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ABSTRACT

Membrane scaling remains one of the primary operating challenges in reverse osmosis (RO) desalination,
especially for feedwaters with high scaling potential. The conventional mitigation approach of antiscalant dosing
provides only temporary relief by delaying nucleation but adds cost and complexity, introduces other fouling
risks, and leaves the underlying supersaturation of hardness ions, i.e., Ca>" and Mg?", unaddressed. This study
investigates thermomorphic hydrophilicity base-induced precipitation (THBIP), a thermomorphic solvent-based
emerging descaling technique, as an alternative pretreatment for scaling mitigation by selectively removing
hardness cations from the feed. Bench-scale crossflow RO experiments using high-scaling propensity feed
simulating irrigation drainage water demonstrated that THBIP pretreatment significantly reduced the rate of
water flux decay by 14.7 % compared to untreated feed. THBIP-pretreatment extended the water recovery yield
from 0.48 to 0.61 before severe scaling occurred, representing a 27 % productivity gain over the control.
Whereas the untreated feed experienced catastrophic flux collapse shortly after the critical transition point,
THBIP-pretreated membranes retained ~61-66 % of their initial water permeability. Integrated thermodynamic,
morphological, elemental, and crystallographic analyses revealed that initial scaling was driven by gypsum,
whereas the critical transition was triggered by the subsequent onset of anhydrite precipitation. By suppressing
anhydrite formation, which forms denser, less permeable deposits than gypsum, THBIP drastically reduced the
flux decline rate by 71.7 % relative to the controls while preserving salt rejection. With the intrinsic advantages
of chemical recyclability, feed pH rebalancing, and compatibility with low-grade heat utilization, THBIP offers a
more effective and sustainable solution for managing high-scaling RO feeds.

1. Introduction

Global water scarcity is an increasingly pressing issue, with nearly
two-thirds of the world's population projected to face water stress by
2050 [1-4]. Given that only 0.014 % of Earth's water is readily acces-
sible as freshwater, alternative water supplies are increasingly vital

[3,5]. Seawater and brackish water desalination have emerged as crit-
ical components of sustainable water solutions worldwide [6]. Among
available desalination methods, membrane-based reverse osmosis (RO)
has emerged as the dominant technology and market leader, accounting
for the majority of global desalination capacity due to its high separation
efficiency and lower energy requirements compared to distillation
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[7-10].

RO operates through pressure-driven transport of water across semi-
permeable membranes while rejecting dissolved salts and contaminants
[11-15]. However, mineral scaling of the membrane remains a principal
operational challenge, constraining process efficiency and economic
viability [16-18]. Scaling occurs when sparingly soluble minerals, e.g.,
calcite (calcium carbonate, CaCOs), gypsum (calcium sulfate dihydrate,
CaS04e2H50), brucite (magnesium hydroxide, Mg(OH)5), and silica
(SiOy), exceed their respective solubility thresholds, leading to precipi-
tation of crystalline salts (Ca/Mg) or polymerization of amorphous de-
posits (silica) on the membrane surface [16,19-21]. These deposits
gradually build up a dense fouling layer that progressively hinders water
transport, reducing permeate flux, increasing transmembrane pressure
requirements, elevating energy consumption, and necessitating frequent
chemical cleaning cycles (clean-in-place). The technical difficulties
caused by mineral scaling collectively compromise the economic feasi-
bility and environmental sustainability of RO operations, especially for
feeds with high scaling potential [11,16,19].

Current scaling mitigation strategies rely mainly on chemical ap-
proaches, such as antiscalant dosing, to maintain supersaturated species
below critical nucleation thresholds or disturb ordered crystal growth
[11,22-26]. While the introduction of antiscalants can delay scale for-
mation or inhibit regular crystalline structures, they inevitably increase
process complexity and operating costs. Anti-scaling chemicals, typi-
cally phosphonate (PO3") or polycarboxylate-based ([C,Hzn.1COO]ly)
compounds, require precise dosing control, may contribute to organic
and biochemical fouling, and are less effective for feedwaters with high
scaling propensity [21,27-29]. More importantly, using complexing
agents to chelate the scaling precursor ions can only provide temporary
relief as the underlying driver for precipitation remains, with hardness
ions such as Ca®" and Mg?" persisting in the feed stream. Consequently,
antiscalants become increasingly inefficient as scaling kinetics intensify
with increasing water recovery yields, limiting the practical operating
range of RO [22,27]. Inter-stage concentrate demineralization ap-
proaches that include chemical precipitation, ion exchange, and inter-
mediate nanofiltration, have been studied to improve RO water recovery
yields, but have associated operational complexity and waste disposal
challenges [30-32]. Conventional ICD methods typically result in
10-20 % recovery improvements but have certain limitations: lime
precipitation involves high chemical use and generates large amounts of
sludge; ion exchange systems require frequent regeneration, leading to
waste brines; nanofiltration increases capital and energy requirements.
Each method has associated operational complexity and challenges
regarding waste disposal.

