resistance According to Classical Nucleation Theory. In
CNT, the height of free-energy barrier to heterogeneous
nucleation is determined by the interpla_?r between the bulk free
energy and the interfacial free energyé‘ 6

AG = —nAp + Ay 2)

where 7 is the number of crystal repeating units in the nucleus;
y and A refer to the interfacial energy and contact area between
the nucleus and the surrounding medium, respectively; and Ap
is the change in chemical potential when a crystal repeating

16317

unit enters the crystal phase from the solution phase, which
can be calculated as follows

Ap = kT In| 22
K,

(©)

where ky and T are Boltzmann constant (1.38 X 107 m]/K)
and the absolute temperature (K), respectively; IAP is the ion
activity product; and K, is the solubility product.

Equation 2 can be further expanded according to the
geometrical relations of a hemispherical nucleus with an ideal
surface (Figure 1A), yielding the following equation (the
detailed derivation is described in the Supporting Information,
Text S1)

7R 3(1 — cos Onys) (2 + cos Oy ) Ap
3 Q
+ 272R™(1 — cos On/s)hew T R

AG;Aket

.2
sin” O /s(yys = wys)

(4)

where R* is the critical radius of the nucleus, which can be
derived when the derivative of Gibbs nucleation free energy
with respect to the nucleus radius equals to zero; fy/s is the
contact angle between the nucleus and the surface, which is
different from 6 used in eq 1 (i, the contact angle between
the probe liquid and the substrate surface); yy/w and yys are
the interfacial tensions of the mineral nucleus with water and
the substrate surface, respectively; and py,s refers to the
interfacial tension between water and the substrate surface.
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To unify the terms associated with interfacial tensions in eq
4, ynywr Ynys and s can be correlated using the Dupre—
Young equation.™

Fwss ~ Tays = €08 Onysh (5)
With eq 5, eq 4 can be rearranged as follows
7R3(1 — cos On/s)” (2 + cos Oy s) Au
3 Q
+ 7R™*(2 — 2 cos Ox /s — sin” Oy s cos Oy /g)

AG:et = -

Nw (6)

A close look at eq 6 reveals that (1) the bulk free energy (i.c.,
the first term on the right side of eq 6) remains negative under
a supersaturated condition (ie, it favors the formation of
nuclei) and (2) the surface-area-dependent term (i.., the
second term on the right side of eq 6) is a function of the
contact angle fy/s for a given interfacial tension between the
nucleus and water, yyw (Figure S2, Supporting Information).
Here, we used gypsum (CaSO,-2H,0) as the model mineral
and calculated its free-energy barriers for heterogeneous
nucleation as a function of fy,s. Evaluating the free-energy
barrier requires knowing yy,w which, for gypsum and water,
has a range of 5.8—100 m_]/mz as reported.47 In our
calculation, we selected the value of 8.9 mJ/m? which was
derived from measuring the induction time of gypsum,48 to
compute the corresponding free-energy barriers of gypsum for
different substrate surfaces because the calculated values of
free-energy barriers are comparable with the literature.” As
shown in Figure 1B, a positive correlation between the free-
energy barrier of heterogeneous nucleation and fy,5 was
observed (it is worth mentioning that such a positive
correlation is still valid for other values of yyy within the
range of 5.8—100 mJ/m?). Thus, according to CNT, a
substrate surface results in a higher free-energy barrier to
gypsum nucleation if the contact angle between the nucleus
and the substrate surface, fy/s, is higher.

Although AGH, can be evaluated using Oy, Oyn/s is a
hypothetical parameter and cannot be measured experimen-
tally. To connect Oy,s with measurable properties of material
surface, we use eq 7 to correlate 6y s with the apolar and polar
surface energy components (ie., }’LW, Y, }/_)42

2R+ i + i)
cos Oy /s = -1
N (7)

A + -
K=" +2J%% (8)

where yy and yg are the total surface energies of the nucleus
and the substrate; y5" and yk" are the contribution of
dispersion forces to the surface energy of the substrate and the
nucleus; and 7§, y5, vk, and yg are the electron—acceptor
(designated as y*) and the electron—donor (designated as y~)
surface energy components of the substrate and the nucleus
(Tables S1 and S2), respectively. Here, we used experimental
data to illustrate the relationship between 6Oy,s and surface
properties of the substrates. We calculated the values of Oy
with respect to the surfaces with different wetting properties
and surface energies.

