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tion is greatly constrained by organic fouling and mineral scaling.
Although extensive studies have focused on understanding
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is governed by foulant—scalant interactions, resembling more

complex but practical scenarios than using feedwaters containing only organic foulants or inorganic scalants. In this critical review,
we first summarize the performance of membrane desalination under combined fouling and scaling, involving mineral scales formed
via both crystallization and polymerization. We then provide the state-of-the-art knowledge and characterization techniques
pertaining to the molecular interactions between organic foulants and inorganic scalants, which alter the kinetics and
thermodynamics of mineral nucleation as well as the deposition of mineral scales onto membrane surfaces. We further review the
current efforts of mitigating combined fouling and scaling via membrane materials development and pretreatment. Finally, we
provide prospects for future research needs that guide the design of more effective control strategies for combined fouling and
scaling to improve the efficiency and resilience of membrane desalination for the treatment of feedwaters with complex
compositions.
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1. INTRODUCTION of-the-art desalination technologies due to their exceptional
energy efficiency.”® Although RO and NF are constrained by
their salinity limit imposed by the maximum operating
pressure,” other membrane technologies such as forward
osmosis (FO) and membrane distillation (MD) are able to
tolerate high salinity and treat hypersaline wastewater toward
minimal or zero liquid discharge (MLD or ZLD).'0~"*
However, the performance of membrane desalination is greatly
constrained by membrane fouling and scaling, which decrease
efficiency and increase both the cost and energy consumption
of desalination systems. Organic fouling takes place when the
organic matter in the feedwater adsorbs on the membrane
surface. Due to the ubiquitous presence of organic substances

The dwindling freshwater resources due to climate change,
anthropogenic pollution, and rising water demand in
municipal, industrial, and agricultural sectors have resulted in
four billion people facing water shortage globally." For
example, both the United States and China, the two largest
economies globally, have suffered from severe droughts and
heat waves in 2022,”* with water stress imposing a pressing
threat to regional economy, energy generation, as well as
ecological and human health. To address the grand challenge
of water scarcity, desalination technologies that enable
harvesting of purified water from unconventional water
sources, such as seawater, brackish groundwater, and waste-
water, have become indispensable to augmenting freshwater

supply beyond the hydrological cycle.”™” Received: January 15, 2023
Thanks to the development of membrane desalination Revised:  April 17, 2023

technologies during the recent decades, a portfolio of Accepted: April 18, 2023

technologies has been established for the treatment and Published: April 27, 2023

reuse of unconventional water sources. Pressure-driven reverse
osmosis (RO) and nanofiltration (NF) are currently the state-
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Figure 1. Membrane performance under the combination of mineral scaling and organic fouling. (A) Gypsum scaling on membranes fouled by
organic foulants in nanofiltration. (B) Gypsum scaling on membranes fouled by organic foulants in forward osmosis. (C) Gypsum scaling in
membrane distillation with the presence of different organic foulants. (D) Silica scaling in reverse osmosis (RO) with the presence of protein
bovine serum albumin and lysozyme. (E) Silica scaling in RO with the presence of alginate. (F) Silica scaling in RO with the presence of humic
acid. The figures are adapted with permission from ref SO (A, copyright 2016 Elsevier), ref 53 (B, copyright 2014 Elsevier), ref 55 (C, copyright
2021 Elsevier), ref 30 (D, copyright 2018 American Chemical Society), ref 67 (E, copyright 2020 Elsevier), and ref 31 (F, copyright 2021 Elsevier).

The data are extracted from those figures and replotted. Si = silica; BSA = bovine serum albumin; LYZ =

humic acid.

lysozyme; SA = sodium alginate; HA =

in seawater, groundwater, and wastewater,' > organic fouling
is a prevalent issue that has plagued membrane desalination for
decades.'>'¢7%° Recently, mineral scaling (i.e., inorganic
fouling) has attracted increasing attention.””** Mineral scaling
occurs when the concentration of solutes exceeds their
solubility limit and sparingly soluble minerals subsequently
form or deposit on the membrane surface.”’ Mineral scaling is
a particularly knotty issue during inland desalination of
brackish water, where high concentrations of precursors for
various mineral scales (e.g, gypsum, calcite, and silica) are
present.u’24

Although previous studies have examined the impact of
fouling and scaling on membrane performance as well as the
underlying mechanisms, organic foulants and inorganic
scalants commonly coexist in feedwaters of membrane
desalination, potentially imposing a combined effect on
membrane performance. For example, both organic fouling
and mineral scaling occur in the RO desalination of brackish
water in full-scale inland desalination plants.”>*® Also, fouling
and scaling have been simultaneously observed and con-
tributed to the water flux decline in membrane treatment of
municipal wastewater’’ and industrial wastewater from the
coal chemical industry.”® Therefore, practical membrane
desalination rarely faces the problem of individual fouling or
scaling. Instead, membranes are exposed to a mixture of
foulants and scalants, which interact with the membrane
surface and constrain membrane performance.

Recently, researchers have started to investigate combined
fouling and scaling as well as the foulant—scalant interactions.
The presence of organic foulants has been shown to regulate
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homogeneous nucleation of mineral formation by altering the
free energy barrier and/or mineral particle aggregation.” ™'
When a layer of organic foulants forms on the membrane
surface, the thermodynamics of heterogeneous mineral
nucleation or the deposition kinetics of mineral scales could
be potentially changed.’”* Despite the importance of
understanding the coupling of organic fouling and mineral
scaling in membrane desalination, the existing literature has
only seen review articles that exclusively focus on individual
fouling or scaling (i.e., feedwaters contain only organic foulants
or mineral scalants).'>'®?1?23%35 To the
knowledge, there is still a lack of review articles that summarize
current knowledge regarding the combined behaviors of
organic fouling and mineral scaling, as well as the interactions
between foulants and scalants at the water—membrane
interface. We acknowledge that combined fouling involving
more categories of foulants, including biological and colloidal
foulants, is also common in membrane processes. Also, there
are studies demonstrating synergistic effects when there is
biofouling in the presence of organic foulants®**” and some
studies indicating a similar effect with combined mineral
scaling and biofouling.”®*” The additivity of combined fouling
is dependent on the specific foulants present and the
interactions between different types of foulants and mem-
branes. Here, we focus on combined organic fouling and
mineral scaling, two common types of fouling in membrane
desalination and water treatment.

In this Critical Review, we first describe the impacts of
combined fouling and scaling on the performance of
membrane desalination (the terms “fouling and foulants” and

best of our
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“scaling and scalants” are associated with organic fouling and
inorganic scaling hereafter, respectively), particularly focusing
on how the coexistence of organic foulants might alter the
scaling behaviors of minerals formed via both crystallization
and polymerization. We then review the state-of-the-art
experimental and simulation techniques used to characterize
molecular interactions between organics and minerals. Such
characterizations reveal the thermodynamics, kinetics, and
morphologies of mineral nucleation and growth in the
presence of organic substances, playing an essential role in
revealing the mechanisms underlying the foulant—scalant
interactions. Further, we summarize the current efforts of
mitigating combined fouling and scaling via membrane
materials development and pretreatment. Finally, we propose
and discuss future research needs that will help deepen our
understanding and design appropriate control approaches
associated with membrane desalination facing a combination of
organic fouling and mineral scaling.

2. PRESENCE OF ORGANIC FOULANTS ALTERS THE
BEHAVIORS OF MINERAL SCALING IN MEMBRANE
DESALINATION

2.1. Minerals Formed via Crystallization. A variety of
mineral scales can be formed wvia crystallization during
desalination, such as gypsum (CaSO,-2H,0), calcite
(CaCOs,), barium sulfate (BaSO,), and calcium phosphate
(Cay(PO,),).**~* Among these potential scales, gypsum and
calcite are considered to be the most common scales due to the
relatively high concentrations of scale precursors in natural
waters and wastewater.””~*® For example, gypsum  scaling
occurs through crystallization by the reaction of abundant Ca**
and SO,>” in feedwaters."”*® Such crystal-forming reactions
can be affected by not only operating conditions but also the
feedwater composition, and several studies have demonstrated
how organic foulants alter mineral crystallization in different
membrane desalination processes. Comparing to mineral
scaling, organic fouling has been reported as the major type
of fouling that occurs first.””*" Consequently, a few studies
have investigated the impacts of a pregenerated organic foulant
layer on mineral scaling. In such cases, any alteration of
membrane scaling extent (e.g,, an increase degree of water flux
decline) is ascribed to the presence of foulant layer. However,
in real-world desalination, membranes are expected to face
feedwater containing both mineral scalants and organic
foulants simultaneously. Also, mineral nucleation can occur
both in the bulk solution and on the membrane surface.”’ As a
result, it is also important to investigate combined fouling and
scaling when organic foulants coexist with mineral scalants in
the feedwater from the beginning. Existing studies on both
scenarios are reviewed in this section.