Thermomorphic hydrophilicity base-induced precipitation (THBIP)
is an alternative pretreatment approach that has been demonstrated for
descaling hypersaline brines [33]. Detailed working principles can be
found in initial study [33]. Briefly, the technique employs thermo-
sensitive amine bases that undergo reversible hydrophilic-hydrophobic
transitions. In the hydrophilic state at ambient temperatures, the basic
amines dissolve in water and increase the solution pH to initiate the
precipitation of hardness cations in hydroxide forms. The high thermal
sensitivity enables subsequent amine recovery: toggling the amine to its
hydrophobic state through the application of a mild thermal stimulus
drives temperature-induced phase separation, allowing for amine
regeneration. Significant Ca>" and Mgt removals of >33 % and >90 %
as Ca(OH)ze) and Mg(OH)zs), respectively, were achieved from a high
background of 233.8 g/L NaCl (4.0 mol/L) by raising the pH to ~12.2
using diisopropylamine [33]. Importantly, the amine does not react
directly to form the solid precipitates, i.e., the process is non-
consumptive. Amine recyclability is enabled by the thermomorphic
multiphase nature of the system: the drastic decrease of amine solubility
in water at moderate temperature increases allows simple thermal-
induced phase separation of the organic amines from aqueous saline
feed to achieve amine regeneration. Critically, this recovery process
concurrently lowers the feed pH, eliminating the need for additional pH
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adjustment prior to subsequent cycles—a significant advantage over
conventional hydroxide and other base dosing strategies that perma-
nently elevate pH [34,35]. While the innovation has been demonstrated
for descaling hard brines, the actual benefits of utilizing THBIP as a
pretreatment for RO have not been quantitatively examined.

This study investigates the performance improvements of thermo-
morphic hydrophilicity base-induced precipitation pretreatment on
reverse osmosis desalination of a high-scaling propensity feed. Water
recovery yield and salt rejection were evaluated for the RO desalination
of untreated and THBIP-pretreated feeds simulating brackish irrigation
drainage water in the San Joaquin Valley (CA, United States), and
mineral scaling was assessed by quantifying the water flux decline.
Water chemistry analysis was combined with morphological and X-ray
spectroscopic characterizations of the scalant to explain the role of
different mineral precipitates and the mechanism of water recovery
improvement by THBIP. Lastly, the implications of thermomorphic
solvent-based THBIP as a potential pretreatment for high-scaling pro-
pensity RO feeds are discussed.

2. Material and methods
2.1. Materials

RO feedwater was prepared using ACS-grade or higher purity
chemicals. Sodium bicarbonate (NaHCO3;, >99 %) and magnesium
chloride hexahydrate (MgCly-6H20, >99 %) were procured from
Thermo Scientific (Waltham, MA, United States). Calcium chloride
dihydrate (CaCly-2H30, >99 %), sodium sulfate (Na3SO4, >99 %), and
ammonium chloride (NH4Cl, >99 %) were acquired from Acros Or-
ganics (Waltham, MA, United States). Sodium chloride (NaCl, >99 %)
was obtained from Alfa Aesar (Haverhill, MA, United States), and so-
dium nitrate (NaNOs, >99 %) from Sigma-Aldrich (St. Louis, MO,
United States). All chemicals were used as received without further
modification. Commercial Filmtec BW-30 RO membranes (DuPont,
Wilmington, DE, United States) were used in all RO experiments.
Permeate flow rates were measured using a precision balance (Adven-
turer, OHAUS, Parsippany, NJ, United States) in conjunction with a
high-performance liquid chromatography-grade digital liquid flow-
meter (GJC Instruments Ltd., Chester, United Kingdom). Deionized (DI)
water was obtained from a Milli-Q ultrapure water purification system
(Millipore, Billerica, MA, United States).