As shown in Figure 1C, 6y/s (calculated by eq 7, red line)
negatively correlates with the substrate surface energy ys
(calculated by eq 8, pink line), whereas it exhibits a positive

correlation with the water contact angle (blue line) that
indicates the wetting property of the surface (also see Figure
S3, Supporting Information). The changes of the surface
energy and the water contact angle of different substrates were
due to the different surface functional groups, which were
confirmed by XPS analyses (Figure S4, Supporting Informa-
tion). Therefore, a more hydrophobic surface (i.e., higher water
contact angle) with a lower surface energy has a higher contact
angle 6y for gypsum, which corresponds to a more positive
free-energy barrier for heterogeneous gypsum nucleation
(Figure 1B). Accordingly, increasing surface hydrophobicity
theoretically hinders gypsum scaling by increasing the free-
energy barrier of heterogeneous nucleation within the
framework of CNT. Conversely, more hydrophilic surfaces
are more prone to gypsum scaling. These results are in
accordance with the conclusion stated by several studies that
superhydrophobic membranes are scaling resistant.'”~>* We
note that several existing studies incorrectly substitute Oy
with water contact angle when applying egs 5 and 6."°~*" This
approach, although inaccurate in theory, should still result in a
correct, qualitative conclusion due to the positive correlation
between Oy/s and water contact angle as shown in Figure 1C.
Our theoretical analysis presented above corrects the misuse of
water contact angle for @y, but still demonstrates similar
relationship between the wetting property and the scaling
propensity of substrate surface within the framework of CNT,
ie., the surface-mediated gypsum formation is more favorable
for hydrophilic surfaces rather than for hydrophobic surfaces.

We further quantified such a relationship by computing the
free-energy barriers for heterogeneous gypsum nucleation on
different substrates tested in this study. As shown in Figure 1D,
the height of free-energy barriers for gypsum nucleation on
substrates with different functional groups follows the order as
the unmodified (with —OH, as shown by XPS analysis, Figure
S4) < CH,/C4 < CH;/Cyy < CF;/Cy,. Specifically, the free-
energy barrier for gypsum formation on the glass substrate
terminated with CF;/Cj, (~9.7 kJ/mol) is higher than other
substrates (~0.8 to ~3.7 kJ/mol), which suggests the lowest
propensity of the CF;/Cy-functionalized surface to gypsum
scaling based on the CNT framework. The hydrophilic,
unmodified substrate with —OH groups, which possesses the
lowest free-energy barrier (~0.8 kJ/mol), is the most
susceptible to gypsum scaling according to CNT.

Classical Nucleation Theory Does Not Predict
Experimentally Measured Gypsum Scaling Propensity.
To test the validity of CNT in predicting the relationship
between surface scaling propensity and wetting property, we
performed a series of static gypsum scaling experiments to
investigate the scaling propensity of each substrate. In these
experiments, both the unmodified and modified glass
substrates were immersed vertically into a saturated gypsum
solution with a SI of 0.44 for gypsum. With such a SI,
homogeneous nucleation occurs after a long induction time
(eg, 7 days).”® Considering that our experiments only lasted
for 2 days, the contribution of homogeneous nucleation to
gypsum scaling was negligible. To further verify this
assumption, we measured the conductivity of the gypsum-
supersaturated solution in the absence of glass substrates. The
solution conductivity did not decrease with time within 2 days
(Figure SS, Supporting Information), confirming that homoge-
neous nucleation of gypsum in the bulk solution did not occur.

After the scaling experiments, the extents of gypsum scaling
on the substrate surfaces were quantified by evaluating the
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Figure 2. Results of static gypsum scaling experiments. (A) Optical images of the unmodified substrate (with the —OH group) and the CH,/C;,
CH;/C,, and CF;/C, substrate surfaces after 2 days of gypsum scaling experiments and their corresponding binary grayscale images analyzed by
Image]. (B) Gypsum scale coverage for the unmodified substrate (with the —OH group) and the CH;/C4-, CH;/Cyq-, and CF;/C,y-modified
substrate surfaces, respectively. The gypsum solution for the scaling experiments consisted of 25 mM CaCl,-2H,0 and 25 mM Na,SO,,
corresponding to a SI value of 0.44 for gypsum. The error bars in (B) were obtained from three independent experiments.
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Figure 3. Propensities of different substrates to gypsum scaling as predicted by the total interaction free energy. (A) Calculated total interaction
free energies between CaSO, and the substrate surfaces terminated with —OH (unmodified), CH;/C¢, CH;/C,, and CF,/C, functional groups in
water, respectively. (B) Negative correlation of the total interaction free energy (i.c., between substrates and CaSO,) with gypsum scale coverage of
the substrate surfaces. (C) Relationships of total interaction free energies (i.c,, between substrates and CaSO,) with water contact angle and total
surface energy of the substrate surface. (D) Calculated interaction free energies of water with the substrate surfaces terminated with —OH, CH,/C,
CH,/C, and CF;/C, functional groups in aqueous solutions, respectively. The dashed lines in (A) and (D) represent the interaction free energy
at value of 0 mj/mz.