Wang et al’® performed a study on the effects of
predeposited organic foulant layers on gypsum scaling behavior
in NF desalination. As shown in Figure 1A, the membranes
fouled by organic foulants experienced more severe flux
declines than the virgin membrane, most likely because organic
molecules acted as templates for crystallization and led to faster
surface crystallization. This synergistic effect was also
attributed to the binding of carboxyl groups of the organic
foulants to Ca®" ions, promoting organic—Ca2+ interactions in
the order of SA > HA > BSA (carboxylic acidities: 3.5 > 3.4 > 1
mequiv g, respectively).”’ As seen in Figure 1A, the degree
and rate of flux decline were consistent with the order of
carboxylic acidity. Despite its lowest carboxylic acidity, BSA-
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fouled membranes still had an induction period shorter than
the virgin membrane due to rapid nucleation caused by cake-
enhanced concentration polarization.”” Similar phenomena
were observed in the FO process (Figure 1B), where the water
fluxes of HA- and SA-fouled membranes decreased faster than
the virgin membrane due to high densities of carboxyl groups
of HA and SA molecules.” Unlike what was observed for NF
(Figure 1A), the deposition of a BSA layer slightly mitigated
gypsum scaling in the FO process. It was suggested that the
heart-shaped structure of BSA at neutral pH could prevent the
adsorption of calcium ions by steric effect and thus hinder
interactions between BSA and Ca?*.>° Further, the effect of
concentration polarization was proven by Benecke et al,,>* who
performed both static (in beakers) and dynamic (in a cross-
flow RO system) experiments with gypsum-supersaturated
feed solutions containing organic foulants (SA, HA, or BSA).
The results of static experiments showed that bulk
crystallization of gypsum was significantly retarded by organic
foulants, especially in the presence of SA and HA. During
dynamic experiments, however, foulant-induced concentration
polarization provoked severe surface crystallization and
worsened the overall severity of membrane scaling.

Furthermore, a mitigating effect of organic foulants on
crystallization-induced membrane scaling was observed in MD,
a hybrid thermal-membrane process. For example, Yan et al.>®
performed MD experiments by adding organic foulants (e.g.,
SA, HA, or BSA) and scalants together in the feed solutions.
The authors demonstrated that all the foulants delayed and
slowed water flux decline (Figure 1C), likely because the
adsorption of foulants onto membrane surface obstructs
gypsum crystallization.”> Moreover, Wang et al.”’ added
various concentrations of HA to gypsum-supersaturated
feedwaters for combined fouling and scaling experiments
using direct contact MD, where the addition of HA mitigated
gypsum scaling and enhanced water recovery. The authors
explained that a HA foulant layer on the membrane surface
enhanced the free energy barrier to gypsum nucleation.”” Such
an explanation is supported by Curcio et al,*® who showed
that HA mitigated calcite scaling during MD by increasing the
free energy barrier for calcium carbonate nucleation. We note
that the effects of organic foulants on the behaviors of
crystallization-induced scaling vary between MD and other
membrane processes (e.g, Figure 1A,B vs Figure 1C), which
could originate from the differences in membrane materials
(microporous membranes for MD vs “non-porous” polyamide
membranes for RO, NF, and FO'”'**") and/or feedwater
composition (the feedwater salinity of RO and NF is lower
than that of MD where mineral crystallization in the bulk
solution is more prone to occur). Indeed, different behaviors of
individual fouling/scaling among different membrane pro-
cesses have been reported in the literature.”®>” Comparative
studies, which render the behaviors of combined fouling and
scaling comparable under different conditions, are needed to
connect the roles of organic foulants in regulating the
thermodynamics and kinetics of mineral scaling with both
membrane and feedwater properties for various membrane
technologies.

2.2. Minerals Formed via Polymerization. Unlike
crystalline scales like calcite and gypsum, silica is unique due
to its amorphous structure.’® Dissolved silica, also known as
free silica, mainly consists of monomeric silicic acids, which
form colloidal silica by a polymerization reaction.””*> The
formation of silica scale on membrane surfaces has been shown

https://doi.org/10.1021/acs.est.3c00414
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Figure 2. Ilustration of how deposited organic foulant layers impact mineral scale formation. (A) Potential mechanisms by which organic foulants
impact the nucleation and growth of mineral scales in membrane desalination: (a) regulating homogeneous nucleation by intervening scalant—
scalant interactions, (b) altering the free energy barrier to heterogeneous nucleation, and (c) changing the deposition kinetics of scale particles
formed in the bulk solution. (B) Effect of humic acid (HA) concentration on gypsum—water interfacial energy and the nucleation rate of gypsum in
the bulk solution. (C) Effect of HA concentration on the free energy barrier to gypsum nucleation in the bulk solution. (D) Mechanisms for
gypsum scaling on virgin and organic foulant-conditioned forward osmosis membrane. (E) Effect of organic foulant coatings on the formation of
silica scale on a quartz crystal microbalance with dissipation (QCM-D) sensor. The deposited silica mass is correlated to the hydrophilicity of the
organic foulant-coated surfaces. (F) Measured nucleation rate of calcite on self-assembled monolayer surfaces with different terminating functional
groups. Figures B—F are adapted with permission from ref 29 (B and C, copyright 2022 American Chemical Society), ref 53 (D, copyright 2014
Elsevier), ref 33 (E, copyright 2021 American Chemical Society), and ref 80 (F, copyright 2014 United States National Academy of Sciences).

to cause dramatic and usually irreversible decline of water flux
during membrane desalination.®*** So far, silicic acids have
been found to interact with organic molecules including
proteins, peptides, and amino acids,”>*® which could influence
the thermodynamics, kinetics, and structure of silica formed by
polymerization. The impact of organic matter on the behaviors
of silica scaling in desalination process has been explored by
several studies.

Quay et al.”” investigated the combined effect of silica
scaling and protein fouling in RO desalination by utilizing two
proteins possessing opposite charge at near neutral pH,
namely, BSA (negatively charged) and lysozyme (positively
charged). The water flux dropped notably faster when protein
and silica coexisted than when silica or each protein was
present alone in the feed solution (Figure 1D). The underlying
mechanisms of such phenomena are different between BSA
and lysozyme. The synergistic effect of silica scaling and BSA
fouling is ascribed to the formation of silica-BSA aggregates,
whereas lysozyme accelerates the polymerization of silicic acid
via electrostatic attraction between lysozyme and negatively
charged silica species.”

A similar synergistic effect of silica scaling and SA fouling
was reported in RO by Wang et al”” As shown in Figure 1E,
the water flux decrease caused by combined silica scaling and
SA fouling was faster than the sum of water flux decline due to
silica scaling and SA fouling individually. The authors suggest
that the binding of silica with alginate occurs at carboxyl and
hydroxyl groups of alginate molecules via noncovalent
interaction such as hydrogen bonding and van der Waals
interaction.”” However, contrasting results were reported in a
study by Higgin et al,®® where the presence of SA reduced
silica scaling. To explain the mechanism, the authors pointed
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to a study by Mavredaki et al,*” who showed that carboxyl
groups could facilitate the dissolution of amorphous silica.
Such a finding, however, was based on synthetic scale
inhibitors®” and has not been proven for the interactions of
SA with silica.

The inconsistent findings regarding the effect of SA on silica
scaling suggest that our knowledge of combined silica scaling
and organic fouling is far from complete, calling for future
studies that investigate the silica—organic interactions and their
impacts on membrane performance systematically. One factor
that potentially alters the effects of organic foulants on silica
scaling is the relative concentration of silica to organic foulants.
For example, Li et al.’! studied the effect of HA on silica
scaling behavior in the RO process under different silica
concentrations (0—10 mM). The synergistic effect of silica
scaling and HA fouling was observed at a critical concentration
of silica at 6 mM (Figure 1F) but not at lower silica
concentrations. The authors explained that, at low concen-
trations (below 6 mM), silica adsorbed by HA (probably due
to the interactions between silica and carboxyl groups of HA
molecules) neither altered the morphology of HA nor induced
silica aggregation. In contrast, the adsorption sites of HA were
saturated when the concentration of silica reached 6 mM.
Consequently, self-aggregation of silica and the formation of
silica-HA aggregates with larger sizes occurred, thereby
facilitating the decrease of water flux.”'

Compared with membrane scaling caused by mineral
crystallization, silica scaling combined with organic fouling
has been less studied in desalination processes other than RO
(e.g, FO and MD). It is worth mentioning that several studies
involving both silica and organic foulants in FO or MD used
silica particles (i.e., colloidal fouling) but not silicic acids (i.e.,

https://doi.org/10.1021/acs.est.3c00414
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silica scaling) in the feed solutions.”*™"* Considering the

fundamental difference between silica scaling and colloidal
fouling, such studies reveal only the effects of organic foulants
on silica particle deposition but not the interactions between
organic molecules and silicic acid as well as the subsequent
influences on silica scale formation via polymerization.

3. MECHANISMS OF MINERAL-ORGANIC
INTERACTIONS

3.1. Molecular Interactions of Organic Foulants with
Mineral Scalants. In a combined fouling—scaling scenario,
organic foulants can play multiple roles in regulating mineral
scaling (Figure 2A): (a) regulating homogeneous nucleation
by intervening scalant—scalant interactions, (b) altering the
free energy barrier to heterogeneous nucleation, and (c)
changing the deposition kinetics of scale particles formed in
the bulk solution. These effects contribute to the distinct
membrane behaviors under combined fouling and scaling as
compared with those under individual fouling or scaling, as
described in Section 2.

The nucleation and crystallization of gypsum and calcite
scales can be disrupted by the presence of organic foulants.
Notably, organic foulants such as SA and HA, which have
abundant carboxyl groups, are capable of binding with Ca**
and blocking the active sites for the formation and growth of
gypsum crystals.”* HA also suppresses the nucleation of calcite,
as reflected by an increase of the induction time in the
presence of HA.*® Such mechanisms are akin to the role of
carboxyl-containing antiscalants, such as poly(acrylic acid), in
inhibiting gypsum crystallization.**”*

As discussed above, silica scale is different from gypsum or
calcite scale, as it is amorphous and forms via the polymer-
ization of silicic acid. Under neutral pH, monomeric
orthosilicic acid (Si(OH),, pK, ~ 9.8”°) is predominantly
(>99%) in the protonated, neutral form and behaves as a
hydrogen bond donor. The oligomer, polymers, and small
particles of silica have relatively lower pK, values’> and thus
carry more negative charge at neutral pH. These silica species
can bind with organic foulants via a collection of
intermolecular forces to form aggregates. It was proposed
that BSA can bind with silica via hydrogen bonding as well as
electrostatic attraction between the positively charged residues
and negatively charged silica species.””®® These interactions
drive the formation of BSA-silica precipitates, which
exacerbated water flux decline of RO membranes.*® Likewise,
silica can form hydrogen bonding with the oxygen-containing
functional groups (e.g, hydroxyl, carboxyl, and carbonyl
groups) of HA, leading to the formation of HA-—silica
aggregates and a severe decrease in water flux of membrane
desalination.”"