2.2. Assessment of hardness change on water recovery and salt rejection
of reverse osmosis

Membrane coupons were cut to 6 cm x 10 cm and conditioned
through sequential soaking in isopropyl alcohol for 2 h followed by DI
water for 24 h to remove residual manufacturing chemicals (e.g., pre-
servatives) and achieve complete membrane wetting. Conditioned
membranes were subsequently installed into five RO test cells with
active membrane area of 19.4 cm? each (25.4 mm by 76.2 mm) and
compacted by circulating 4 L of DI water at 27.6 bar (400 psi) with
crossflow velocity of 0.11 m/s for 24 h to establish stable baseline
permeability.

Appropriate amounts of concentrated cation (as chloride salts) and
anion (as sodium salts) stock solutions were carefully added into the
feed reservoir containing DI water and thoroughly mixed by circulation
to constitute the RO feeds for assessing scaling mitigation efficacy of
THBIP pretreatment. The control feed solution was formulated to
replicate the composition of feedwater at the San Luis RO Plant, which
desalinates irrigation drainage water from San Joaquin Valley, CA,
United States, i.e., without pretreatment. To prevent premature scaling
during the transient startup period before reaching initial steady-state
water flux, the ion concentrations were adjusted to 90 % of the actual
composition. The feedwater pH was unadjusted and measured to be
7.05. The test solution simulates THBIP-pretreated RO feed by
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maintaining the same ion concentrations as the control (i.e., 90 % of
actual values) but with divalent Ca®t and Mg2+ concentrations reduced
by 33.0 % and 90.1 %, respectively. The reductions in hardness cations
are based conservatively on the experimental results of our previous
THBIP study, which achieved approximately 100 % Mg+ removal and
33 % Ca?' removal using diisopropylamine as the thermomorphic hy-
drophilicity base in a 4.0 mol/L NaCl brine containing 0.020 mol/L each
of CaCly and MgCl, (with amine dosage of 1.25 mol per L of feed, mixing
temperature of 15 °C, demixing temperature of 70 °C, and equilibration
time of 1 h; full details can be found in our previous publication) [33].
Ammonium was intentionally included to represent residual amine
species (protonated) after regeneration of the basic amine in THBIP. lon
compositions of both feedwaters are listed in Table 1.

Permeate water flux, Jy, is defined as the permeate volumetric
flowrate normalized by the active membrane area and is determined
according to the procedures detailed in a previous study [36]. For the
scaling experiments, J,, was continuously monitored at 10 s intervals
using a data acquisition (DAQ) system throughout the experimental
runs. Raw J,, was subsequently processed using 10 min moving averages
to smooth out instrument noise while preserving transient scaling dy-
namics. Feed temperature was maintained at 20 + 0.1 °C using a
recirculating chiller system to prevent unintended supersaturation
caused by temperature fluctuations. Water recovery yield, Y, is defined
as the mass ratio of cumulative permeate to initial feedwater:

y=2m o)

mg

where m is mass and subscripts p and f denote permeate and feed,

respectively. Salt rejection, R, was evaluated through the percentage

reduction in ionic conductivity of the permeate relative to the retentate

(indicated by subscript r):
%p

R=1-2
Oy

(2)

where o is the ionic conductivity and was measured using a conductivity
meter (STAR A212, ThermoFisher). Schematic of the RO experimental
setup is illustrated in Fig. 1.

2.3. Water chemistry analysis of mineral precipitation potential

The thermodynamic driving force for mineral precipitation in the
control and THBIP-pretreated feeds was analytically assessed using
saturation indices computed through water chemistry modeling with
Visual MINTEQ software (Uppsala, Sweden). Six mineral phases were
evaluated: gypsum (CaSO4e2H20), anhydrite (CaSO4), dolomite (CaMg
(C0O3)2), calcite (trigonal CaCOs3), aragonite (orthorhombic CaCOs3), and
vaterite (hexagonal CaCOs3), which represent the primary scaling species
of concern for the investigated feed compositions. To simplify the
analysis, all ions were assumed to concentrate proportionally in the
retentate with increasing water recovery yields, i.e., 100 % ion rejection,
an assumption supported by the consistently high salt rejection of the
BW30 membrane used in this study (NaCl: >99.4 %, CaCly: >99.4 %,
and MgSO4: >99.7 %) [37].