coverage of gypsum scales using Image] (Figure 2A). As shown order: unmodified (—OH) < CH,/C4 < CH;/C,y < CF3/Cyq,

in Figure 2B, all of the modified substrates showed a higher which was opposite to that of the scaling propensity predicted
degree of scale coverage (~33 to ~72%) than the unmodified by CNT (Figure 1D). Thus, the combination of theoretical
glass substrate (~16%). Among the three modified substrates, and experimental investigations in our study indicates that
the CF;/C,, substrate displayed the highest scale coverage CNT might not be applicable to predicting surface propensity
(~72%) after the scaling experiment, which was more than to gypsum scaling in aqueous solutions.
30% higher than those of the CH;/C4 (~33%) and CH,/C, Free Energy of CaSO,—Surface Interaction under
(~36%) substrates. Therefore, the gypsum scale coverage on Water Can Predict Measured Gypsum Scaling Propen-
the substrates with different functional groups followed this sity. The gypsum scaling experiments in this study reveal the
16319 https://doi.org/10.1021/acs.est.2c06560
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limitation of CNT in predicting the scale formation propensity
of surfaces with different wetting properties. The inconsistency
between the theoretical prediction using CNT and the
experimental results may be rooted in its assumptions. CNT
assumes that the growth of the minerals is governed by the
addition of one monomer (eg, Ca®* or SO,*” ions for
gypsum) at a time, with the collisions between multiple
clusters into a larger aggregate being ignored within this
theoretical framework.”> However, this assumption stands in
contrast to some experimental observations of gypsum
crystallization reported.””" Instead of being regulated by the
classical ion-addition model, the nonclassical pathway of
gypsum nucleation is a multistage process, which occurs via
the aggregation of precursor clusters.””*>%>" Such a
nucleation transformation route, which suggests that the
formation of gypsum crystals might proceed via an
aggregation-based process, is considered as a nonclassical
pathway of nucleation that is explained by the Ostwald rule of
crystallization.”®>> Therefore, the interactions between the
CaSO, precursor clusters and the substrate surface may play an
important role in controlling gypsum scale formation.

To investigate the affinity of CaSO, precursor clusters with
surfaces of varied wetting properties, we calculated the free
energy of interaction (AGg_y_s) between CaSO, and the
substrate surface in the medium of water as follows™ >’

AGe s = 2A(JIRY + R — iy
- R+ - )
R GIE + K = Jm) - ek
- iR ©)

where the subscripts C, W, and S stand for cluster, water, and
substrate, respectively; AGc_y_g denotes the total interaction
free energy between the cluster and the substrate surface in
water; Y™, y*, and y~ are the Lifshitz—van der Waals surface
energy component, electron—acceptor, and electron—donor
surface energy components for each material. Although it has
been reported that amorphous CaSO, and bassanite (CaSO,
0.5H,0) might form as intermediates during gypsum
formation,””>" there is a lack of reliable data for surface
energy components of amorphous CaSO, and bassanite in the
literature. Thus, the surface energy components of gypsum,
which were accurately measured at the cleaved selenite plane
(selenite is one variety of gypsum, whose (101) plane is the
particular crystallographic plane that can be accurately
cleaved),”* were used in our calculation (Table S1). To the
best of our knowledge, these values represent the most reliable
data associated with surface energy components of CaSO,.
Using the surface energy components of substrate surfaces
with different wetting properties (Table S2), we calculated
AG¢_y_g for various surfaces with different functional groups.
As shown in Figure 3A, the total free energies of interaction
between CaSO, and substrate surface are approximately 8.0,
1.1, —1.7, and —24.0 mJ/m? for the unmodified glass substrate
(with the —OH functional group) and the CH;/Cy-, CH,/
Cio and CF;/Cjy-modified substrate surfaces, respectively.
Specifically, the free energy of interaction of CaSO, with the
unmodified glass substrate (8.0 mJ/m?*) was more positive than
those with other substrates (from 1.1 to —24.0 mJ/m?), which
suggests that the adhesion of CaSO, onto the unmodified glass
substrate is the least favorable. Among the three modified