It is worth noting that the interactions between organic
foulants and inorganic scalants often depend on their
stoichiometry. As discussed above, the synergistic effect of
HA fouling and silica scaling only occurred when silica
concentration exceeded a critical point.”" Given the molecular
complexity and heterogeneity of organic foulants in various
feedwaters of desalination, characterization of the functional
groups on organic macromolecules that favorably interact with
inorganic scalant species will be instrumental for guiding
feedwater pretreatment and other fouling-prevention inter-
ventions. For example, various spectroscopic techniques have
been employed to characterize the functional groups and metal
binding affinities of natural organic matter both qualitatively
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and quantitatively; interested readers are referred to the
literature on this topic.””””

3.2. Organic Foulants Regulate Nucleation of Miner-
als in the Bulk Solution. As shown in Figure 2A, one
important mechanism by which organic foulants regulate
mineral scaling is changing the thermodynamics and kinetics of
mineral nucleation, crystallization, and/or polymerization in
the bulk solution. As a result, the mineral particles formed in
the bulk solution, which subsequently deposit onto the
membrane surface, have altered particle size, morphology,
and/or crystalline structure when organic foulants are present
in the feedwater. To elucidate the effects of organic foulants on
nucleation and formation of minerals in the bulk solution, we
start from introducing the classical nucleation theory (CNT)
that describes key parameters that might be affected by
foulant—scalant interactions.

The thermodynamic driving force for mineral nucleation and
precipitation is manifested by the degree of solution super-
saturation o:

IAP
o =In|—

sp

(1)

where IAP is the ion activity product and K is the solubility
product of the mineral. The steady-state nucleation rate, J, is
related to o via:

AG*
= A exp| -2
b XP[ kT ) @)

where A is the kinetic prefactor that depends on the rates of
ion dehydration, attachment, and detachment,®> AG* is the
free energy barrier to nucleation, kg is the Boltzmann constant,
and T is the absolute temperature. For homogeneous

nucleation in the bulk solution, AG* can be calculated by eq
3,232

2,3
* FQ }/In

hom = (kBTO')2 (3)

where F is the nucleus shape factor and is = 167/3 for spherical
nuclei; Q is the molecular volume of mineral, y;, is the free
energy of the liquid—nucleus interface. From eqs 2 and 3, one
can see that organic macromolecules could regulate the
nucleation rate by either changing the kinetic prefactor A or
changing the free energy barrier AG* through altering the
liquid—nucleus interfacial energy yi,.

Cao et al” reported that Suwannee River humic acid
(SRHA) suppressed gypsum crystallization in the bulk
solution. This inhibitory effect was suggested to be caused
by the adsorption of SRHA to the gypsum surface, driven by
the favorable interaction between carboxyl groups of SRHA
and calcium ions. The adsorbed SRHA molecules can also
suppress gypsum crystallization by blocking the active growth
sites and distorting the crystal morphology.”® In a study of
combined fouling and scaling in MD, Wang et al.”® observed a
similar inhibitory effect of HA on the nucleation and
crystallization of gypsum crystals. The authors measured the
nucleation rate of gypsum in the bulk solution and observed
that increasing HA concentration from 0 to 20 mg/L resulted
in a gradual decrease in gypsum nucleation rate (Figure 2B).
Through analyses based on the CNT, they found that the
presence of HA increased the interfacial free energy (1, in eq
3) between a gypsum nucleus and the surrounding solution

https://doi.org/10.1021/acs.est.3c00414
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(Figure 2B), leading to an increase in the free energy barrier
AG* and the critical radius of nuclei (Figure 2C). However, it
is unclear whether HA alters the dehydration and association
rate of precursor ions (as represented by A in eq 3) due to the
small time and length scale of the nucleation process, calling
for more mechanistic insights offered by molecular simulations
(see Section 4.3).

For silica nucleation that takes place via the polymerization
of silicic acid monomers, Dove et al.”® reported that the rate of
silica polymerization was enhanced by the presence of small
organic molecules such as citric acid and amino acids. Further
theoretical analysis in this study revealed that this promoting
effect was not of thermodynamic origin, because these organic
acids did not alter the free energy of the silica—water interface
(71 in eq 3). Rather, the organic acids indeed promote silica
polymerization via reduction of the kinetic barrier (A in eq 2).
It was proposed that the organic acids play several roles in
silica polymerization:” the deprotonated amino groups (Lewis
base) facilitate silica condensation via acid—base interaction
with the protonated silicic acid; electrostatic interaction and
hydrogen bonding between the organic acids and silanol
groups of silicic acid also promote silica polymerization.
Further, Coradin et al.®® suggest that the presence of protein
lysozyme, which is positively charged at neutral pH, induces
silica polymerization via electrostatic interactions of the
protein with silica precursors, whereas BSA tends to form
protein-silica aggregates when coexisting with silica species.
Such results are consistent with the synergistically enhanced
water flux decline of RO desalination when silica and protein
were both present in the feedwater as reported by Quay et al.”’
However, contrasting results were also reported in the
literature. For example, Qi et al.”’ recently studied the
polymerization kinetics of silica in the presence of 20 mg/L
HA, BSA, lysozyme, and SA by monitoring the concentration
of molybdate reactive silica (dominantly mono- and disilicic
acid”) over time. The authors observed no detectable impact
of these organics on the bulk polymerization rate of silica.
These inconsistent findings suggest that the mechanisms by
which organic matter regulates silica polymerization are still
poorly understood at the fundamental level and need further
investigations.

3.3. Organic Foulants Regulate Surface-Mediated
Mineral-Membrane Interactions. Surface-adsorbed organ-
ic foulants can regulate mineral scaling by affecting
heterogeneous nucleation of minerals and/or the deposition
kinetics of mineral particles formed in bulk nucleation (Figure
2A). The deposition of an organic layer on the membrane
surface changes the mineral-membrane interactions as well as
the subsequent formation of mineral scales and membrane
scaling behaviors.”>*%3%%

Using direct observation combined with water flux measure-
ment, Liu et al.”> showed that HA- and SA-conditioning layers
accelerated water flux decline in FO and increased the size of
gypsum precipitates on the membrane surface; in comparison,
BSA conditioning alleviated water flux decline slightly and
suppressed gypsum crystal formation (Figure 1C). Further
investigations using quartz crystal microbalance with dis-
sipation monitoring (QCM-D) revealed that Ca®* ions were
adsorbed favorably on HA- and SA-conditioning layers
enriched with carboxyl groups, providing active sites for Ca®"
adsorption and the subsequent gypsum nucleation. As a result,
a dense gypsum scaling layer was formed on HA- and SA-
conditioned membranes. In contrast, BSA contains fewer
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carboxyl groups and has a heart shape;®' therefore, the BSA-
conditioning layer suppressed gypsum nucleation and crystal-
lization via steric effects (see Figure 2D for proposed
mechanisms). Similar effects of SA-conditioning layers on
gypsum scaling have been also reported in RO systems: at
relatively high SA concentration, cake enhanced concentration
polarization induced by the SA fouling layer on the membrane
hinders back diffusion of scalant ions, enhancing super-
saturation at the membrane—water interface and promoting
membrane scaling.”***

While most studies focus on the mass and morphology of
minerals formed on membranes, there is a sizable knowledge
gap in how the crystalline structure of minerals formed on
membranes might be altered by the presence of organic
foulants. Wang et al.*’ recently studied the role of BSA-
conditioning layers in regulating gypsum scaling on RO
membrane, with respect to membrane permeability, crystal
growth orientation, and crystalline structure of the mineral
precipitates. The presence of BSA-conditioning layers slowed
the water flux decline caused by gypsum scaling, despite that
the mass of precipitated gypsum on BSA-conditioned
membrane was twice of that on the virgin membrane. Using
grazing incidence wide-angle X-ray scattering (GIWAXS),
bassanite, a precursor of gypsum, was found to be present on
the BSA-conditioned membrane but not on the virgin
membrane. The authors proposed that BSA stabilized bassanite
via the interaction of carboxyl groups with the Ca®* ions on the
(111) crystal facets of bassanite, further disrupting the oriented
growth of bassanite to gypsum crystals.

With respect to silica scaling, Qi et al® employed QCM-D
and demonstrated that the presence of organic fouling layers
impacts silica scale formation via both heterogeneous and
homogeneous nucleation (Figure 2E). At low supersaturation
when heterogeneous nucleation dominated, the mass of silica
scale monitored by QCM-D was not correlated with the free
energy barrier of heterogeneous nucleation, indicating the
importance of kinetic factors rather than thermodynamics in
controlling silica nucleation. Rather, the deposited silica mass
resulting from heterogeneous nucleation was positively
correlated to the hydrophilicity (as manifested by hydration
energy) of the macromolecule-coated surface (Figure 2E). At
high supersaturation when silica aggregates were formed from
nucleation in the bulk solution, the deposited silica mass was
related to the strength of macromolecule—silica interaction
measured using force spectroscopy.