Table 1
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2.4. Characterization of scaling on reverse osmosis membrane

Surface morphology of scalant deposits on the membranes was
characterized using high-resolution scanning electron microscopy, SEM
(SIGMA VP, Carl Zeiss AG, Jena, Germany), at 10 kV accelerating
voltage and with up to 5500 x magnification. The SEM was coupled with
energy-dispersive X-ray spectroscopy (EDS) for elemental composition
mapping and quantitative analysis of deposit heterogeneity across
membrane surfaces. Crystal identification and structural analysis of
scalant deposits were performed using X-ray diffraction crystallography,
XRD (Rigaku SmartLab diffractometer, Tokyo, Japan) with Cu Ka radi-
ation (A = 1.5418 ;\). XRD spectra were collected across a 20 range of
0° to 80° using a scanning rate of 0.02°/s to characterize both crystalline
and amorphous phases within the scaling layers. The mineral pre-
cipitates were characterized by thermogravimetric analysis (TGA, Q500,
TA instruments, New Castle, NY, United States) to categorize the scalant
species and quantify their relative proportions. Free water was removed
by storing the TGA samples in a vacuum oven at 35 °C. The TGA pro-
gram was set to ramp from 20 °C to 200 °C in 10 min and then main-
tained at 200 °C for another 20 min. Additionally, cation species and
concentrations of the solid scales were analyzed by inductively coupled
plasma mass spectrometry (ICP-MS, 7900, Agilent Technologies, Santa
Clara, CA, United States) after redissolving in dilute hydrochloric acid.

3. Results and discussion
3.1. THBIP pretreatment of reverse osmosis feed to reduce hardness

The working principles of thermomorphic hydrophilicity base-
induced precipitation as a pretreatment for RO are illustrated in
Fig. 2. Without THBIP or other pretreatments to mitigate the scaling
precursor ions, feedwater containing high concentrations of hardness
cations (typically Ca®" and Mg?") is fed directly into the membrane
modules (Fig. 2a). Ions are highly rejected by the RO membrane, with
multivalent species almost completely excluded (99.4-99.7 %) [37].
This results in concentration polarization, where the rejected ion con-
centrations at the solution-membrane interface increase substantially,
reaching 2-4x the bulk concentrations [16,38-42]. Because of the
elevated concentrations of Ca2+, Mg2+, SO%’, and CO%’, the saturation
limits of sparing soluble salts are exceeded and nucleation and crystal-
lization are initiated, leading to the formation of mineral scalants on the
membrane surface, i.e., scaling.

THBIP mitigates scaling in RO through pH-directed precipitation of
magnesium and calcium salts from the feed using basic amines with
thermally responsive solubility in water (Fig. 2b) [33]. Addition of the
basic amine to the feed (at ambient temperature) significantly elevates
solution pH (Step 1). The increased basicity induces precipitation of
hardness cations as low-solubility mineral phases, primarily as calcium
and magnesium hydroxides (Step 2). The precipitated mineral solids are
removed by sieving (Step 3). While this pH-directed precipitation
mechanism is achieved through amine addition, the amine is not
consumed in the precipitation and can be recovered for reuse by uti-
lizing the thermomorphic hydrophilicity behavior of the base. By
warming the solution to moderate temperatures of 40-80 °C the amine
undergoes a hydrophilic-to-hydrophobic transition [43,44], drastically
lowering its solubility in water and driving spontaneous demixing (Step
4). The amine phase separates into a light organic phase while the

Feed ion concentrations simulating untreated, i.e., raw feed, control, and THBIP-pretreated streams at the San Luis RO Plant.