substrate surfaces, the CF;/C,y-modified surface showed the
most negative interaction free energy (—24.0 mJ/m?),
indicating its highest affinity with CaSO,. Assuming that
adhesion of CaSO, precursor clusters to the substrate surface is
the rate-determining step for scale crystal formation and
growth, the calculated free energies of interaction of each
substrate should display a negative relationship with gypsum
scaling propensities, which follows the order as unmodified
(-=OH) < CH,;/C¢ < CH;/C,y < CF;3/Cyq. Such an order
matches the results from gypsum scaling experiments (Figures
2B and 3B) and is similar to the findings discovered in the field
of biomineralization that good binders are good nucleators.”
Furthermore, the total free energies of interaction between
CaSO, and substrate surface negatively correlate with the
water contact angle (Figure 3C, red line) and positively
correlate with the surface energy of the substrate surface
(Figure 3C, blue line), both of which can be measured
experimentally and used as indicators that predict surface
scaling propensity.

The order of scaling propensities predicted by AG¢_y_g
could be explained by the varying interaction free energies of
different substrates with water (Figure 3D, the detailed
calculation is described in Text S2, Supporting Information).
The surfaces with stronger hydrophilicity bind with water
molecules more strongly, creating a more robust hydration
layer that hinders the binding of CaSO, precursor clusters with
the substrate surface and thus reduces the surface scaling
propensity. Conversely, the surfaces with higher hydro-
phobicity (eg, the CFj-terminated substrate) have a lower
affinity with water molecules which in turn facilitate the
adhesion of CaSO, precursor clusters as well as the subsequent
gypsum nucleation and crystal growth. Such a mechanism is
analogous to that behind using hydrophilic surfaces to impart
resistance against organic fouling.”**™>’

We noticed that the interaction between gypsum crystals
and substrate surface has been used by Huang et al.™ to
explain surface propensity to gypsum scaling caused by
homogeneous nucleation and bulk precipitation. In contrast,
the analyses of this section focus on surface-mediated
heterogeneous nucleation and are thus fundamentally different
from those of Huang et al. Further, the existence of CaSO,
precursor clusters during gypsum formation is essential to the
validity of our findings discussed above. Several published
studies have reported the presence of precursor clusters for
mineral formation via the nonclassical pathway.>>*”*" For
example, Gebauer et al.’> demonstrate the presence of
prenucleation clusters for calcite formation by carefully
performing potentiometric titration and analytical ultracen-
trifugation. Also, Stawski et al.”” show that primary sub-3 nm
CaSO, species exist during the first stage of gypsum formation
using highly temporally resolved X-ray small- and wide-angle
scattering experiment. The structure of those precursor clusters
for gypsum has been derived using in situ high-energy X-ray
diffraction experiments and molecular dynamics simulation.””
Those fundamental studies in the field of mineralogy have
provided solid evidence on the existence of precursor clusters
for gypsum, consistent with the major viewpoint of this article.

Implications and Prospects. In this study, we combined
theoretical and experimental investigations to understand the
scaling propensity of surfaces with different wetting properties.
According to CNT, more hydrophobic substrate surfaces
hinder gypsum scaling underwater, but such theoretical
predictions are inconsistent with experimental observations.
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The predictions based on free energy of interaction between
CaSO, and substrate surface match the experimental results,
which implies that the adhesion of CaSO, species to the
substrate may play an important role in heterogeneous CaSO,
nucleation. Our work unveils new insights on the relationship
between surface wetting property and scaling propensity,
providing evidence that CNT, which has been used to
understand mineral scaling in membrane desalina-
tion,'”**#%°=%* might not be applicable to describing surface
scaling by gypsum. Instead, gypsum scaling is likely to occur
via a nonclassical multistage process where the aggregation of
precursor clusters and their interactions with substrate surface
regulate gypsum nucleation and growth.

These findings improve our fundamental understanding of
mineral scaling and may have important implications on the
design of scaling-resistant membranes in desalination. In
reverse osmosis (RO), hydrophilic surfaces are more favorable
for designing membrane materials with high resistance to
gypsum scaling, due to their lower affinity with CaSO,
precursor clusters. This design criterion is consistent with
the literature where hydrophilic polymers have been shown to
improve membrane scaling resistance to gypsum scaling in RO
desalination***>*® and is compatible with the well-known
principle of enhancing membrane fouling resistance via
increasing surface hydrophilicity.”"** Therefore, it is possible
to reconcile the design principles of fouling- and scaling-
resistant membranes to fabricate high-performance membranes
for desalinating feedwaters having both high scaling and
fouling potentials in RO.