Organic macromolecules not only impact mineral scaling
behaviors in membrane filtration but also underpin the process
of biomineralization due to the ubiquitous presence of natural
organic matter on environmental surfaces. In particular, the
roles of organic matrices in governing calcite and silica
nucleation have been extensively studied®>***~*” due to the
geochemical significance of these two minerals.”*" The
knowledge learned from the biomineralization field can be
potentially translated to improving the understanding of
combined organic fouling and mineral scaling in membrane
processes. For example, Dove and co-workers systematically
studied how organic substrates with specific functional groups
regulate calcite and silica nucleation.””*>**® For heteroge-
neous nucleation, the free energy barrier to nucleation, AG#,,
can be obtained by eq 4:**°

https://doi.org/10.1021/acs.est.3c00414
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Figure 3. Characterization of foulant-scalant mixtures. (A—C) Morphologies of gypsum crystals formed in the presence of (A) no coexisting
foulants, (B) humic acid, and (C) polystyrene latex particles. (D) XRD spectra of these gypsum crystals demonstrate that the presence of humic
acid, but not colloidal polymeric particles, distorted gypsum crystal formation. (E—H) Precipitates produced by (E and G) silica and bovine serum
albumin or (F and H) silica and lysozyme, as characterized by transmission electron microscopy and energy-dispersive X-ray spectroscopy. Note
that the precipitates formed by silica and lysozyme have a stronger signal of Si and a weaker signal of C, indicating silica-BSA precipitates and silica-
lysozyme precipitates were distinctly enriched with protein and silica, respectively. The figures are adapted with permission from ref 73 (A—D,
copyright 2022 Elsevier) and ref 30 (E—H, copyright 2018 American Chemical Society).

2.3
* FQ J/nls

T (ke To )

(4)
where y, is the interfacial free energy of the nucleus—liquid—
substrate system, and all other notations are identical with
those in eq 3. When organic matter adsorbs on and covers the
solid substrate (such as a membrane), the nucleus shape factor
F could be changed via altering the nucleus—substrate surface
free energy. Such alteration is often manifested by incorporat-
ing a wetting function (also known as potency factor) f(6)
where 0 is the contact angle between nucleus and
substrate.'>*° In addition, when organic foulants adsorb on
the mineral nucleus, the nucleus—liquid interfacial free energy
(1) might also be changed, thus altering the intrinsic
homogeneous nucleation barrier as shown in eq 3.

To experimentally interrogate the role of organic substrates
on mineral surface nucleation, AG, can be separated into two
contributions: solution supersaturation ¢ and the surface free
energy contribution, as represented by B:**

FQYy 3

nls

KT (s)

With eqs 4 and S, eq 2 can be transformed to a linear form:

B
In(l) = In(4) = — ©

where A is the kinetic prefactor as explained in eq 2. Therefore,
the slope of In (J,) vs 1/6* indicates the value of B or the
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substrate-specific surface energy contribution to the barrier of
nucleation. Figure 2F presents such a plot for calcite nucleation
rates, which were measured on alkanethiol self-assembled
monolayers with different head groups (—OH, —COOH, —SH,
and —PO,) and chain lengths (C11 and C16).*" Results show
that calcite nucleation rates exhibit a substrate-specific
dependence on both headgroup chemistry and chain length.
The nucleation rates increase with solution supersaturation
(6), consistent with CNT.”' On —OH terminated substrates, a
low number of calcite crystals were detected, indicating that
the —OH group inhibits calcite crystallization. The measured
slopes (i.e., B) varied on the other substrates, with the smallest
slope observed on the substrate with —COOH headgroup.
This indicates that —COOH, an abundant chemistry in natural
macromolecules such as humic substances and polysaccharides,
could play a key role in promoting calcite nucleation. Further,
Wallace et al.** investigated the rate of silica nucleation on
surfaces modified with organic molecules of different func-
tional groups. The authors reported that the hybrid NH;*/
COO substrates possessed the fastest rate of silica nucleation,
and that surface nucleation of silica was more sensitive to
kinetic drivers rather than thermodynamic drivers (i.e., the
silica nucleation rate was more regulated by A than B in eq 6).
These biomineralization studies offered explicit evidence that
the presence of organic molecules can alter mineral nucleation
due to organic—mineral interactions, parallel to what has been
discovered in combined fouling and scaling as discussed above.
The fundamental insights gained in these mineralization
studies, as well as the associated analytical methods, provide

https://doi.org/10.1021/acs.est.3c00414
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Figure 4. (A) Solid-state nuclear magnetic resonance (NMR) spectra and characteristic peaks for humic acid (HA)—silica mixture, pure HA, and/
or pure silica. (A1) "*C solid-state NMR spectra and (A2) 'H solid-state spectra. (B) Schematic showing AFM force measurements between a
mineral particle and a fouled membrane surface. (B1) Mineral—-membrane interaction measured in a saturated solution. (B2) Mineral—mineral
interaction measured in a supersaturated solution, which involves mineral scales formed both on membrane surfaces and in the bulk solution. (C)
Measured adhesion force for gypsum—membrane interaction and gypsum—gypsum interaction on virgin and fouled nanofiltration membranes. (D)
Schematic showing the measurement of interaction between a mineral surface and an AFM tip functionalized with alkanethiol carrying specific
functional groups. (E) Representative force—distance curve showing the rupture force. (F) Binding free energy (AG,) derived from measured
rupture forces using dynamic force spectroscopy for an alkanethiol molecule interacting with goethite or mica. Experiments were conducted at pH 6
in 10 mM NaCl. (G) Experimentally derived interfacial energy correlated with binding free energy for an alkanethiol molecule interacting with
calcite. Figures A and D—G are adapted with permission from ref 31 (A, copyright 2021 Elsevier), ref 96 (D, E, and F, copyright 2017 Nature
Research), and ref 80 (G, copyright 2014 United States National Academy of Sciences). For Figure C, the data were extracted from ref SO
(copyright 2016 Elsevier) and replotted.

valuable avenues to explain and probe organic—mineral presence of HA and polystyrene latex particles. While gypsum

interactions in membrane desalination. crystals with the characteristic needle-like morphologies were

formed exclusively without foulants (Figure 3A), polygon-like

4, STATE-OF-THE-ART TECHNIQUES THAT crystals were mainly seen in the presence of HA (Figure 3B).

CHARACTERIZE THE INTERACTIONS BETWEEN In contrast, polystyrene latex colloidal particles barely altered
MINERAL SCALANTS AND ORGANIC FOULANTS the morphologies of gypsum crystals (Figure 3C).

As SEM imaging does not provide information on the
crystalline structure of the mineral scales, X-ray diffraction
(XRD) has been employed to investigate the crystalline
features of the formed scales. As shown in Figure 3D, the

4.1. Structural and Morphological Characterizations
of Foulant—Scalant Mixtures. The physicochemical proper-
ties of mixtures consisting of organic foulants and mineral
scales have been characterized by several techniques. Scanning

electron microscopy (SEM) is a widely used technique to intensities of characteristic peaks corresponding to the (020)
examine morphologies of the samples. Thus, the morpho- and (040) facets of gypsum were reduced dramatically for
logical alterations of mineral scales induced by organic foulants gypsum crystals formed with HA, whereas no distinct
are often observed using SEM imaging. For example, Cao et difference was seen for gypsum coexisting with polystyrene
al”® utilized SEM to analyze gypsum crystallization in the latex particles.73 This result reveals that HA, but not
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polystyrene latex particles, induced change in orientation
distribution of the crystalline grains of gypsum crystal,
consistent with the morphological changes observed by SEM
imaging in Figure 3A,B.

Furthermore, transmission electron microscopy (TEM) is a
powerful instrument for morphological and structural charac-
terizations of minerals at a higher resolution than SEM. For
instance, Quay et al.” characterized precipitates of silica in the
presence of two different proteins (i.e,, BSA and lysozyme) via
TEM. The TEM images show that lysozyme-silica precipitates
possessed more well-defined particle morphology (Figure 3F)
whereas BSA-silica precipitates appeared to be mostly irregular
(Figure 3E). The authors further coupled TEM with energy
dispersive X-ray spectroscopy (EDX) to provide information
on the chemical composition of the precipitates.’’ The EDX
elemental mapping showed that BSA- and lysozyme-silica
precipitates were both enriched with C, N, Si, and O elements
(Figure 3G,H), confirming the coexistence of silica with
proteins. Detailed analysis of elemental percentage demon-
strated that the lysozyme-silica precipitates were more
enriched with Si (Si contents were 2.3—19% and 35.5—
42.4% for BSA-silica precipitates and lysozyme-silica precip-
itates, respectively).”® This result helped the authors conclude
that the BSA-—silica interaction generated protein-rich
aggregates whereas lysozyme—silica interaction facilitated silica
polymerization, showing different mechanisms underlying the
synergistic effect of silica scaling and organic fouling observed
for proteins carrying different surface charge (Figure 1D).

4.2. Experimental Characterization of Interactions
between Organic Foulants and Mineral Scalants. Section
4.1 above describes the experimental techniques that character-
ize structural and morphological features of foulant—scalant
mixtures at the macroscale. In this section, we summarize
current advancements that achieve experimental character-
ization of foulant—scalant interactions at the molecular level.

Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectroscopy is a convenient tool that reveals
the formation of chemical bonds during foulant—scalant
interactions. Wang et al.”” employed ATR-FTIR to investigate
the silica—SA mixture. The absorption peaks at 1250 cm™
(Si—C bond) and 1040 cm™ (Si—O—C bond) were observed
for the silica—SA mixture, which were not seen in the spectra
of pure silica or alginate, implying that stable chemical bonds
were formed between silica and alginate. Similarly, nuclear
magnetic resonance (NMR) has also been used to identify the
chemical interactions between foulants and scalants. The
chemical characteristics of the silica—HA mixture were
investigated via solid state NMR by Li et al’' In the *C
NMR spectrum, the carboxyl peak at 178 ppm was observed
for HA but not detected for the silica—HA mixture (Figure
4A1). In addition, the characteristic peak of carboxyl hydrogen
at 13 ppm disappeared in hydrogen NMR spectrum when silica
and HA coexisted (Figure 4A2). These changes indicate that
silica interacted with carboxyl group of HA molecules,
providing mechanistic insight on the synergistic effect of HA
fouling and silica scaling shown in Figure 1F. Also, Preari et
al.”’ applied NMR to exploring the effects of uncharged
polyethylene glycols (PEGs) on stabilizing silicic acid in
supersaturated solutions. The authors demonstrated that the
'"H NMR signal due to H-bonded SiOH/H,O shifted from 6
ppm for pure silica to 7 ppm for the silica—PEG mixture,
indicating the formation of strong H-bonds between silica and
PEG. The same study also showed that the *C NMR signal
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was much narrower and shifted significantly for the silica—PEG
mixture compared with pristine PEG, providing additional
evidence on the formation of chemical bond between silica and
PEG.”

As another important technique for analyzing the chemistry
of mineral—organic mixtures, X-ray photoelectron spectrosco-
py (XPS) has been used to examine how organic foulants
might alter the local chemical environment of mineral scales.
By examining the C ls spectra, Li et al.’’ showed that the
carbon composition of the silica—HA mixture existed mainly in
the form of C—H, C—0, C=O0, and carboxyl groups, which
originate from HA. The decrease of intensity for the
characteristic peak corresponding to carboxyl group provided
further evidence that the interaction sites of HA with Si were
the carboxyl groups of HA, consistent with the results of NMR
discussed above. Also, Cao et al.”* showed that the XPS spectra
of Ca element for gypsum scale did not shift, thereby proving
that the alteration of gypsum morphology induced by HA
(Figure 3A,B) was not due to chemical bonding.

Furthermore, AFM has been widely used to elucidate the
mechanisms of organic fouling or mineral scaling during
membrane desalination. The measured foulant—membrane or
mineral-membrane adhesion was shown to correlate with the
degree of water flux decline in the initial filtration sta%e when
foulant/mineral—membrane interactions dominate.®*”'~%* For
the scenario of combined fouling and scaling, AFM has also
shown a great promise in probing the mechanisms by which
organic macromolecules influence mineral scaling. The
interactions between foulants and mineral scales involve
intermolecular and surface forces, and AFM is well-suited to
measure these interactions. The measurements can be
conducted in solutions that are saturated or supersaturated
with respect to the mineral, so that the effect of bulk nucleation
on the interaction forces can be investigated.

To understand the effect of or_%anic fouling layers on gypsum
scaling during NF, Wang et al.”" employed AFM to measure
the interaction between a gypsum particle and membranes
coated by HA, BSA, and alginate. Two experimental conditions
were employed: saturated solution (¢ = 0, Figure 4B1), where
the solution was in equilibrium with gypsum but no nucleation
took place in the bulk solution, and supersaturated solution (o
> 0, Figure 4B2), where gypsum particles were formed in the
bulk solution via homogeneous nucleation and further
deposited on the membrane surface. A gypsum particle was
attached to the AFM probe via the cantilever-moving
technique,” and the interaction between the gypsum particle
and the membrane was recorded when the probe was pulled
off from the surface. The adhesion force measured by AFM
indicates the strength of binding between the gypsum-
functionalized probe and the membrane surface in both
conditions, allowing for the determination of gypsum—
membrane (Figure 4B1) and gypsum—gypsum (Figure 4B2)
interactions. For both types of interactions, the measured
adhesion forces (Figure 4C) served as a good indicator for the
degree of water flux decline of NF when the membrane was
preconditioned with the three organic foulants (see Figure
1A).>® The measured interaction was the strongest on
membranes coated by alginate, indicating the key role of
Ca’"-carboxyl affinity in promoting gypsum formation.

In addition to exploring the mechanisms of combined
fouling and scaling, AFM-enabled force spectroscopy can also
provide fundamental insights into the interactions between
organic matter and minerals. Notably, dynamic force spectros-

https://doi.org/10.1021/acs.est.3c00414
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copy has been used to quantify the binding free energy
between organic ligands and minerals.”*”” In dynamic force
spectroscopy, a chemically functionalized AFM tip (Figure
4D) is brought in contact with a mineral surface to form a
bond and then pulled away from the surface until the bond is
broken during which a rupture force is recorded (Figure 4E).
The force measurements are conducted at different pulling
rates, such that a plot of rupture force versus pulling rate can
be obtained. This approach allows probing the bond breaking
in near-equilibrium regime (low pulling rate) and a non-
equilibrium regime (high pulling rate). By fitting the curve to a
multiple bond breaking theory,” the free energy of organic-
mineral binding (AG,) can be obtained.

Using this technique, the binding free energies between
several organic functional groups (—COO~, —PO;~, —NH,",
—CH;) and two minerals (negatively charged phyllosilicate
muscovite mica and positively charged iron oxide goethite)
were quantified (Figure 4F).”° The results display a trend that
organic ligands and minerals with like charge bind more
strongly than pairs that are oppositely charged, suggesting the
important role of interactions such as hydrophobic and van der
Waals interaction, other than electrostatic forces, in organic—
mineral binding. In the study by Hamm et al,,* the measured
calcite—substrate binding free energy AG, was linearly
correlated to the interfacial free energy of the crystal—
substrate—liquid system (Figure 4G). This study corroborates
the conventional view that a good binder is a good nucleator
for mineral formation. While dynamic force spectroscopy has
mostly been applied in the (geo)chemistry literature to
date,’%77291%0 e anticipate that this technique can be a
valuable tool for unraveling the molecular-level mechanisms of
combined fouling and scaling in membrane processes.

4.3. Molecular Simulations and Their Potentials in
Exploring Foulant—Scalant Interactions. Although organ-
ic fouling has been intensively investigated by molecular
simulations,"” 7'%* there have been much fewer theoretical
studies on mineral scaling during membrane desalination. This
is because mineral scaling is a multiscale process that involves
complex solution chemistry, solute precipitation, and crystal
growth. The wide range of spatiotemporal scale makes it
particularly challenging to simulate mineral scaling at the
molecular level. To the best of our knowledge, there is still a
lack of simulation studies that enable modeling of the entire
nucleation process of mineral scales, let alone the effects of
organic foulants on mineral scale formation. However, gaining
such a modeling capability is highly desirable, because a unique
advantage of molecular simulation is that it provides a
molecular level understanding of the key processes that
otherwise is extremely challenging to obtain through experi-
ments alone. Such molecular level of understanding is not only
crucial for gaining a fundamental understanding of foulant—
scalant interactions, but more importantly, is a prerequisite for
enabling an advanced designing strategy for regulating
combined organic fouling and mineral scaling. To this end,
significant progress has been made in the past to elucidate the
key enabling factors for understanding these processes. As a
result, a large proportion of this section focuses on the state-of-
the-art knowledge on molecular simulation of mineral
formation itself, which lays a foundation for understanding
the potential of simulation in exploring foulant—scalant
interactions.

Mineral scaling commonly found in membrane desalination
represents two distinct types of activated processes. The

7138

nucleation of crystallization-induced scales such as gypsum and
calcite is mainly an entropic process, as the rate-limiting steps
are the diffusion, dehydration, and agglomeration of ions in
solutions. As a result, the free energy barrier is largely entropic,
similar to the nucleation of gas hydrates.'”> In contrast,
polymerization of silicic acid is characterized by a free energy
profile that is mainly enthalpic, as the key reaction steps include
both Si—O—Si bond formation and water removal from the
oligomers. Despite the difference, an accurate representation is
required to describe the fundamental interactions of solvated
ions in aqueous environment. Although an ab initio method is
in general considered as the most accurate approach, its
computational cost prohibits its application in complex and
extended systems. Additionally, density functional theory
(DFT) has been shown to often yield incorrect predictions
of thermodynamic properties in minerals and solutions,*° and
quantum chemistry method is often required to provide
benchmark results. Therefore, the development of less-
expensive, but accurate force-field is necessary for enabling
the spatiotemporal scale for modeling mineral scaling.