Ion concentrations (mg/L)

Na* Ca%* MgZ* NHZ Norm cl HCO3 NO3
Raw feed 3107 518 336 0 6121 2073 178 20
Control 2796 466 302 0 5509 1866 160 18
THBIP-pretreated 2796 312 30 541 5509 1866 160 18
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Fig. 1. Schematic of the bench-scale, crossflow RO setup for membrane scaling experiments. The high-pressure pump circulates the pressurized feedwater at 27.6 bar
(400 psi) and 0.11 m/s. Permeate water flux was automatically logged to a computerized data acquisition system, and feed temperature is maintained at 20 = 0.1 °C.
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Fig. 2. Process schematic comparing RO (a) without and (b) with thermomorphic hydrophilicity base-induced precipitation (THBIP) pretreatment. THBIP reduces
hardness cations concentrations through pH-directed precipitation using basic thermomorphic hydrophilicity amines that can be regenerated and reused. In THBIP
pretreatment, the amine base is added to the high-scaling propensity feed to elevate the pH (Step 1) and induce precipitation of mineral solids (Step 2), which can be
readily sieved out (Step 3). Hydrophilicity of the amine molecule is highly sensitive to temperature. Applying a mild heat stimulus drastically lowers amine polarity
and causes the amine to demix from the aqueous brine feed (Step 4). The demixed amine forms a distinct immiscible liquid layer that can be physically separated,
thus recovering the amine for subsequent reuse (Step 5). Membrane scaling in the subsequent RO is mitigated as hardness cations are removed.

descaled feedwater forms the heavy aqueous phase. The amine is readily
removed and recovered from the biphasic mixture by physical separa-
tion, i.e., decantation, and recycled for the next THBIP precipitation
cycle (after cooling back to ambient temperature), and the hardness-
reduced feedwater is fed into the RO module (Step 5). Because the
scaling precursor ions, such as Ca®* and Mg®*, had been removed from
the feed by the THBIP pretreatment, membrane scaling is significantly
reduced.

3.2. THBIP pretreatment mitigates membrane scaling to improve water
recovery yield

Table 1 presents the untreated and THBIP-pretreated compositions
simulating feedwaters at the San Luis RO Plant. The untreated concen-
trations of Ca?" and Mg?" are 466 and 302 mg/L, respectively. THBIP
pretreatment selectively removes hardness ions, lowering Ca%t and
Mg?" concentrations to 312 and 30 mg/L, corresponding to reductions
of 33.0 % and 90.1 % [33]. The disparity between Ca?* and Mg?"
removal is due to the difference in hydroxide solubility: less soluble Mg
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(OH)2 (Ksp = 1071122 precipitates out almost completely from solution,
but Ca(OH); is considerably more soluble (K, = 107>2%) and, hence,
Ca2" is only partially removed by the pH elevation from THBIP (detailed
quantitative analysis can be found in our previous study) [33]. The
targeted precipitation of divalent cations by THBIP decreased overall
hardness by 55.4 %, whereas total dissolved solids remained unchanged
[331.

The impact of THBIP hardness removal on membrane scaling miti-
gation was quantified by analyzing normalized water flux, Jyw/Jyo
(relative to time = 0) as a function of water recovery yield, Y (Fig. 3a).
As the osmotic pressure is essentially unchanged, J,, o of the control and
THBIP-pretreated feeds are almost identical (46.3 Lm 2 h™! and 44.1
Lm~2 h! for the two runs, compared to 43.5 Lm ™2 h™! and 40.9 Lm 2
h™}, respectively; marginal differences are due to inherent variability of
water permeance between membrane coupons), thus eliminating the
potential effects of advective water transport on fouling [45,46]. The
control experimental runs exhibited a characteristic flux decline tra-
jectory (green hexagon and square symbols; hereafter, the terms “flux
decline”, “flux deterioration”, and “flux decay” are used interchangeably
to describe the gradual decrease in water flux as a function of time), with
an initial gradual water permeability reduction followed by a sharp flux
deterioration beyond a critical point. For the untreated feeds, the tran-
sition from gradual to rapid J,, decline occurred at Y ~ 0.5. In one of the
control runs, Jy effectively vanished at around Y of 0.65 (the other
control run was terminated before J, — 0).

The gradual Jy, decline is partly attributed to the progressive
reduction in net driving force for water flux. Because salts are highly
rejected by the RO membrane (R > 99.4 %), the feed osmotic pressure
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steadily rises with the water recovery yield; for instance, osmotic pres-
sure is approximately doubled at Y = 0.5. As the net driving force for
water flux is the applied hydraulic pressure (maintained constant in all
experiments) minus the feed osmotic pressure, J,, should decrease with
increasing Y. However, quantitative analysis of effect of Y on the net
driving force reveals that the expected flux decay cannot fully account
for the observed decline in Jy/Jy,o of Fig. 3a, indicating that mild
fouling of the membrane is already occurring before Y = 0.5, likely due
to scaling driven by concentration polarization at the solution-
membrane interface [24,27]. The abrupt acceleration in water flux
decline at Y ~ 0.5 suggests the onset of scaling by bulk precipitation of
supersaturated minerals [24,27]. Analysis of the saturation indices will
be discussed later.