However, it is worth mentioning that membrane technol-
ogies with distinct working principles might require different
design principles of scaling-resistant membranes. In membrane
distillation (MD), for example, superhydrophobic membranes
are shown to be effective in resisting against gypsum
scaling."”~** Since MD is suitable for the treatment of
feedwaters with higher salinities than RO, MD membranes
typically face higher concentrations of scalants, and thus,
homogeneous nucleation plays a more important role in scale
formation for MD than RO. Also, as microporous, hydro-
phobic membranes (contrasting to the dense, hydrophilic RO
membranes) are used in MD, surface wettability of MD
membranes regulates not only nucleation propensity but also
water—membrane contact and boundary hydrodynamics.” Our
work suggests that the scaling resistance of superhydrophobic
membranes in MD should not be due to the increase of free-
energy barrier to nucleation (which is suggested by several
existing studies'”*"°*%7), Instead, membrane superhydropho-
bicity decreases the water—membrane contact area and creates
a slip boundary condition. The former inhibits the deposition
of scale particles or CaSO, precursor clusters; the latter
enhances the crossflow velocity near the membrane surface
and minimizes stagnant zones within partially wetted
membrane pores,” reducing both CaSO, precursor cluster
attachment and concentration polarization. Therefore, future
studies on the design of scaling-resistant membranes should
consider the roles of nonclassical nucleation in governing scale
formation (rather than only relying on CNT as the main
theoretical guidance) and be tailored to the working principle
of the membrane technology.

Despite the progress made in this study, mineral nucleation
is a highly complicated process, and our study only provides
evidence that CNT might not be able to describe the
relationship between surface scaling propensity and wetting

property. More research efforts are needed to further elucidate
the mechanisms of mineral scaling and the underlying
nucleation pathway. For example, the model of CNT assumes
a hemispherical nucleus that is valid for water vapor
condensation. However, the validity of this assumption has
not been proved for mineral nucleation in the aqueous
solution, and the measurement of the nucleus—surface contact
angle, fy/s, has not been achieved by any current techniques.
New approaches that more accurately reveal the geometrical
nucleus—surface relation (e.g., via molecular simulation) may
enable us to better understand the applicability of CNT to
mineral nucleation in aqueous solutions. Also, mineral
nucleation occurs at the nanoscale, whereas the surface energy
components used in both CNT and the calculation of
interaction free energy are typically obtained by contact
angle measurements at the macroscale (the sizes of liquid
droplets used in the measurement are millimeter in diameter).
Despite the wide acceptance of using contact angle measure-
ment to calculate surface energy components,23’54’68_74 we
acknowledge that the analyses in the current study are not able
to capture surface chemistry heterogeneity (if any) at the
nanoscale, which could alter local hydrophilicity. Therefore,
future studies at finer resolutions or using patterned surfaces
with defined hydrophilic and hydrophobic domains could
better reveal the roles of surface wetting properties in
regulating mineral scale formation.

Another question is whether the findings of the current
study are applicable to other minerals such as calcite and silica.
Indeed, different minerals have distinct formation mechanisms
and behaviors. For example, the formation of calcite, which
involves multiple types of amorphous CaCO; (ACC) as the
intermediate species,”” is faster than gypsum, which prevents
us from exclusively investigating surface-mediated, heteroge-
neous nucleation of calcite (Figure S6, Supporting Informa-
tion). Also, silica is formed through a polymerization reaction
(rather than crystallization reactions for gypsum and calcite) e
and its amorphous nature is distinct from the crystalline nature
of both gypsum and calcite.” Due to the complex differences
among the formations of minerals, it is challenging to
extrapolate the findings from one mineral (ie, gypsum for
the current study) to other minerals, and existing fundamental
studies of mineral scaling typically focus on only one type of
mineral 2503 15577=79 Hence, more investigations are needed
to probe the behaviors of surface-mediated mineral formation
for other scaling types from the perspective of nucleation
theory.

Furthermore, although more evidence has emerged to
support the nonclassical nucleation pathway,'”*>***%*" our
knowledge on such a nucleation mechanism is still in its
infancy. The existence of precursor clusters, which has been
discussed above, has been typically reported for homogeneous
nucleation in bulk solution.'”***>*”** This warrants future
studies to investigate the presence and interactions of
precursor clusters with substrate surfaces, as well as their
effects on heterogeneous nucleation. Therefore, our study
provides a first step toward a more complete, accurate
understanding of heterogeneous mineral nucleation in aqueous
solution, which is essential to the mitigation of mineral scaling
in various industrial settings including membrane desalination.
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