For example, many force fields were developed decades ago
for accurately reproducing the structure and mechanical
properties of calcite, but they were all shown to fail to predict
the phase stability and solvation free energy of calcium ions.'*®
This issue was addressed by Raiteri et al,'’® who
reparameterized the rigid-molecule model against experimental
free energy difference between calcite and aragonite and
experimental free energy of hydration for Ca®>". The authors
also developed a flexible model shortly after to account for the
angular flexibility of carbonate group,"’” and this force field has
been widely used to study nucleation of calcium carbo-
nate.'””'*® Both rigid and flexible models treat carbonate
anions as a molecular entity where bonds are predefined and
preserved. Although this is an accurate description for both
bulk phase and nucleation process, these models are unable to
describe carbonate reactivity, which can be relevant for crystal
growth process.109 To address this issue, a reactive force field
based on ReaxFF approach''’ was developed.'”” Recently,
Raiteri et al.'"'" also developed a polarizable force field based
on AMOEBA model to improve the standard free energy of
ion pairing to form CaCO,’. The new polarizable model was
found to improve the description of solvation structure and
transferability. For gypsum, both rigid and polarizable models
have been developed recently,''> paving the way for modeling
gypsum nucleation. For silica, since the scaling process
proceeds with polymerization of silicic acid, a force field that
is able to describe bond-forming and bond-breaking is essential
for modeling such process. In this regard, reactive force fields
were developed and improved'”™'" to model silica—water
interface and sol—gel condensation process.''® These develop-
ments enable gaining important insight into the early stage of
the scaling process in a homogeneous system that consists of
only water and constituent ions, as will be discussed below. For
desalination processes that include membranes and organic
foulants, the structural and chemical complexity of the system
makes modeling more challenging. Simple combination rules
are commonly adopted in modeling organic—inorganic
interactions, but these rules are only approximate in nature
and can often lead to large variations even in simple cases such
as Ca®* binding to glycine zwitterion."'” Therefore, more
accurate interactions need to be carefully calibrated through
fitting high-quality data.
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Figure S. (A) Precipitation of NaCl from solution has been investigated in molecular simulations using advanced sampling methods including
forward flux sampling (FFS) and seeding approach combined with CNT at different supersaturations. The homogeneous nucleation rates
computed using different methods were found to agree well each other but differ from those from experiments. Note that “this work” in Panel A
refers to ref 119 as detailed below. (B) Snapshot of a NaCl nucleus with its first hydration shell obtained from FFS simulation clearly shows a
crystalline structure, indicating the precipitation of NaCl under low supersaturation is a classical (one-step) process. (C) Schematic view of classical
(top) and nonclassical (bottom) pathways of crystal nucleation from solution. Molecular simulations showed evidence for the existence of stable,
liquid-like ionic polymers as prenucleation calcium carbonate clusters that adopt dynamic topology consisting of chains, branches, and rings under
(D) low pH and (E) high pH, providing a strong support of nonclassical nucleation mechanism of calcium carbonate. Nevertheless, direct
simulation of a true nucleation event from solution has not been achieved for minerals so far, due to extensive spatiotemporal scale and complexity
of mineralization process. The figures are adapted with permission from ref 126 (A, copyright 2021 RSC), ref 121 (B, copyright 2018 AIP), ref 184
(C, copyright 2018 MDPI), and ref 108 (D and E, copyright 2011 NPG).

A major challenge in modeling crystal nucleation process is Given all these challenges, it is not surprising that no
that nucleation is often too “slow” to occur spontaneously in simulation study was reported up to date to model the entire
molecular simulation. The slowness is attributed to both the nucleation process of mineral scale. In a closely related, but
rare-event nature of nucleation and the very limited much simpler system, the nucleation of NaCl from super-
spatiotemporal scale accessible to molecular simulation. saturated brine, has been indeed investigated by molecular

simulations. These studies provide invaluable insights that may
help understand the complex mineralization process. For
example, using a large simulation cell, Chakraborty and
Patey'”’ performed direct molecular dynamics simulation
and showed that NaCl nucleation follows a two-step process
in that the early stage nucleus is a loosely ordered arrangement
of ions containing a significant amount of water, followed by a
slow dehydration process as crystal grows. This result
contrasted with CNT, which assumes nucleation is a one-
step process where the nucleus bears the same structure of the
thermodynamically stable phase. However, a later study'”'
showed that NaCl was significantly supersaturated in the work

Therefore, standard molecular simulation approaches are
usually insufficient for modeling crystal nucleation under
experimentally relevant conditions. Interested readers may
refer to an excellent review on this topic.''® Since
mineralization proceeds with a solute precipitation process, a
unique challenge in molecular simulation of mineralization is
the effect of solute depletion. As molecular simulations are
typically conducted using a fixed number of atoms/molecules,
the formation of a crystal embryo consumes ions in solution,
consequently leading to a decrease of chemical potential of
solution upon nucleation. This artificial change in driving force

for nucleation not only yields a quantitative inaccuracy of of Chakraborty and Patey'?® for the employed force field.
crystal nucleation but also may even fundamentally alter the Using the forward flux sampling (FFS) method,'** a rigorous
underlying nucleation mechanism. A remedy to this issue is to but expensive approach that does not rely on CNT, Jiang et
increase the size of simulation cell so that the change in al.’! showed the nucleation of NaCl under experimentally
solution concentration becomes negligible,''” but this strategy relevant conditions is better described by CNT. Another
will inevitably lead to a significant increase in computational advantage of the FFS method is that it allows directly
cost. computing nucleation rate, which arguably is the only quantity
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that connects experiments and modeling under various
conditions. The calculated homogeneous NaCl nucleation
rates based on FFS were found to be lower than the
experimental rates, which was attributed to the inaccuracy of
the force fields in determining the interfacial tension.'”!
Indeed, a subtle error in reproducing solid—liquid interfacial
free energy can lead to orders of magnitude variation in
nucleation rate.'** Another approach that allows for modeling
NaCl nucleation under experiment-relevant conditions is
seeding, where a crystalline seed is inserted in liquid to allow
its growth (if seed is beyond the critical size) or dissolution (if
seed is below the critical size).'”* When combined with CNT,
seeding approach can also yield nucleation rate, solid—liquid
interfacial free energy, nucleation barrier, and ion-attachment
frequency.'"” As nucleation rate is strongly dependent on the
critical nucleus size in the seeding approach, errors in
determining the optimal local order parameter for computing
nucleus size can introduce a substantial uncertainty in rate
estimates.''”'** Importantly, Lamas et al."*® recently showed
an agreement in nucleation rate between FFS and seeding
approach can be achieved in a wide range of supersaturation by
using a mislabeling criterion in seeding approach. The
agreement provides a justification for the applicability of
seeding approach in homogeneous NaCl nucleation, which is
rather a classical one-step process under low supersaturation,
as shown in Figure SA. In such a case, concentration and
structural fluctuations occur simultaneously and coherently so
that the formed nucleus bears the crystalline structure, as
shown in Figure SB. Under high supersaturation, the two
fluctuations were found to decouple so that the concentration
fluctuation first leads to the formation of a dense precursor that
does not carry crystalline order, which then transforms into an
ordered structure in the second structural fluctuation.'”” The
transition from one-step to two-step was found to be driven by
phase separation due to a spinodal decomposition at a
sufficiently high supersaturation."*”

The gained insight from NaCl nucleation helps to
understand the formation of calcite and gypsum from solution,
although the chemical complexity, extended spatiotemporal
scale, and sluggish dynamics associated with calcite and
gypsum nucleation prevent obtaining a similar level of
understanding. So far, no modeling work has reported the
entire nucleation event in these minerals, but there were
extensive theoretical *”"?*""” and experimental'**~"*" studies
on the structure and dynamics in the prenucleation stage of
calcium carbonate. In particular, modeling studies strongly
suggest the existence of a prenucleation cluster (PNC)
pathway in calcium carbonate,'”® which is fundamentally
distinguished from CNT in that it is the change in dynamics
rather than the size of cluster that defines the critical transition
in liquid—solid phase transformation (Figure SC). In essence,
PNCs, which are highly dynamic clusters of ions that are
significantly larger than ion pairs, spontaneously form in
solutions,"” constituting a dynamic equilibrium (Figure
SD,E). Upon the increase of size, the dynamics of large cluster
slows down, which forms an interface with solution that can be
reduced when large clusters a§$regate to form large droplets in
a liquid—liquid separation."””"** The droplets then undergo
dehydration process to form amorphous calcium carbonate
(ACC),"**™"** which has been frequently observed exper-
imentally."**~"** The schematic of the PNC pathway is shown
in Figure 5C. Although the PNC pathways provide a better
explanation of experiments,'* it is under debate whether this
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is the only way for carbonate nucleation, as there were studies
that suggest carbonate nucleation can be a classical
process.L 13 In particular, in situ characterization showed
calcite nucleation on carboxyl-terminated self-assembled
monolayers (SAM) can be described well by CNT in that
heterogeneous nucleation is enhanced due to the reduced
interfacial free energy between carboxyl SAM and calcite."”’
Additionally, a nonclassical nucleation pathway has been also
reported for gypsum formation."**~"*°

As mineral nucleation is already complicated in aqueous
solution, the role of organic foulants contained in feedwater of
desalination in regulating mineralization can become even
more elusive. Although early experiments already demon-
strated calcite nucleation can be enhanced through controlling
the functional groups in SAMs,"*”'*! CaCO, formation can be
also suppressed as shown in a recent combined experimental
and modeling study incorporating multiwalled carbon nano-
tube (MWCNT) into polyamide membrane.'** The authors
demonstrated that an interfacial water layer formed on the
surface of the carbon-modified membrane surface (using a flat
graphitic sheet as a surrogate for MWCNT) hindered the
attraction of Ca** and CaCO; clusters to the membrane
surface. The authors attributed the enhanced antiscaling
performance to the induced smooth surface morphology, the
decrease of surface charge, and the formation of a rigid
interfacial water layer. These results highlight the complex and
important roles of inorganic—organic interactions in regulating
crystal nucleation. Also, Li et al.’' used molecular dynamics
simulation to reveal that the interactions of silica with HA are
through hydrogen bonding and that the carboxyl group of HA
is the dominant functional group to bind silica. Such results
provide molecular-level support of the NMR results discussed
in Section 4.2.