Scaling mitigation by THBIP pretreatment of the RO feeds is evident
from the water flux profiles of Fig. 3a (red circle and diamond symbols).
To more accurately quantify the critical transition point of water flux
decline, piecewise linear regression analysis was applied using Python to
identify the inflection points and determine the slopes. Firstly, Jw/Jw,0
decline rate during the initial scaling (i.e., gradual slope) is lower than
the untreated control (slopes of —0.64 and —0.75, respectively). Again,
the progressive increase in feed osmotic pressure cannot fully explain
the water flux decay. Secondly, THBIP pretreatment delayed the critical
transition from Y = 0.48 point to 0.61, representing a 27 % enhance-
ment in achievable recovery before water flux declined more inten-
sively. Thirdly, water flux decline after the transition to the more severe
membrane scaling is drastically lessened in the THBIP-pretreated feed
compared to the control (Jy/Jw,0-Y slopes of —2.9 and —10.1, respec-
tively), which represents a 71.7 % reduction. The pretreatment enabled
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Fig. 3. (a) Normalized water flux, Jy/Jw,o, profiles as a function of water recovery yield, Y, for two controls runs (green hexagon and square symbols) and two
THBIP-pretreated runs (red circle and diamond symbols). (b) Modeled saturation indices (SI) as a function of Y for the untreated and THBIP-pretreated feeds using
Visual MINTEQ. Mineral phases analyzed are gypsum (CaSO4-2H,0), dolomite (CaMg(COs3)»), anhydrite (CaSO,), calcite (trigonal CaCO3), aragonite (orthorhombic
CaCO3), and vaterite (hexagonal CaCO3). Horizontal grey dotted line represents the saturation threshold (i.e., SI = 0), above which the mineral is supersaturated. (c)
Salt rejection, R, sampled during the runs for the two experimental configurations.
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water recovery yields beyond 0.70 while maintaining 55 % of initial
water permeability. These provide compelling evidence that hardness
removal by THBIP can significantly mitigate scaling.

Amine regeneration by application of a mild heat stimulus (i.e., Steps
4 and 5 of Fig. 2) was demonstrated in our previous study [33]. Because
the thermomorphic bases are also volatile, residual THBIP amines
remaining in the feed can be further recovered by air stripping [47,48].
A basic laboratory air stripping experiment was conducted and achieved
up to 92.3 % regeneration efficiency (after a THBIP cycle with diiso-
propylamine, air was bubbled through the feed at 6 L/min for 1 h);
higher amine recovery efficiencies can be attained with an optimally
designed air stripping unit operation. Residual amines remaining in the
feed that are not recovered are expected to have negligible effect on RO.
Following the demixing step of THBIP and air stripping, the feed pH is
lowered to 9.68, within the membrane operating pH range of 2-11. The
polyamide chemistry of thin-film composite RO membranes is not
known to have significant reactions with amines. Our previous study
evaluated rejection of the THBIP amines by RO and achieved consis-
tently high rejection, signifying that the active layer integrity is not
compromised [33].

3.3. Saturation index analysis reveals that gypsum and anhydrite are the
principal scalants

Thermodynamic speciation modeling using saturation indices (SI)
identified predominant scaling species across the investigated range of
water recovery yields, assuming perfect rejection of all ions (Fig. 3b).
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Note that although the analysis does not factor in concentration polar-
ization and is, hence, more representative of the bulk solution envi-
ronment, the results can nonetheless provide qualitative indications of
the scaling happening at the solution-membrane interface. For both
untreated and THBIP-pretreated feeds, gypsum, CaSO4-2H0 (red
square symbols), exhibited the highest supersaturation levels for all Y,
with SI > 0 immediately upon initiation of the RO runs. Thus, the initial
gradual flux decline observed in both operations can be explained by
localized gypsum precipitation, consistent with findings of previous
studies [49]. In the controls, the critical scaling transition (i.e., drastic
change in dJ;,/dY) at Y = 0.48 from the experimental water flux profiles
coincided with the SIs for anhydrite and dolomite turning positive at Y
~ 0.5 (CaSO4 and CaMg(COs3)s; yellow diamond and orange circle
symbols, respectively). The delayed inflection point at 0.61 in the
THBIP-pretreated feed aligned with the supersaturation of anhydrite.
Therefore, anhydrite is the most probable culprit for membrane scaling
through precipitation in the bulk solution phase. Although dolomite was
also supersaturated in the controls, precipitation of the mineral at
ambient temperatures is unlikely due to kinetic barriers associated with
the crystal growth process [50].

Salt rejection, R, was evaluated by characterizing ionic conductiv-
ities of the permeates and retentates at different points during the
experimental runs (Fig. 3c). Both experimental configurations achieved
similarly high salt rejections throughout, signifying that the membrane
selectivity is preserved despite the scaling.
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Fig. 4. (a) Photographic images and (b) SEM micrographs of scalants on control and THBIP-pretreated membranes after RO scaling experiments. (c) EDS spectra
across the binding energies for carbon, oxygen, magnesium, sulfur, and calcium and (d) XRD intensity as a function of diffraction angle for the scalant deposits on
control and THBIP-pretreated membranes (green and red lines, respectively). Orange and violet vertical lines correspond to reference XRD spectra for gypsum and
anhydrite. (e) Thermogravimetric analysis (TGA) profiles showing scalant mass of control and THBIP-pretreated samples as a function of temperature. (f) Gypsum
and anhydrite mass ratios of mineral scales from control and THBIP-pretreated membranes determined using ICP-MS Ca®" concentrations and masses of the
redissolved solids. Data points and error bars are means and standard errors, respectively, of triplicate samples.
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3.4. Membrane scaling is suppressed by THBIP pretreatment through
delaying anhydrite formation

Post-scaling characterization was conducted to evaluate differences
in scalant characteristics and morphology between control and THBIP-
pretreated membranes. Rough layers of opaque white solids were
observed on both membrane surfaces, with more pronounced imprints
of rectangular compression patterns on the control indicating formation
of thicker scaling layers compared to THBIP-pretreated membranes
(Fig. 4a). This is consistent with the above water flux analysis (Fig. 3a).
High-resolution scanning electron microscopy revealed crystalline de-
posits characterized by predominantly acicular habits (needle-like
structures) for both membrane surfaces (Fig. 4b). On the control mem-
brane, elongated needles ~30-50 nm in length signified mature crystal
growth under sustained supersaturated conditions [21,51]. In contrast,
THBIP-pretreated membranes had significantly smaller crystals with
dimensions of ~5-15 nm. The morphological features are consistent
with gypsum (CaSO4-2H>0) and anhydrite (CaSO4), common inorganic
scalants in seawater RO [52-54].

Energy-dispersive X-ray spectroscopy (EDS) confirmed calcium,
sulfur, and oxygen as the primary elements of the scalants with negli-
gible magnesium for both control and THBIP-pretreated membranes,
thus excluding dolomite formation and corroborating CaSO4 as the
chemical formula of the scalant (Fig. 4c). X-ray diffraction (XRD) crys-
tallography further validated these findings, with both membrane sur-
faces exhibiting diffraction patterns consistent with standard gypsum
spectra (Fig. 4d) [52,53]. Sharper diffraction peaks in the control indi-
cate more ordered crystalline structures, attributed to extended growth
periods and increased deposit thickness. Distinct diffraction peaks at 20
= 25.6° and 38.4° (marked by asterisks in Fig. 4d) are characteristic of
anhydrite and were observed exclusively in the control, confirming
significant anhydrite formation alongside gypsum.

The morphological, elemental, and crystallographic analyses of
Fig. 4 align closely with the saturation index modeling in Fig. 3b,
together providing a coherent explanation of the observed flux decline
in Fig. 3a. The two approaches independently determined gypsum pre-
cipitation to be causing the initial gradual flux decay in both control and
THBIP-pretreated membranes. The steeper slope of flux decline in the
control is explained by the formation of thicker deposits with larger,
more ordered crystals. Anhydrite forms denser, less permeable deposits
than gypsum [55,56]. Both analyses found that the subsequent onset of
anhydrite saturation and precipitation in the control experiments marks
the critical transition to accelerated flux loss. In contrast, the absence of
distinct anhydrite peaks in the XRD spectra of THBIP-pretreated mem-
branes signals that formation of this dense scalant phase is limited and
accounts for the substantially milder flux decline.