It should be also noted that such interactions are expected to
play an equally, if not more, important role in the growth of
these minerals. In this regard, insight gained in understanding
the crystallization of other materials already provides strong
indication that inorganic—organic interaction can re(i;ulate
crystal growth. For example, both molecular modeling' **'**
and experimental*>'*° studies suggest ice-nucleation proteins
and antifreeze proteins share very similar structures and
functional groups, rending similar ice-binding mechanism, but
the difference in their sizes lead to the opposite effects in ice
crystallization. Similarly, molecular simulations'*”'** helped
elucidate the molecular mechanisms responsible for antiag-
glomerants used in oil industry that prevent gas hydrate
particles from coalescence inside of oil and gas pipelines.'*"**
The similarity between mineral scaling and coalescence of
hydrate thus can be enlightening in understanding foulant—
scalant coupling in membrane desalination. Although the use
of molecular simulations in understanding organic—mineral
interactions is still at a very rudimentary state, the progress of
molecular modeling in understanding many other materials
holds great promise of deepening our mechanistic under-
standing on combined fouling and scaling in desalination at a
molecular level.

5. RESEARCH OPPORTUNITIES OF IMPROVING
MEMBRANE PERFORMANCE UNDER COMBINED
FOULING AND SCALING

5.1. Surface-Modified Membranes That Possess
Resistance to Combined Fouling and Scaling. Develop-
ing membranes that are resistant to fouling and/or scaling via

https://doi.org/10.1021/acs.est.3c00414
Environ. Sci. Technol. 2023, 57, 7129-7149


pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c00414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

Critical Review

(A)

Rinsed by DI water
1 Cycle
[

'i 1 Bi-layer I
Wed by DI water

PA-TFC RO Membrane

Modified Membrane

(D)
P
Porsr

O0H

c
COOH ¢ooH

cool ooug
3)1 gzx}ung: g

K2S,05

==

Na,S,05

-
A%

~?%3/%%

=

EDC

—

NHS

Water Flux (L m? h'")
(4

A A O 0O @
=]

o
©

e o
N

o

Normalized Flux
o

el
3

I
~

[ =]

o

PA-TFC [ 2 Fouling stalbe flux
O Fe@PhA-3 5 0.80f 7N\ Recovery Flux
A Fe@PhA5| 35
4 8 12 16 20 24 PATFC  Fe@PhA-3 Fe@PhA-5
Time (h)
(F)
=N O Pristine 10 [ S (222 (I Fouling stable flux
O AA x % ) /[[[1]] Recovery flux
0 A EA 3
%{Qo ) 3
kel
£ @
’ oo, Sos
00000000 | 8
28 £
OD0omom| O
SRANIN R 2 04

AA

2
0 200 400 600 800 100012001400 Pristine EA

Time (min)

Figure 6. Fabrication and performance of membranes with resistance to combined scaling and fouling. (A) Schematic of the fabrication of
polyamide RO membrane modified by multilayered ferric-phytic acid (PhA) complex. (B) Representative water flux decline curves of conventional
polyamide membrane and ferric-PhA-modified membrane during combined silica scaling and BSA fouling tests. (C) Normalized water flux after
combined scaling—fouling tests and after physical cleaning for membranes in (B). (D) Schematic of the fabrication of polyamide RO membrane
modified by acrylic acid (AA), ethylamine (EA), and ethylenediamine (ED). (E) Representative water flux decline curves of conventional
polyamide membrane and those modified with AA, EA, and ED during combined silica scaling and alginate fouling. (F) Normalized water flux after
combined scaling—fouling tests and after physical cleaning for membranes shown in D and E. The figures are adapted with permission from ref 160
(A—C, copyright 2020 Elsevier) and ref 163 (D and E, copyright 2020 Elsevier). The data are extracted from those figures and replotted.

surface modification is an important strategy to enhance the
resilience of membrane desalination. Due to the different
mechanisms between organic fouling and mineral scaling,
various membrane modification strategies have been emFloyed
to enhance membrane resistance against organic fouling 91
and mineral scaling.">*~"*” Compared with a large number of
studies attempting to develop membranes resistant to
individual fouling or scaling, only a few studies have been
performed to explore the possibility of developing high-
performance membranes that have resistance to combined
fouling and scaling.

Qi et al'® modified the surface of a polyamide RO
membrane with multilayered ferric (Fe)-phytic acid (PhA)
complex via a layer-by-layer (LbL) assembly technique (Figure
6A). The authors demonstrated that the Fe-PhA-modified
membranes had slower water flux decline as well as higher flux
recovery after membrane cleaning than the pristine polyamide
membrane under combined silica scaling and BSA fouling
(Figure 6B,C). Such an improvement of membrane perform-
ance was attributed to the Fe-PhA multilayer, which rendered
the membrane surface more negatively charged, more
hydrophilic, and smoother.'®” The enhanced negative surface
charge improves membrane resistance against silica scaling via
repelling ionized silica species,”’ while the improved hydro-
philicity and reduced surface roughness reduce the attachment
of BSA foulants and BSA—silica aggregates.160

The design principle used by Qi et al."®” above has been also
applied to the development of other modified membranes
resisting algainst combined silica scaling and organic fouling.
Hao et al.'*" grafted three hydrophilic and negatively charged
molecules, including L-O-phosphoserine, 3-amino-1-propane-
sulfonic acid, and alendronate sodium trihydrate, on the RO
membrane surface via postmodification of interfacial polymer-
ization. When exposed to both organic foulants (HA or BSA)
and silica in combined fouling and scaling tests, all the
modified membranes exhibited slower flux decline than the
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pristine membrane. Similarly, Mankol et al.'®* prepared a

polyamide RO membrane using 2,5-diaminobenzenesulfonic
acid (a sulfonate-containing molecule) as the comonomer with
m-phenylenediamine in interfacial polymerization. Compared
with conventional polyamide membrane, the fabricated
membrane surface displayed an enhancement in negative
charge, hydrophilicity, and smoothness, showing significantly
lower water flux decline during combined silica scaling and
BSA fouling experiments. Further, Wang et al.'"® explored the
effect of physicochemical property of RO membrane surface
on combined silica scaling and SA fouling by grafting
molecules possessing different functional groups (i.e.,
—COOH, —CHj;, and —NH,). Acrylic acid (AA) was grafted
via a redox radical reaction, while ethylamine (EA) and
ethylenediamine (ED) were grafted with the assistance of N-
(3-(dimethylamino)propyl)-N-ethylcarbodiimide hydrochlor-
ide (EDC) and N-hydroxysuccinimide (NHS) (Figure 6D).
The AA-modified membrane showed the least extent of water
flux decline and the best flux recovery after membrane
cleaning, whereas the EA- and ED-modified membranes
suffered from slightly facilitated flux decline (Figure 6E,F).
The authors demonstrated a strong correlation between
membrane surface charge and performance,'” suggesting
that electrostatic repulsion played a key role in the mitigation
of silica scaling and SA fouling.

As described above, current studies have developed novel
membranes with resistance to combined fouling and scaling by
altering membrane surface properties including surface charge,
hydrophilicity, and roughness. However, these studies have
been dominantly focusing on mitigating silica scaling and
organic fouling simultaneously in RO. To the best of our
knowledge, there is still a lack of studies that explore the
fabrication of high-performance membranes exposed to a
combination of organic fouling and crystallization-induced
scaling (e.g, gypsum and calcite scaling). Given that the
mechanisms between crystallization- and polymerization-
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induced scaling are distinct, future research is needed to
investigate which membrane surfaces are desired for mitigating
combined organic fouling and crystallization-induced scaling.
Also, membranes that are resistant to combined fouling and
scaling in other membrane processes such as MD and FO have
been rarely reported. We noticed that superhydrophobic
membranes with slippery property have been demonstrated
to reduce both organic fouling and mineral scaling in
MD,591921531567158 104165 gynerhydrophobic membranes re-
duce the contact between the feedwater and membrane
surface, while creating a slip boundary condition that improves
the hydrodynamic behavior.'>'* Although these mechanisms
are potentially applicable to the mitigation of organic fouling,
superhydrophobic membranes have not been challenged by
feedwaters containing both organic foulants and inorganic
scalants at the same time. As a result, corresponding studies
should be performed to expand our knowledge on membrane
resistance against combined fouling and scaling to membrane
processes other than RO, thereby improving the robustness of
membranes applied to a wider range of industrial wastewater
possessing complex chemical compositions.

5.2. Pretreatment to Remove Foulants and/or
Scalants from the Feedwater. Pretreatment of feedwater
to remove organic foulants and scale-forming species is
commonly used to prolong membrane lifespan.'°>'®” The
foulants and scalants can be removed individually or
simultaneously. From the perspective of combined fouling
and scaling, one important criterion for the selection of proper
pretreatment strategies is whether the removal of foulants or
scalants is beneficial for mitigating membrane performance
degradation. When the combined effect of foulants and
scalants on membrane performance is synergistic, removing
organic matter or scalants potentially eliminates such a
synergistic effect and will lead to a lesser decline of water
flux. In the case when fouling and scaling have antagonistic
effects, however, removing organic foulants alone is undesir-
able and can cause more severe decay of membrane
performance. Regardless of whether synergistic or antagonistic
effects exist between fouling and scaling, removing both
organic matter and mineral scalant precursors would be
beneficial for maintaining the performance of membrane
processes over the long-term.

Gypsum, calcite, and magnesium-containing scales are
formed from precursors such as calcium and magnesium
ions. These divalent hardness ions are more readily removed
than silicic acid, which is dominantly neutral at near neutral
pH. Apell et al.'® studied the efficiency of combined ion
exchange treatment, which was composed of anion exchange
that targeted the removal of dissolved organic carbon (DOC)
and cation exchange that removed the hardness ions. The
treatment was effective in removing >55% of both DOC and
hardness ions. Other studies have also demonstrated the
capabilities of ion exchange resins for the removal of precursor
ions of mineral scale'® and organic matter'’* separately. The
effectiveness of combined ion exchange was improved in the
work by Comstock et al,'”' who applied magnetically
enhanced ion exchange that was able to achieve >75% removal
of both DOC and divalent ions. Coagulation-based approaches
have also been used to remove organic substances, but they
tend to be less effective in removing hardness ions. For
example, Hakizimana et al.'”> studied electrocoagulation as
pretreatment for RO desalination. They reported that
electrocoagulation had the capability of removing >70% of
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DOC and microorganisms but only negligible removal of the
scale precursor ions (<10%).