TGA analysis showed that after heating to 200 °C, 87.8 % and 85.7 %
of the mass remained in the control and THBIP-pretreated samples,
respectively (Fig. 4e, 75 °C as baseline). The mass loss is attributed to

hydrating water vaporizing from gypsum [57]: CaSO4-2H,0 Y CaS0y4-
0.5H,0 + 1.5H,0. Utilizing the water mass ratio derived from the TGA
results, gypsum was determined to account for 91.2 % of the total solid
mass in the THBIP-pretreated sample, compared to 77.2 % in the control
sample (assuming gypsum, CaSO4-2H>0, and anhydrite, CaSOy, are the
only initial constituents), i.e., 22.8 % of the control sample mass is
anhydrite. ICP-MS analysis of the redissolved scalants confirmed, as
expected, the absence of dolomite in the solid phase (negligible Mg?*
concentrations in all samples). Assuming that only gypsum and anhy-
drite are contributing to the measured Ca?*, the relative proportion of
the two minerals can be determined by comparing the measured con-
centration to the actual redissolved mass. As shown in Fig. 4f, scalants
on the control membrane comprise 77.4 + 7.2 % gypsum and 21.1 +
5.8 % anhydrite, whereas the THBIP-pretreated membrane effectively
had only gypsum. The inexact match between TGA and ICP-MS results is
ascribed to the different experimental approaches, but both methods
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qualitatively agree and corroborate that THBIP pretreatment can sup-
press anhydrite scaling.

Although CaSO4-2H,0 remained the predominant scalant species,
THBIP-pretreatment significantly retarded initial gypsum precipitation
and drastically impeded the formation and accumulation of anhydrite,
the secondary but denser scalant. Overall, pretreatment of the feed by
THBIP extended the operational window for adequate water flux, thus
enhancing RO productivity for the desalination of high-scaling pro-
pensity feeds.

4. Conclusion

This investigation demonstrates that pretreatment of high-scaling
propensity feeds by thermomorphic hydrophilicity base-induced pre-
cipitation (THBIP) markedly suppresses water flux decline caused by
scaling to enhance reverse osmosis performance. By integrating ther-
modynamic, morphological, elemental, and crystallographic analyses,
we conclusively showed that gypsum was the initial foulant, whereas the
subsequent onset of anhydrite saturation triggered the critical transition
to severe scaling and accelerated water flux loss. Removing hardness
cations from the simulated irrigation drainage water using THBIP
pushed back this critical scaling transition (from water recovery yield of
0.48 to 0.61), considerably extending the operational window for water
production (by 27 %). The targeted removal of divalent cati-
ons—particularly 30 % of Ca?*—mitigated catastrophic flux collapse
caused by anhydrite scaling. The permanent hardness removal coupled
with pH rebalancing through amine recovery by application of a thermal
stimulus fundamentally differentiates THBIP from other scaling miti-
gation approaches, such as lime softening and antiscalant complexation.
The pH reversion further eliminates additional neutralization costs. The
scaling mitigation demonstrated here was achieved without further
optimization of the THBIP parameters and performance beyond the
original study. Thus, there is substantial potential for improving Ca®*
removal through the thoughtful selection of alternative thermomorphic
amine bases with lower pK}, and enhanced aqueous solubility. Future
studies can investigate the effectiveness of THBIP on mitigating poten-
tial synergistic scaling from silica co-precipitation and assess perfor-
mance of the technique with more complex feedwaters containing
multiple scaling precursors beyond Ca?" and Mg?', including in
module-scale systems. THBIP presents straightforward scalability due to
the relative ease of operation and use of commodity chemicals. The
unique combination of amine recyclability, feed pH rebalancing (after
amine separation), and compatibility with low-grade heat utilization
positions THBIP as a more effective and sustainable alternative for
descaling desalination feeds and hypersaline brines, enabling fit-for-
purpose reuse, enhanced water recovery, and even zero-liquid
discharge.
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