There are far fewer studies investigating the performance of
pretreatment processes for feedwater containing organic matter
and silica, but existing publications on the removal of each
constituent may provide potential treatment options. As
previously mentioned, electrocoagulation was shown to
effectively remove organic matter.'”” Zhang et al.'”> demon-
strated a similar electrocoagulation process for 90% removal of
silica in brackish water. While each of these studies alone does
not provide sufficient evidence that electrocoagulation is
effective in simultaneously removing organic matter and silica,
they might motivate future studies to investigate its efficiency
when both constituents are present. Ho et al.'’* and
Subramani et al.'”® both studied various pretreatment options,
including coagulation, ultrafiltration, organoclay filters, and
MYCLEX cartridges, which showed varied removal of organic
matter but low removal (<15%) of silica. A thorough search of
the literature failed to find a promising treatment process
proven to remove >50% of both organic matter and silica.
More research is required to further understand the removal of
silica in the presence of organic matter.

Although the literature implies that some pretreatment
technologies are effective in removing organic matter and
scaling precursors, more investigations that combine pretreat-
ment with desalination processes are needed to probe the
mitigating effect of different pretreatment ap?roaches on
combined fouling and scaling. Recently, Liu et al.’® employed
UV/Fe(I1)/S(IV) (UFS) pretreatment in an attempt to
mitigate HA-enhanced gypsum scaling in NF process. The
UES pretreatment generated sulfate radicals that destroyed the
structure of carboxyl group, thereby weakening the complex-
ation of Ca** with HA. As a result, gypsum scaling was
mitigated due to the alleviated cake-enhanced osmotic pressure
and reduced extent of concentration polarization. Ultimately,
the goal of feedwater pretreatment is to reduce the operating
costs associated with membrane cleaning and replacement.
The fundamental insights gained from studies of combined
fouling and scaling, as reviewed in the above sections, have the
potential of helping guide the selection of the most effective
and economical pretreatment technologies.

6. OUTLOOK OF RESEARCH NEEDS

In this Critical Review, we examined the state-of-the-art
knowledge on the behaviors and mechanisms of combined
fouling and scaling, experimental characterization and molec-
ular modeling of foulant—scalant interactions, as well as the
potential mitigation strategies. Despite these knowledge
advances, our understanding of combined fouling and scaling,
especially at the molecular level, is far from fully established,
warranting future studies on this complex but important topic
pertaining to practical scenarios of membrane desalination.
Under the framework of CNT, organic foulants can regulate
the rate of mineral nucleation in two primary ways: (1) the
adsorption of organics on mineral nuclei in the bulk solution
alters the liquid—nucleus interfacial energy and thus changes
the free energy barrier to homogeneous nucleation and (2) the
coating of membranes by organic foulants changes the rates of
heterogeneous nucleation by altering the nucleus shape factor,
which can be quantified by incorporating a wetting function
f(6). However, as discussed above, inconsistent results exist on
the effects of organic foulants on mineral scaling in membrane
desalination. Hence, more systematic and comparative
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investigations are needed to further understand the interplays
between organic fouling and mineral scaling as a function of
both membrane process and experimental conditions. Reveal-
ing the stoichiometric relationship of foulant—scalant coupling,
for example, is essential to predicting the behavior of combined
fouling and scaling. The gained knowledge will lead to the
development of theories and models that can be used to
quantify the impacts of organic foulants on the induction time,
nucleation rate, and crystal growth of mineral formation. Also,
it is important to distinguish the effects of organic foulants on
homogeneous and heterogeneous nucleation of minerals
formation. Future investigations are needed to decouple the
contribution of each nucleation mechanism to combined
fouling and scaling. However, as the contributions of
homogeneous and heterogeneous nucleation to mineral scaling
are still under debate, closing this knowledge gap requires a
more complete understanding of mineral scaling itself.
Furthermore, although CNT has been commonly used to
explain the behaviors of mineral scaling mechanistically, an
increasing amount of evidence has been provided on the
existence of nonclassical nucleation pathways.'**'*"7” 1f
nonclassical nucleation is more accurate for describing mineral
scale formation, the role of foulant—scalant interactions, as well
as the mechanisms of combined fouling and scaling, will be
revisited. Future studies that attempt to apply nonclassical
nucleation pathway to explaining foulant—scalant interactions
(i.e., between foulants and PNCs, rather than between foulants
and scalant ions) are valuable to developing a more complete
theoretical framework for understanding combined fouling and
scaling.

We notice that existing literatures dominantly focus on the
effects of organic fouling on mineral scaling rather than those
of mineral scaling on organic fouling. One challenge to the
latter is that some scale precursors, such as Ca®** (i.e., the
precursor for gypsum and calcite scaling), have been shown to
facilitate organic fouling.US_180 Even though, it is still
beneficial for future investigations to explore the impacts of
mineral scaling on the deposition of organic foulants, thereby
leading to more comprehensive knowledge on combined
fouling and scaling. In addition, more studies are needed to
characterize organic foulants and mineral scales attached to
membranes taken from real membrane desalination facilities, in
order to connect the fundamental knowledge gained from
laboratory studies with industrially relevant scenarios. The use
of organic substances extracted from real feedwaters of
desalination, rather than simplified model foulants dominantly
used in existing literatures, can lead to a more accurate
understanding of the interactions between organic fouling and
mineral scaling in membrane desalination.

Experimental techniques that enable the investigation of the
foulant—scalant interactions are essential to elucidate the
mechanisms of combined fouling and scaling. Here, we would
like to highlight the techniques used in the field of
biomineralization, which can be employed to explore the
coupling of organic fouling and inorganic scaling. For example,
quantifying the rate of mineral nucleation is necessary for
understanding the effects of organic foulants on the
thermodynamics and kinetics of mineral nucleation. For
minerals with relatively fast growth rate such as calcite and
gypsum, direct observation with optical microscopy is
sufficient.>*®® However, for minerals with slow nucleation
kinetics such as silica, state-of-the-art techniques with higher
resolution such as in situ fluid cell AFM should be used to
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measure the number of particles formed at nascent stages
immediately following nucleation.** By adjusting the residence
time of feed solutions in the fluid cell (e.g, shorter or longer
than the induction time for homogeneous nucleation), the
contributions of homogeneous and heterogeneous nucleation
might be decoupled. Also, dynamic force spectroscopy, which
has been used to measure mineral-substrate binding free
energy, can be a valuable tool to probe the affinity of minerals
to membrane substrates, which is associated with nonclassical
nucleation (the attachment of PNCs to membrane surfaces)
and homogeneous nucleation in the bulk solution (the
deposition and attachment of scale particles to membrane
surfaces).

Furthermore, we note that current experimental approaches
are not able to fully elucidate the mechanisms of combined
fouling and scaling. Molecular simulation represents a
promising but largely untapped tool that helps us understand
foulant—scalant interactions at the molecular level. As analyzed
above, despite the current progress in molecular simulation of
mineral nucleation, our capabilities of modeling the entire
mineral nucleation process, as well as the interactions of
organic foulants with inorganic scalants, are very limited.
Future studies that develop novel computational method-
ologies that enable more complete and efficient modeling of
mineral nucleation, such as by extending the success in
modeling relevant systems such as ice, gas hydrate, and NaCl
nucleation to mineral scaling, will be of great value to gain
molecular mechanisms of mineral scale formation in the
presence of organic foulants.

Lastly, current efforts of improving the performance of
membrane desalination need to take the coupling of membrane
fouling and scaling into consideration. Antifouling or
antiscaling membranes, which have been typically developed
to resist against individual fouling or scaling, need to be
challenged by feedwaters with both high fouling and high
scaling potentials. Such a strategy will provide necessary
insights into whether these functional membranes are able to
mitigate combined scaling and fouling. Guided by a
combination of experimental, theoretical, and computational
approaches, we are potentially able to transform and expand
the design framework of high-performance membranes from
individual fouling/scaling resistance to resistance against
combined scaling and fouling. Besides membrane material
development, process innovation might also help mitigate
combined fouling and scaling. For example, Liu et al.'®>'®!
showed that applying a pulse flow, which creates regular
membrane vibration, was able to reduce both gypsum and
silica scaling in MD, probably due to the fluctuation of water—
membrane interface that reduces concentration and temper-
ature polarization. This approach of altering the hydrodynamic
behavior of membrane processes has the potential to mitigate
both mineral scaling and organic fouling, but it needs to be
tested with feedwaters containing both scalants and foulants.
Further, the use of antiscalants is a common strategy of
mitigating mineral scaling.[m’lgz’183 However, it is still unknown
how antiscalants might affect the behaviors of combined
fouling and scaling in membrane desalination, as well as
whether the presence of organic foulants might alter the
efficacy of antiscalants. As a result, future research should be
directed to assess the efficiency of antiscalants when mineral
scalants and organic foulants coexist in the feedwater and to
unveil the effects of antiscalants on foulant—scalant inter-
actions. The above efforts of tackling combined fouling and
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scaling are expected to greatly improve the resiliency and
efficiency of membrane desalination systems when feedwaters
with complex compositions are treated.
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